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INTRODUCTION 

Night vision goggles (NVGs) were first developed and introduced by the US Army for 
use by ground forces. They were later adapted for use in rotary- and fixed-wing aircraft. 
The Human Engineering Division of the Armstrong Aerospace Medical Research 
Laboratory (later becoming the Crew Systems Interface Division of the Air Force 
Research Laboratory or AFRL/HEC) at Wright-Patterson AFB, Ohio first became 
involved in Air Force use of NVGs in the late 1970s. Using NVGs in aircraft presented a 
unique and challenging set of cockpit and human-system integration issues. These issues 
were the focus of much of AFRL/HEC's involvement in the research, development and 
use of NVGs, Some of these integration issues include: visual acuity, resolution, 
peripheral vision, weight, transparency effects (materials, coatings, geometry), cockpit 
Ughting compatibility, laser eye protection, G effects, egress, NVG characterization 
(signal-to-noise ratio, gain, modulation transfer fimction, field of view, dark spots, 
distortion, magnification, image rotation), optical design and aircrew acceptance criteria. 
This document provides a summary of the night vision research and development efforts 
of AFRL/HEC over the p^t twenty-plus years. It includes the complete text of selected 
in-house pubhcations addressing visual acuity, lifting and display compatibility, 
panoramic NVGs, the measurement of NVGs and their related components and human 
factors interface issues. Also, included is a hsting of this Division's night vision related 
patents and a bibliography of otiier AFRL/HEC night vision articles. 

I. SELECTED NIGHT VISION RELATED PUBLICATIONS 

1. VISUAL ACUITY AND NIGHT VISION GOGGLES 

One of the most frequently referenced parameters relating to the capability or quality of 
night vision goggles is visual acuity. This parameter is often mistakenly referred to as the 
visual acuity of NVGs. Since visual acuity is an attribute of human vision, this statement 
is incorrect. However, the intent of this statement is to convey a sense of the 
performance level that the NVGs can attain. When one is referring to ai optical 
instrument or display, such as an NVG, the appropriate term to use is resolution. 
Resolution is the level of detail that an optical or display device can sense or resolve 
independent of whether or not the human eye can actually see the level of detail. Since 
both metrics can have the same units (such as cycles/mrad), it is easy to understand why 
these two different terms are often used interchangeably. 

Several parameters can affect human visual acuity independently of the NVGs, such as 
lummance (how much Hght is getting into the eyes) and contrast (what is the difference 
or ratio between the bright and dark areas of the image that is used to test visual acuity). 
In general, as light level and contr^t are reduced, visual acuity is degraded. Therefore, 
visual acuity obtained when viewing through NVGs tends to be worse when the light and 
contrast are reduced. 

This section contains select pubhcations that deal with the issue of assessing human 
visual acuity capability, while usmg NVGs. The first article, Pinkus & Task (1998), 
discusses the basics of me^uring human visual acuity through night vision goggles. The 



second article, Pinkus, Task, Dixon & Goodyear (2000), investigates the variability 
associated with measuring visual acuity through NVGs. Task (2001) describes the results 
of an interagency test to determine the repeatability and reproducibility of NVG visual 
acuity. Each participating organization used their own NVG visual acuity test procedures 
on the same two pair of NVGs. Pinkus & Task (1997) demonstrates that visual acuity is 
reduced when viewing through aircraft transparencies that have lower night vision 
imaging system (NVIS) transmission coefficients (less available near infrared light). 
Different canopy coatings can have different transmission effects. Task, Riegler & 
Goodyear (1999) shows that the reduction in visual acuity due to light loss can be caused 
by transmission effects either at the eyepiece of the NVGs or at the objective lens. For 
example, aircraft transparencies cause a reduction of light entering the objective lens, 
while aircrew laser eye protection or glasses cause a reduction of light at the eyepiece 
side of the NVG. Riegler, Whiteley, Task & Schueren (1991) explores the effects of light 
level, contrast and the inherent signal/noise ratio of the image intensifier tube on visual 
acuity. Gleason & Riegler (2001) describes the impact of the diopter setting of the NVG 
eyepiece, on visual acuity for both short term and long term wear of the NVGs. The last 
article, Donohue-Perry, Task & Davis (1994), shows the effect of field of view (FOV) on 
visual acuity through NVGs. For a given image intensifier tube, the same number of 
pixels (picture elements or resolution elements) must be spread over a larger angular area 
to get a larger FOV. This spread increases the visual angle per resolution element, 
thereby reducing the device's resolution and the visual acuity that can be obtained. 

These articles are reprinted to provide the reader with a reference and background to 
better understand NVG-aided visual acuity. 

Pinkus, A. R., & Task, H. L. (1998). Measuring observers' visual acuity through 
night vision goggles. Proceedings of the 36"' Annual Symposium SAFE Association 
(pp. 1-11). 

Pinkus, A. R., Task, H. L., Dixon, S. A., & Goodyear, C. D. (2000). Reproducibility 
limits of night vision goggle visual acuity measurements. SAFE Journal, 30(1), 
131-139. 

Task, H. L. (2001). Night vision goggle visual acuity assessment: results of an 
interagency test. Proceedings ofSPIE - International Society for Optical 
Engineering Helmet-and Head-Mounted Displays VI, USA, 4361, 130-137. 

Pinkus, A. R., & Task, H. L. (1997). The effects of aircraft transparencies on night 
vision goggle-mediated visual acuity. Proceedings of the 35"' Annual Symposium 
SAFE Association, (pp. 93-104). 

Task, H. L., Riegler, J. T., & Goodyear, C. D. (1999). Effects of laser eye protection 
and aircraft windscreens on visual acuity through night vision goggles. 
Proceedings of the 37' Annual Symposium SAFE Association, 
http://www.safeassociation.com 



Riegler, J. T., Whiteley, J. D, Task, H. L., & Schueren, J. (1991). The effect of 
signal-to-noise ratio on visual acuity through night vision goggles. (Report No. AL- 
TR-1991-0011). Wright-Patterson AFB, OH: Armstrong Laboratory. (DTIC No. 
A260579) 

Gleason, G. A., & Riegler, J. T. (2001). The effect of eyepiece focus on visual acuity 
through ANVIS night vision goggles during short- and long-term wear. (Report No. 
AFRL-HE-WP-TR-2001-0033). Wright-Patterson AFB, OH: Air Force Research 
Laboratory. 

Donohue-Perry, M. M., T^k, H. L., & Davis, S. A. (1994). Visual acuity vs.field-of- 
view and light level for night vision goggles (NVG). (Report No. AL/CF-TR-1994- 
0076). Wright-Patterson AFB, OH: Armstrong Laboratory. (DTIC No. A284750) 
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Measuring Observers' Visual Acuity Through 
Night Vision Goggles 

Alan Pinkus, Ph.D. and H. Lee Task, Ph.D. 
Air Force Research Laboratory 

Human Effectiveness Directorate 
AFRL/HECV 

2255 H St 
Wright-Pattereon AFB OH 45433-7022 

ABSTRACT 
Use of night vision goggles (NVGs) for military 
applications has grown steadily over the past 30 years. 
Each successive NVG model represents some kind of 
improvement in terms of size, weight, ruggedness, gain, 
noise, spectral sensitivity, field-of-view or resolution. The 
primary focus of this paper is the determination of NVG 
resolution. Many methods have been devised to measure 
the resolving power of NVGs and each method has with it 
an associated variance or accuracy of measurement This 
variance is most likely caused by several sources 
including observer visual capability (since most methods 
involve visual observations and Judgement to assess NVG 
resolution). The main purpose of this paper is to present 
the different methods that have been used to assess NVG 
resolution and to determine to what extent obsetver visual 
capability limits the accuracy of NVG resolution 
measurement This study uses a methodology that 
measures an observer's psychometric function when 
viewing through NVGs (percent correct detection as a 
function of spatial separation) to determine their visual 
acuity using probit analysis. 

INTRODUCTION and BACKGROUND 
Night vision goggles (ITT) allow an observer to see 
objects that are illuminated by very low amounts of light 
energy by greatly amplifying the light level. Present 
generation NVGs have a gain (as measured by the 
Hofi&nan ANV-120) of 6000 or more which means that 
for an object illuminated by a 2856K color ten^erature 
light source the NVGs present a luminance that is 6000 
times brighter than the object viewed directly. However, 
the image intensifier tubes that are the heart of the NVGs 
also have an automatic brightness control which limits the 
output luminance. For present generation NVGs this 
maximum average output luminance is on the order of 2 
to 4 foot-Lamberts. Since visual acuity depends on light 
level it is apparent that the level of detail that can be seen 
through the NVGs depends on the illumination level on 
the target scene. This becomes a factor in determining the 
resolution of NVGs. 

The term "resolution" is defmed (the definition of 
interest to this topic) by Webster's Ninth New Collegiate 
Dictionary as "the process or capability of making 
distinguishable the individual parts of an object, closely 
adjacent optical images, or sources of light." The same 
dictionary defines "visual acuity" as "the relative ability 
of the visual organ to resolve detail that is usually 
expressed as the reciprocal of the minimum angular 
separation in minutes of two Unes just resolvable as 
separate and that forms in the average human eye an angle 
of one minute." It is apparent from these two definitions 
that "resolution" and "visual acuity" are somewhat 
connected but are not quite the same thing, especially 
when we refer to the "resolution" of the NVGs. The 
primary reason for having a parameter such as resolution 
is to try to describe the capability of the NVG. However, 
all current widely med methods of measuring NVG 
resolution involve the use of himian observers and vision. 
This has both good and bad points. The good point is that 
the NVGs are intended to be used with human vision in 
operation; so using vision as the nreans to assess NVG 
resolution seems to make seme. The bad point is that 
when one uses human visual capability as an integral part 
of a measurement procedure one may end up wifli 
increased variance due to individual differences or 
dynamic shifting of human visual threshold. The purpose 
of the research described herein is to determine the extent 
of human visual acuity variance when viewing through 
NVGs by using "frequency of seeing" curves. This is a 
time-coiBuming approach and is not suitable as a routine 
method for clmracterizing NVG resolution; but it does 
provide some insight into limitation of other methods 
used to nwasure NVG resolution. 

There is a subtle but very real difference between 
"NVG resolution" and "visual acuity through NVGs." 
This can be demomttated by the following example. 
Suppose that some day advanced technology produces a 
"super" NVG capable of presenting details down to a 
tenth of a minute of arc. If vision is used to assess these 
"super" NVGs we would get a reading of about 1 minute 
of arc since that is the limit of visual capability; even 
though the NVGs were presenting details one tenth of this 
size.    Thus, in this case, what is being measured is 



actually "visual acuity through NVGs" and not the actual 
"NVG resolution." As long as NVG capability is worse 
than human visual capability there is not a significant 
difference between the two. However, even with today's 
NVGs the difference between "NVG resolution" and 
"NVG visual acuity" can be significant at low hght levels. 
Although the measurement methods described in the 
following section are used to measure "NVG resolution" 
most of them actually measure "NVG visual acuity." 

METHODS USED TO MEASURE 
NVG RESOLUTION 
Snellen Letter Charts 
The Snellen eye chart is frequently used by optometrists 
to assess patients' visual acuity. The chart displays rows 
of letters starting with a very large size (20/200) and 
stepping down to the smallest (20/10). A measured 
Snellen acuity of 20/40 means that the person sees certain 
chart letters at a 20 foot viewing distance as well as a 
person with normal sight sees the same chart letters at 40 
feet. The visual acuity score can be converted to minutes 
of visual subtended angle by taking its reciprocal (for 
example 40/20) and then dividmg to get (2) minutes of arc 
(MOA). Miller, Provines, Block, Miller and Tredici 
(1984) used the Snellen eye chart to measure visual acuity 
through NVGs. The tumbling E (used by Wiley, 1989; 
Levine and Rash, 1989) chart has also been used to 
measure visual acuity through NVGs. Some researchers 
(Kotulak and Rash, 1992) prefer to use the Bailey and 
Lovie (1976) eye chart which has logarithmically sized 
letters. 

Limiting Resolution 
Limiting resolution is defined as the spatial frequency at 
which the modulation transfer fimction (MTF) of the 
NVGs (Stefanik, 1994) and the visual threshold function 
or VTF (Campbell and Robson, 1968; Task, 1979) 
intersect (see Figure 1). This intersection point occurs at 
the highest spatial frequency that the NVG can transmit 
with sufficient contrast that the human eye can see it. 
This spatial frequency can be converted to an equivalent 
Snellen acuity or other convenient resolution imit. 
(Barfield and Fumess, 1995). Though the concept itself is 
straightforward, there are underlying problems associated 
with its implementation. The MTF of an NVG is difficult 
to measure because of the low light level and the 
scintillation. Also, the VTF has a certain amount of 
variance associated with its measurement since it involves 
human vision. It order to accurately predict the limiting 
resolution using this approach one would need to measure 
the observers VTF for the same color, Iimiinance levels, 
and noise levels that occur in the NVG. Both the VTF 
and the MTF measurements are time consiuning 
processes and not suitable for routine testing. In addition, 
the variance associated with both the MTF and the VTF 
mean that there will be a corresponding uncertainty 

regarding the location of the intersection of these two. 
This results in a fairly significant variance in the final 
limiting resolution determination. 

 Low VTF 
 Nominal VTI 
 High VTF 

Low MTF 
Nominal MT 
High MTF 

10 20 30 40 

Spatial Frequency (CPD) 

Figure 1. Idealized NVG MTF (upper thick solid line) 
and VTF (lower thick solid line); their intersection defines 
limiting resolution. Note the range (about 33 cpd to 43 
cpd in this example) of possible limiting resolution values 
due to the variance (the upper and lower dashed lines) in 
the MTF and VTF measurements. 

1951AF Tri-Bar Target 
One of the most frequently used resolution test standards 
is the 1951 Air Force tri-bar target (see Fig. 2) which was 
originally developed as a tool to evaluate the optical 
performance of airborne reconnaissance systems (MIL- 
HDBK-141). This target pattern contains seven groups 
having six elements each. Each element is comprised of a 
pan of three-bar patterns, one pattern is vertically oriented 
and the other is larger by a factor of the 6* root of 2 
(about 1.1225) than the next smaller element. This means 
the first element of each group is exactly twice as large as 
the first element of the next smaller group. The original 
1951 USAF tri-bar target was designed with Group 0, 
Element 1 set to one line pair per millimeter. However, in 
order to use this pattern to evaluate NVGs the basic 
pattern has been greatly magnified as a wall chart. A 
conversion factor must be devised to convert from the 
Group and Element number to NVG resolution. Most of 
the time NVG resolution is given as a Snellen acuity 
equivalent with the conversion being 1 minute of arc 
angular subtense of a bar width corresponds to 20/20 
Snellen visual acuity. A Snellen acuity of 20/40 would 
correspond to a bar width of 2 minutes of arc and so on. 

NVG resolution is determined by having a trained 
observer view the tri-bar pattern under specified 
illumination conditions (which may be between overcast 
starlight up to full moon illummation equivalent) and then 



state which Group and Elentent number he/she can 
"resolve." This is then converted to a Snellen acuity 
equivalent using the conversion assunptions stated above. 
When doing NVG evaluations agencies may have 3 
trained observers whose responses to this test are 
averaged to determine the "resolution" of the night vision 
goggles. Although the 1951 tri-bar target pattern has 
proved to be very usefiil over the years in conyaring lens 
systems it still has a certain amount of variance due to 
dififerences in observer criteria as to when the tri-bars are 
"resolved" (Farrell and Booth, 1984, p. 3.1-41, item 18). 
Studies using the tri-bar pattern have shown observer 
"resolution" discrepancies of as much as 60%. (Farrell 
and Booth, 1984, p. 3.1-41 item 18). 

observer examines pattern, reporting which grating 
structure could be resolved and its orientation (vertical or 
horizontal). After all of the rows are viewed, tiie chart is 
rotated to a new orientation and the test is repeated. With 
this kind of chart, repeated measurements can be quickly 
made and the results, which are in Snellen acuity, can be 
directly compared to what the NVGs should be capable of 
resolving. This method has been successfully used for 
many years and has been adopted as the standard test 
chart that squadrons use to perform preflight NVG 
adjustments and to imure that the goggles are performing 
optinally. However, the step sizes between patterns are 
relatively large making this pattern unsuitable for 
conqjaring the capability of different NVGs that are 
somewhat close in their resolving power. 

IBAF 1«I IK 
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Figure 2. US An Force 1951 tri-bar resolution chart. 

3X3 Square- Wave Target Array 
The 3x3 square-wave target array (Task and Genco, 1986) 
was developed about 1989 as a means for pilots to do a 
quick verification that their NVGs were operating 
correctly and were capable of resolving detail to a 
specified level. This chart has several features that set it 
apart from the 1951 AF target. The chart has nine square- 
wave patterns, arranged in a 3x3 array as shown in Figure 
3. For its standardized viewing distance of 20 ft., each 
pattern was sized to equal specific Snellen values of 20/20 
through 20/60 in increments of five. Their locations and 
orientations within the array were randomized. To 
increase the number of randomized grating orientations 
for a repeated measurements test, the chart is simply 
rotated to any one of its four orientations which has the 
effect of quickly changing grating locations and 
orientation within the 3x3 array. Each chart orientation 
was mmibered one, two, three and four which keyed it to 
legends on the back of the chart for quick acuity 
reference. Charts having different levels of contrast were 
also made. 

The chart was placed at a 20 ft. viewing distance and 
illuminated with a 2856K color tenqjerature illumination 
source that could be adjusted to various desired 
illumination levels. After adjiKting the NVGs, the trained 

Figure 3. The 3x3 NVG chart (US Patent 4,607,923). 

Step-Back Method 
In an effort to refine the square-wave grating pattern to 
obtain smaller step sizes between resolutions a variation 
was developed and constructed (see Figure 4) containing 
six pairs of vertically and horizontally oriented square- 
wave gratings (Donohue-Perry, Task and Dixon, 1994). 
While looking through the NVGs at the pattern from a 
distance of 30 ft, the observer selected the smallest 
resolvable target pair. Then the observer would slowly 
step backwards until the selected target pair was no longer 
resolvable. The observer then stepped forward until the 
square-wave pair could barely be resolved. This final 
viewing distance was then used to calculate the exact 
Snellen acuity of the selected target pattern. The spatial 
frequencies of the square-wave patterns were sufficiently 
close together in spatial frequency that the observer would 
not have to step back more than 3 ft (10% of the baseline 
viewing distance) thereby minimizing the effect of 
possible objective lens misfocus. 

The step-back method ehminated the problem of step 
sizes between target patterns by making the angular 
subtense of the square-wave pattern a continuous variable. 
When doing an NVG resolution evaluation measurements 
were typically repeated several times (e,g, 5) for 3 trained 
observere and then averaged to determine the final value. 
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Figure 4. Example of the square-wave chart used in the 
step-back method. 

Landolt C 
Another assessment method uses Landolt C stimuli 
(National Academy of Sciences, 1980). The Landolt C is 
a perfectly circular C (no serifs) that has a specified 
contrast and gap size. The gap size is varied as is the 
orientation. The observer's task is to detect the 
orientation of the gap. Pmkus and Task (1997) used 
closely sized Landolt C stimuli io a two-altemative, 
forced-choice (2AFC) method to determine visual acuity 
through NVGs as a function of night-time ambient 
illumination levels. A computer executed the 2AFC (gap 
seen up or down), Step Program adapted from Simpson 
(1989). Based on the observer's last response, the 
program selected the specific gap size (smaller or larger) 
of the next Landolt C to be presented, according to a 
priori rules inherent in the algorithm. This method 
allowed relatively efficient convergence to a threshold 
acuity usually within 10 to 35 trials. The step method 
yielded reasonable results but informal repeatability tests 
foimd that the observer's scores varied from day to day. 
These variations could be due to a number of variables: 
working at threshold levels, NVG drift, good guessing in 
the 2AFC method, fatigue, eye strain, sinus headaches 
and so on. 

METHOD 
Psychometric Function of Acuity Through NVGs 
Probit analysis (Finney, 1980) provides a method by 
which to fit a smooth s-curve through empirically derived 
probabilistic data. The threshold acuity of a trained 
observer may be determined by first measuring the 
probability of correct responses (the location of a Landolt 
C's gap) as a ftmction of gap size. In order to reduce the 
effects of "good guessing", we used a four-altemative, 
forced-choice (4AFC) presentation of Landoh C's where 
the observer had to state if the gap was oriented up, down, 
left or right. The probabilities of the resulting s-curve, or 
ogive ftmction, were then converted to z-scores and a 
straight line was fit to the data. When the z-score data 
were converted back to their equivalent probabilities and 
replotted, the line formed a smooth, s-shaped curve 
through the data. Depending on the number of possible 
outcomes in a particular forced-choice paradigm, the floor 
of the curve was usually near chance levels (25% for 

4AFC). As gap size increased, the probability of correct 
detection of its orientation increased until it asymptotes at 
the 100% correct level. Though arbitrarily selected, the 
acuity (or any other quantity) is conventionally defined as 
the value that corresponds with the probability point that 
is half way between chance and 100% cortect (Brown, 
Galanter, Hess and Mandler, 1962). This point is at the 
62.5% probability level for the 4AFC presentation. The 
present study derived visual acuity through NVGs by 
measuring this psychometric ftmction. 

Participants 
The three participants in this study were highly trained 
psychophysical observers, two males and one female, 
ranging in ages from 36 to 47 years. 

Apparatus and Stimuli 
The study utilized a set of ITT Model F4949C (serial 
#0356) NVGs that had P-43 phosphor (green) image 
intensifier tubes. The goggles had a gain (Hoffman) of 
about 5000 as measured by a Hoffman ANV-120 Night 
Vision Goggle Test Set. With the room lights off and the 
NVGs on, the observer first adjusted the interpupillary 
distance (IPD) of the goggles. Next they adjusted the 
eyepiece lenses by looking at the dark ceiling with the 
goggles and focusing imtil the scintillation looked sharp. 
Objective lenses were then focused by viewing an 
approximately one-half moon illuminated NVG resolution 
chart (see Fig. 2) composed of square-wave gratings 
(Task and Genco, 1986). 

All observations were made in a light-tight room. 
The observer sat in a chair behind a table with their eyes 
9.14 m (30 ft) from the stimulus target. The NVGs were 
held in a mount at the proper height for viewing while the 
observer was seated. The goggles were powered using a 
regulated external power supply. 

The stimuli were high conttast (70% Michelson) 
Landolt C's (National Academy of Sciences, 1980) 
printed using a high resolution photo-grade laser printer. 
After the study, tiie observers' data were converted to 
Snellen acuity (20/xx). The C's were mounted on 18 x 18 
cm (7 x 7 in.) foam board. For presentation, the C was 
placed onto a larger siuround board 61 x 61 cm (24 x 24 
in.) that matched the high contrast Landolt C background 
reflectance. The background board was held on an easel 
and had a small ledge that held the letter C in the center. 
This ledge was invisible when viewed through NVGs. 
The C was then placed by the experimenter onto the ledge 
with the gap oriented either up, down, left or right. The 
experimenter's station was to the side of the stimulus 
easel. 

An adjustable 2856K color temperature incandescent 
lanq) (MIL-L-8576A, 1986) was used to produce the 
different illumination levels. Apertures were used to vary 
illumination   intensity   without   affecting   the    color 



tenqjerature. Table 1 shows the five illumination levels 
and the five corresponding luminance outputs trom the 
NVG eyepieces used for the study. The lowest level is 
approximately equivalent to 1/100* full moon (RCA 
Electro-Optics Handbook, 1974), Each succeeding level 
is approxinmtely double that of the previous level to form 
the five illumination levels. Another lanqj, set to about 
one-half moon illumination of 1.3xl0'* lux (1.2x10"^ fc) 
was vsed to illuminate an NVG resolution target (Task 
and Genco, 1986) during pretest goggle focusing. 

Table 1, The five illumination levels used in the study 
and their corresponding NVG output luminances. 

Illuniination 
onLandoltC 

NVG Output 
Luminance 

8.61x10^ lux 
(8.00x10-'fc) 

0.356 nit 
(0.104 fL) 

1.72x10-'lux 
(1.60x10-* fc) 

0.709 nit 
(0.207 fL) 

3,44x10'lux 
(3.20x10-* fc) 

1.398 nit 
(0.408 fL) 

6.89x10'lux 
(6.40x10-* fc) 

2.720 nit 
(0.794 fL) 

1.38x10-'lux 
(1.28x10-'fc) 

4.324 nit 
(1.262 fL) 

Procedure 
First the observer was partiaUy dark adapted to the goggle 
output luminance for about 10 minutes. The stunulus was 
blocked fi-om the observer's view by the experimenter 
when the stimulus was placement onto the easel. The 
experimenter asked the observer if he or she was ready, 
unblocked the stimulus for about 4 seconds, then blocked 
it again. The observer had to respond either "up, down, 
left, right" to indicate the orientation of the C, No 
feedback was given to the observer. The experimenter 
then removed the stimulus and placed the next stimulus 
size, at a randomized orientation, onto the easel. The 
procedure was repeated until all 112 stimuli were 
presented requiring about 55 minutes. One Ughting level 
was tested per day for each observer. 

RESULTS 
Each of the four Landolt C orientations was repeated four 
times yielding 16 trials per Landolt C size. Each observer 
performed 16 trials for each combination of Snellen 
acuity and illuminance (S.eixlO"*, 1,72x10"^ 3,44x10"', 
6,89x10"^ and 1.38x10"^ lux). There were seven levels of 
Landolt C sizes used for each level of illuminance. The 
acuity ranges (Landolt C sizes) used for each illumination 
level were selected from pilot data. Four orientations, 
repeated four times, for seven gap size values, over five 
levels of illuminance and using three observere yielded a 
total of 1680 data points for the study.   The percent of 

trials   correctiy  identified  was   determined  for  each 
combination of observer, illuminance and acuity (N=16). 

Chance alone would result in 25% correctiy 
identified trials. It is assumed that percents that are less 
than 25% would approach 25% given a sufficient number 
of trials. The percents were tramformed to adjust for 
chance. The procedure for this ttansformation is as 
follows: 

Let:       P = percent of correct trials 
PA = percent of correct trials adjusted for chance 

(l)ifP<2JtiienP = 2J 
i2)P^ = (P-25)*100/75 

Certam percents were not used for modeling. The 
rational for selecting percents used for modeliag was to 
start with flie last value = 0 (if applicable) and end with 
tie first value = 100 (if applicable). 

These percents were converted to normal equivalent 
deviates'" (NED). An NED is flie value of a standard 
normal variable whose cumulative probability (expressed 
as a percent) would equal the percent adjusted for chance. 
Smce an NED can not be computed for 0% or 100%, 0% 
was set equal to 1% and 100% was set equal to 99%. The 
NED values were used as the dependent variable in a 
linear regression -with acuity (gap size) as the independent 
variable (a linear relationship is assumed). 

The estunated linear equation, NED = bo+bj*acuity, 
was expanded to the Ml range of acuity used for each 
illuminance. The predicted NED was then ttamformed 
back to percents. For each illmninance and observer, the 
acuity that corresponded with predicted 50, 75 and 95 
percent correct trials adjusted for chance were 
determined. Results are shown in Table 2. 

Table 2. Snellen acuity values (20/xx) corresponding to 
predicted 50, 75, and 95 percent correct trials adjusted for 
chance, for each illuminance and observer. 

Illuminance (lux) Obs 50% 75% 95% 
8.61x10^ SI 30.6 36.1 44.0 

S2 35.0 40.0 47.2 
S3 32.1 36.0 41.6 

1.72x10"' SI 26.0 29.0 33.3 
S2 23.2 26.0 30.1 
S3 27.7 30.4 34.2 

3.44x10-' SI 24.8 27.9 32.4 
S2 21.8 25.8 31.5 
S3 23.9 27.8 33.3 

6.89x10"' SI 22.0 26.1 32.1 
S2 23.5 27.4 33.0 
S3 22.5 24.0 26.2 

1.38x10-' SI 23.0 25.1 28.0 
S2 21.1 23.3 26.5 
S3 21.1 23.7 27.4 

The same procedure for determining the predicted 
percent of correct trials adjusted for chance that was 



performed for each illuminance and observer was also 
performed for each illuminance averaged across 
observers. Table 3 contains the percent of trials correctly 
identified for each combination of illuminance and acuity. 
Table 4 contains the percent of correct trials adjusted for 
chance. Table 5 contains the acuity values corresponding 
to predicted 50, 75 and 95 percent correct trials adjusted 
for chance. Figure 5 contains plots of NED regressed n 
acuity for each illuminance and Figure 6 contains plots of 
the predicted percents. 

Table 4. Percent of correct trials (N=48) adjusted for 
chance, for each illuminance and Snellen acuity (20/xx). 
Percents ia italics were not used for modeling. 

Table 3.     Percent of 
illimiinance and Snellen 

correct trials (N=48) for each 
acuity (20/xx). 

Illuminance 
(lux) 

Acuity 
(20/xx) 

Percent 
Correct 

g-dlxlO-" 30.6 58 
32.5 54 
34.4 77 
36.3 77 
38.2 83 
40.1 79 
42.0 96 

1.72x10-' 19.1 29 
22.9 54 
26.7 65 
28.6 75 
32.5 96 
36.3 100 
38.2 98 

3.44x10-' 19.1 42 
22.9 56 
26.7 83 
28.6 81 
32.5 96 
36.3 100 
38.2 100 

6.89x10-' 19.1 46 
21.0 48 
22.9 65 
24.8 71 
26.7 83 
28.6 92 
30.6 96 

1.38x10-^ 19.1 40 
21.0 69 
22.9 71 
24.8 85 
26.7 92 
28.6 98 
30.6 98 

Illuminance 
(lux) 

Acuity 
(20/xx) 

Percent 
Correct 

8.61x10-^ 30.6 44 
32.5 39 
34.4 69 
36.3 69 
38.2 78 
40.1 72 
42.0 94 

1.72x10-' 19.1 6 
22.9 39 
26.7 53 
28.6 67 
32.5 94 
36.3 100 
38.2 97 

3.44x10' 19.1 22 
22.9 42 
26.7 78 
28.6 75 
32.5 94 
36.3 100 
38.2 100 

6.89x10' 19.1 28 
21.0 31 
22.9 53 
24.8 61 
26.7 78 
28.6 89 
30.6 94 

1.38x10"=^ 19.1 19 
21.0 58 
22.9 61 
24.8 81 
26.7 89 
28.6 97 
30.6 97 

Table 5. Snellen acuity values (20/xx) corresponding to 
predicted 50, 75, and 95 percent correct trials adjusted for 
chance, for each illuminance. 

Illuminance (lux) 50% 75% 95% 
8.61x10"' 32.6 37.5 44.7 
1.72x10' 25.8 28.8 33.2 
3.44x10' 23.6 27.4 32.8 
6.89x10' 22.8 26.2 31.0 
1.38x10-^ 21.5 24.3 28.4 

The data presented in this results section up to this 
point were all collected as part of experiment 2 which 
used 3 trained observers. In preparation for experiment 2, 
data were collected on 2 observers using the same 
methodology. Table 6 and Figure 7 shows the data for 
these 2 observers for the 2 data collection sessions. This 
provides some indication of the repeatability of the 
procedures described herein. 
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Table 6. Visual acuity resulte for 50% probability level 
for 2 observers aid 2 experiments. 

Illumination Level (lux) 

Observer 8.61E-04 1.72E-03 3.44E-03 6.89E-03 138E-02 
OM 35.2 25.6 24 23.3 21.2 

02-2 35.0 23.2 21.8 23.5 21.1 
03-1 36.1 28,3 28.5 23.8 20,5 
03-2 32.1 27.7 23.9 22.5 21.1 

40 -t 

35 • 

&     30 ■ 
S o 
< 
«    25 
3 

20 
O.OOE+00 5.00E-03 1.00E-02 

Illumination Level (lux) 

1,50E-02 

Figure 7. Comparison of visual acuity vs. illumination 
for 2 observere (S2 and S3) for two experiments. 

DISCUSSION 
The results of Table 5 showing averaged (across the 3 
observers) visual acuity data for the 5 illumination levels 
does indicate the satisfying result that one would expect: 
namely, that visual acuity gets worse (higher number) m 
Ulumination level is reduced. This result holds for the 3 
different probability levels shown in Table 5 (50%, 75%, 
and 95%). However, this does mask the difference in 
visual acuity measured for the different observers. Table 
6 shows a comparison of the 50% probabilify visual 
acuity for 2 of the observers that participated in both this 
mam ejqjeriment and a pilot experiment done earlier to 
establish procedures. It is apparent from Table 6 that 
there is a feirly large difference between the 2 observers 
at the lower iDumination levels. At higher illumination 
levels the observer's performance converges both between 
the observers and between the two data collection 
sessions (experiment 1 and 2) graphically shown in Figure 
7. 

It is apparent from the graphs of Figures 5 and 6 that 
more presentation trials are needed to improve the 
smoothness of the "frequency-of-seeing" curves. 
However, the basic approach appears to be sound and 
should provide a good baseline for ^sessing visual acuity 
usmg    other,    less    time-consuming,    methodologies. 

Equipment and procedures are being designed to semi- 
automate data collection to obtain the "frequency-of- 
seeing" curves faster. Once this is done, we expect to 
compare NVG visual acuity usmg some of the widely 
used methodologies, such as the tri-bar chart and the 
square-wave chart, to specific probability levels on the 
frequency-of-seeing curves. The procedure would be to 
establish a frequency-of-seeing curve for a particular 
observer using a particular NVG. Then measure the NVG 
visual acuity of the same observer using the tri-bar chart 
and the square-wave chart. By comparing each of these 
NVG visual acuities to the frequency-of-seeing curve it 
should be possible to determine what probability level 
equates to the tri-bar chart procedure and the square-wave 
chart procedure. 
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ABSTRACT 
The main purpose of the study was to determine 
reproducibility limits of night vision goggle (NVG) visual 
acuity measurement under relatively high and low 
illumination levels. Psychometric acuity functions of 
three observers were repeatedly measured using Landolt 
C's as stimuli. The reproducibility limits of the Snellen 
acuity value (20/xx) relating to 50, 75 and 95% correct 
(adjusted for chance) were then determined. 
Reproducibility limit is defined as approximately 95% of 
all pairs of replications (20/xx) from the same illuminance 
and same observer, generated on different days, should 
differ in absolute value by less than the reproducibility 
limit. It was determined that for the lower illumination 
(8.61E-4 lux) at 50% corrected for chance probability 
level, the reproducibility limit was 5.1 Snellen acuity 
(20/xx) and for the higher illumination (1.38E-2 lux), 2.5 
Snellen acuity. These limits were 17% and 13% of mean 
acuity, respectively. 

INTRODUCTION and BACKGROUND 
There are numerous methods used to determine night 
vision goggle (NVG) visual acuity (Pinkus & Task, 
1998); limiting resolution (Stefanik, 1994; Task, 1979), 
Snellen Acuity (Bailey & Lovie, 1976; Wiley, 1989; 
Miller, Provines, Block, Miller & Tredici, 1984), square- 
wave targets (Task & Genco, 1986), Landolt C's (Pinkus 
& Task, 1997), adaptive psychophysical (Simpson, 1989) 
and directly measuring the psychometric function (Pinkus 
& Task, 1998; Brown, Galanter, Hess, & Mandler, 1962). 
Each method produces a number that is composed of the 
actual acuity value plus error. There can be many sources 
of error but the latgest are the method itself and the 
inherent variability of the observer while working under 
threshold conditions. Observer variability is reduced to a 
minimum through extensive training, testing the same 

time everyday and shortened sessions in order to reduce 
eye fatigue. Additionally, even though observers are 
given specific instructions, response criteria also vary 
among or within observers; even over the course of a 
single experimental session. To eliminate the criteria 
problem, Pinkus & Task (1998) used Landolt C's in a 
tour-alternative forced-choice (4AFC) paradigm to 
measure the entire psychometric function. This paradigm 
allowed for any desired response criterion level (e.g., 50% 
or 75% corrected for chance, probability of detection) to 
be selected for the prediction of NVG visual acuity 
performance. 

The goal in this study was to select a stable method and 
then determine its reproducibility (ASTM Practice E 691). 
Reproducibility represents observation-to-observation 
variability under a given set of viewing conditions. 
Directly measuring the psychometric function should 
keep variability due to the test method to a minimum. 
Determining reproducibility will allow the use of this test 
method to determine NVG visual acuity with a known 
error tolerance. The interpretation of visual acuity data is 
investigated in the discussion section. 

METHOD 
Participants 
The trained observers were one female and two males 
highly experienced with the operation of NVGs. They 
ranged in age from 37 to 47 years, each having normal 
(20/20) or corrected-to-normal binocular visual acuity. 
Apparatus and Stimuli 
NVGs - Participants viewed the target stimuli using a pair 
of ITT model F4949D (SN 3872) NVGs. The goggles had 
a gain of approximately 5600 as measured using the 
Hoffman ANV-120 NVG Test Set. Before the start of 
each test session, the optical alignment of the NVGs was 
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verified using the Hoffman ANV-126 Night Vision 
Tester. 

Each test session was conducted in a light-tight 
laboratory. The observer was seated at an optical table 
with the NVGs secured in a stationary mount directly in 
front of them. The observer was able to adjust their seat to 
the proper height for viewing through the NVGs. An 
external regulated power supply was used to energize the 
goggles. 

At the beginning of each test session the observer would 
set up and pre-focus the NVGs using the following 
procedure. After dark-adapting for 15 minutes, the NVGs 
were powered on and the observer adjusted the inter- 
pupillary distance until a fused circular image was visible. 
The observer (using their dominant eye) focused one 
channel at a time. The observer first focused on the green 
scintillation by looking at the ceiling and adjusting the 
eyepiece until the focus of the scintillation was as sharp as 
possible. Next, the observer focused the corresponding 
objective lens by viewing the 3 x 3A, NVG high-contrast 
square-wave resolution chart (Task and Genco, 1986) 
located at a 30 ft distance (optical infinity). The objective 
lenses were pre-focused using the highest illumination 
level (1.38 x 10-2 lux). A higher illumination level allows 
the observer finer, low noise focusing. The observer chose 
the finest grating clearly resolvable and adjusted the 
objective lens to the sharpest focus possible. If necessary, 
the observer fine tuned the eyepiece while viewing the 
chart. These steps were repeated for the second channel. 

Illumination source and Illumination levels - Table 1 
shows the illumination levels and corresponding NVG 
eyepiece luminance outputs. The lowest illumination level 

Table 1. The two illumination levels (average) and 
corresponding NVG output luminances (average) for this 
study. 

ILLUMINATION 
ON LANDOLT C 

NVG OUTPUT 
LUMINANCE 

8.61x10* lux 
(8.00x10"' fc) 

0.356 nit 
(0.104 fl.) 

1.38x10-'lux 
(1.28x10-^ fc) 

4.324 nit 
(1.262 fL) 

is approximately equivalent to 1/300"' full moon (RCA 
Electro-Optics Handbook, 1974, p. 65) while the highest 
illumination level is 16 times brighter. The low 
illumination level corresponds to a practical lower limit 
under which goggles are used in the field. The higher 
level corresponds to an approximate V* moon level. Target 
stimuli were illuminated by one or two moon illumination 

lamps outfitted with adjustable 2856K color temperature 
incandescent bulbs (MIL-L-8576A, 1986). Metal 
apertures were used to achieve the two illumination 
levels. Using apertures to vary illumination intensity did 
not affect the 2856K color temperature. The target 
illumination levels were measured and adjusted prior to 
each test session. The goggle output luminances were 
measured using a NVG photometer (Pinkus, 1991). 

Landolt C test stimuli and automated data recording 
device - Test stimuli were Landolt C's. The C's were 
printed using a high resolution, photo-grade laser printer. 
They were high contrast (67% photopic, Michelson; 
Farrell & Booth, 1984) Landolt C's (National Academy 
of Sciences, 1980) printed using a high resolution, photo- 
grade laser printer. The print out of each target was 
mounted on 18 cm x 18 cm (7" x 7") squares of foam 
board. Each target varied in gap size and represented, 
when converted, a specific Snellen visual acuity value 
(20/xx). The back of each target was labeled with four 
different bar code patterns. Each bar code contained 
identification information such as target number, type, 
contrast, gap orientation and corresponding visual acuity 
(20/xx). On each experimental trial, a Landolt C was 
placed in the center of a larger foam board surround 56 
cm X 56 cm (22" H x 22" L). The surround had the same 
reflectance as the background of the Landolt C's. This 
surround was secured to the front of a black light-tight 
wooden box. The box measured 66 cm H x 56 cm W x 
36 cm L (26 H x 22" W x 14" L) and sat on top of a 
stand. This box housed a bar code scanner/reader used to 
automate the recording of Landolt C target information. 
The light-tight box prevented the incompatible red laser 
beam from the bar code scanner from affecting the NVGs. 
The bar code reader connected directly to a computer at 
the experimenter's station. The entire set up was 
positioned at 914 cm (30 feet) or optical infinity from the 
observer. A four button response box located next to the 
observer was also connected to the computer. The 
observer used the buttons to indicate the orientation of the 
Landolt C gap (up, down, left or right). The computer 
recorded the button press response and Landolt C bar 
code information as well as other pertinent information. 

Procedure 
Three trained observers participated in this study. Each 
observer completed 2 sessions per day on each of 3 days. 
Each session (140 randomized trials) used an illumination 
level of either 8.61E-04 or 1.38E-2 lux (target background 
reflectance's were 5.64E-5 and 9.03E-4 lux, respectively). 
At the beginning of each test session, the observer dark- 
adapted for approximately 15 minutes. The observer then 
turned on and focused the NVGs. For each trial, the 
experimenter, using pre-determined randomized stimuli 
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ordering, placed a Landolt C onto a small ledge on the 
surround and kept it blocked from the observer's view. 
This ledge centered the 'C and was not noticeably visible 
when viewed through the NVGs. The experimenter 
pressed a switch to scan the bar code on the back of the 
target. The experimenter would then move away from the 
Landolt C and the observer had about four seconds to 
view the stimulus. At the end of the four-second interval 
the computer would beep an alarm and the experimenter 
would immediately block the stimulus from the 
observer's view. The observer would press the 
appropriate button on the response box to indicate what 
direction the gap was oriented: up, down, left or right. 
The observer was not provided with any feedback on their 
performance. This sequence of events was repeated until 
140 trials were completed (7 Landolt C target sizes x 4 
orientations x 5 repetitions of each orientation). The 7 
target sizes are Snellen acuity values (i.e., 20/xx). 

RESULTS 
Probit analysis was used to determine the observer's 
acuity, for each replication, that corresponded with 50%, 
75%, and 95% correct adjusted for chance. These acuity 
values were then used to determine the reproducibility 
limit as previously defined. 

Table 2 contains the percent of correctly identified 
orientations out of the 20 trials (4 orientations x 5 
repetitions) for each combination of illuminance, 
observer, acuity, and replication. Chance alone would 
result in 25% correctly identified trials. It is assumed that 
percents that are less than 25% would approach 25% with 
a sufficient number of trials. The percents were 
transformed to adjust for chance. The procedure for this 
transformation was a^ follows: 

Let: P = percent correct trials 
PA = percent correct trials adjusted for chance 
(l)ifP<25thenP = 25 
(2)FA = (P-25)*100/75 

For probit analysis, adjusted percents are converted to 
normal ajuivalent deviates (NED). An NED is the value 
of a standard normal variable whose cumulative 
probability (expressed as a percent) would equal the 
percent correct adjusted for chance. The NED values are 
then used as the dependent variable in a linear regression 
with acuity as the independent variable, where a linear 
relationship is assumed (Finney, 1980). The estimated 
NED=bo+bi*acuity is then transformed back to percents. 
The resulting estimates of PA form a curviHnear function. 

If there is a range of acuity values where PA is near 0 or 
PA is near 100, the relationship between NED and acuity 
will not be linear. The rationale for selecting percents 
used for modeling was to start with the largest acuity 
value where the observer was guessing (correct < 7 out of 
20 was used) if applicable, and end with the smallest 
acuity value where PA=100, if applicable. Since an NED 
cannot be computed for 0% or 100%, 0% was set to 1% 
and 100% was set to 99%. Correct < 7 was used as a 
'guessing' cutoff since the probability of 8 < Correct is 
0.10 by chance alone. Table 3 contains the percent of 
correctly identified orientations out of the 20 trials (4 
orientations x 5 repetitions), adjusted for chance, for each 
combination of illuminance, observer, acuity, and 
replication. Results of NED regressed on acuity are 
shown in Figures la and lb. 

Table 2. Percent correct trials (N=20) for each illuminance, observer, acuitv. and replication. 
Ob server #1 Ob server #2 Ob server #3 

Snellen 
Acuity 
(20/xx) 

% Correct Snellen 
Acuity 
(20/xx) 

%Correct Snellen 
Acuity 
(20/xx) 

%Correct 
niuminance 

Oux) 
Replication 
12      3 

Replication 
1       2      3 

Replication 
12      3 

8.61E-4 

24.8 55    35     45 24.8 35    65     45 26.7 35    50     47 
26.7 20    50     45 26.7 45    45     55 28.6 15    45     48 
28.6 65    37     75 28.6 50    60     70 30.6 50    70     55 
30.6 65    45     85 30.6 90    70     80 32.5 60    85     90 
32.5 90    58     90 32.5 80    80     85 34.4 75    80     89 
34.4 IM    85     95 344 70    95     75 36.3 90    75     95 
36.3 im    75    100 36.3 90    85     90 38.2 100    95     95 

1.38E-2 

13.4 30    45     20 13.4 25    20     20 13.4 35     15     30 
15.3 20    30     45 15.3 30    40     50 15.3 35    25     30 
17.2 35    55     45 17.2 50    50     60 17.2 35    55     45 
19.1 70    75     45 19.1 80    45     85 19.1 75    80     70 
21.0 75    85     85 21.0 95    80     65 21.0 90   100   100 
22.9 65    85    100 22.9 100    95     80 22.9 90   100   100 
24.8 85    85     95 24.8 100    80     80 24.8 100   100   100 
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Table 3. Percent correct trials (N=20), adjusted for chance, for each illuminance, 
observer, acuity, and replication. Percents in italic were not used for modeling. 

Observer #1 Observer #2 Observer #3 
Snellen 
Acuity 
(20/xx) 

% Correct Snellen 
Acuity 
(20/xx) 

% Correct Snellen 
Acuity 
(20/xx) 

% Correct 
Dluminance 

(lux) 
Replication 
1      2       3 

Replication 
12       3 

Replication 
1       2       3 

8.61E-4 

24.8 40    13      27 24.8 13     53     27 26.7 13    33     30 
26.7 0    33      27 26.7 27     27     40 28.6 0    27     30 
28.6 53     16     67 28.6 33     47     60 30.6 33     60     40 
30.6 53    27      80 30.6 87     60     73 32,5 47    80     87 
32.5 87    44     87 32.5 73     73     80 34.4 67    73     86 
34.4 100    80     93 34.4 60    93     67 36.3 87    67     93 
36.3 100    67    100 36.3 87     80     87 38.2 100    93     93 

1.38E-2 

13.4 7    27       0 13.4 0      0       0 13.4 13      0       7 
15.3 0     1     27 15.3 7     20     33 15.3 13      0       1 
17.2 13    40     27 17.2 33     33     47 17.2 13    40     27 
19.1 60    67     27 19.1 73     27     80 19.1 67    73     60 
21.0 67    80     80 21.0 93     73     53 21.0 87   100    100 
22.9 53    80    100 22.9 100    93     73 22.9 87   100   100 
24.8 80    80     93 24.8 100    73     73 24.8 100   100   100 
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Figure la. For illuminance = 8.61E-4 lux, results of ^fED 
regressed on acuity for each observer and replication. 

Figure lb. For illuminance = 1.38E-2 lux, results of NED 
regressed on acuity for each observer and replication. 
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The estimated NED = bo+bi*acuity, as shown in Figures 
la and lb, was transfonned back to percents. For each 
illuminance, observer, and replication, the acuity that 
related to predicted 50, 75, and 95 percent correct 
adjusted for chance was determined. Plots of the predicted 
percents are shown in Figures 2a and 2b. Results are 
shown in Table 4. The reproducibility limits of the acuity 
value (20/xx) relating to 50, 75, and 95 percent correct 

asm Hep=i Cte«1   Reitea 

25       30       35 
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Figure 2a. For illuminance = 8.61E-4 lux, predicted 
percent correct adjusted for chance, for each observer and 
replication. Acuity values are given that relate to 50 and 
75 percent correct adjusted for chance. 

adjusted for chance were determined. Reproducibility 
limit is defined as: approximately 95% of all pairs of 
rephcations (20/xx) from the same illuminance and same 
observer, generated on different days, should differ in 
absolute value by less than the reproducibility limit. Table 
5 contains the reproducibility limits. 
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Figure 2b. For illuminance = 1.38E-2 lux, predicted 
percent correct adjusted for chance, for each observer and 
replication. Acuity values are given that relate to 50 and 
75 percent correct adjusted for chance. 

Table 4. Snellen acuity values (20/xx) relating to predicted 50,75, and 95 percent correct 
adjusted for chance, for each illuminance, observer, and replication. 

50% 75% 95% 
Illuminance 

Oux) Observer 
Replication 
12         3 

Replication 
1         2        3 

Replication 
1        2        3 

8.61E-4 
#1 29.1 32.5 27,8 31.1 37.1 30.4 33.9 43.6 34.2 
#2 29,8 27,8 28,0 33,6 32.8 33.1 39.1 40,0 40.4 
#3 33.0 30.1 29.9 34,6 34.4 33,0 36.9 40.7 37,6 

1.38E-2 
#1 20.5 18.7 18.6 23.9 22.2 20.2 28,9 27.3 22.5 
#2 18.1 19.9 19,6 19.4 22.3 22.8 21,4 25.9 27.4 
#3 19.1 18.0 18,0 20.8 18.9 19.0 23.2 20.1 20,5 
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Table 5. Snellen acuity reproducibility limits (20/xx) 
for each illuminance and percent correct adjusted for chance. 

Illuminance 
(lux) 

% Correct 
(Adjusted) 

Mean Acuity 
(20/xx) 

RL 
(20/xx) 

RL%of 
Mean 

8.61E-04 
50 29.8 5.1 17 
75 33.3 6.1 18 
95 38.5 9.4 24 

1.38E-02 
50 18.9 2.5 13 
75 21.1 4.5 21 
95 24.1 7.8 32 

The same procedure for determining the predicted percent 
correct adjusted for chance that was performed for each 
illuminance, observer, and replication was also performed 
for each illuminance and observer, summed across 
replications. Table 6 contains the percent of trials 
correctly identified for each combination of illuminance, 

observer, and acuity. Figure 3 contains NED regressed on 
acuity. Figure 4 contains plots of the predicted percents. 
Table 7 contains the acuity values corresponding to 
predicted 50, 75, and 95 percent correct adjusted for 
chance. 

Table 6. Percent correct trials (P) and percent correct trials adjusted for chance (PA), 

for each illuminance, observer, and acuity. Trials have been summed 
across replications (N = 60). PA in italics were not used for modeling. 

Observer #1 Observer #2 Observer #3 
Snellen 
Acuity 
(20/xx) 

Percent 
Correct 

Snellen 
Acuity 
(20/xx) 

Percent 
Correct 

Snellen 
Acuity 
(20/xx) 

Percent 
Correct Dluminance 

(lux) P      PA P      PA P     PA 

8.61E-4 
8.61E-4 
8.61E-4 
8.61E-4 
8.61E-4 
8.61E-4 
8.61E-4 

24.8 45    27 24.8 48    31 26.7 44    25 
26.7 38     18 26.7 48    31 28.6 36     15 
28.6 59    46 28.6 60    47 30.6 58    44 
30.6 65    53 30.6 80    73 32.5 78    71 
32.5 80    73 32.5 82    76 34.4 81     75 
34.4 93    91 34.4 80    73 36.3 87    82 
36.3 92    89 36.3 88    84 38.2 97    96 

1.38E-2 
1.38E-2 
1.38E-2 
1.38E-2 
1.38E-2 
1.38E-2 
1.38E-2 

13.4 32      9 13.4 22      0 13.4 27      2 
15.3 32      9 15.3 40    20 15.3 30      7 
17.2 45    27 17.2 53    38 17.2 45    27 
19.1 63    51 19.1 70    60 19.1 75    67 
21.0 82    76 21.0 80    73 21.0 97    96 
22.9 83    78 22.9 92    89 22.9 97    96 
24.8 88    84 24.8 87    82 24.8 100   100 
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Figure 3. Results of NED regressed on acuity for each 
illuminance and observer. 
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Figure 4. Predicted percent correct adjusted for chance, 
for each illuminance and observer. Acuity values are 
given that correspond to 50 and 75 percent correct 
adjusted for chance. 

Table 7. Snellen acuity values (20/xx) corresponding to 
predicted 50, 75, and 95 percent correct adjusted for 
chance, for each illuminance and observer. 

Illuminance 
(lux) Observer 50% 75% 95% 

8.61E-4 
#1 29.4 32.8 37.6 
#2 28.6 33.5 40.4 
#3 31.2 34.2 38.6 

1.38E-2 
#1 19.7 22.4 26.3 
#2 19.3 21.8 25.2 
#3 18.4 20.1 22.4 

DISCUSSION 
Table 5 summarizes the Snellen acuity reproducibility 
limits at the two illumination levels for three levels of 
percent correct (adjusted for chance). The 50%, 75% and 
95% percent levels represent threshold, a just-noticeable- 
difference (JND) above threshold and a conservative, 
high-confidence gap detection, respectively. The 
reproducibility limits, when taken as a percent of the 
mean, show similar variability at both the lower and 
higher illuminance conditions. 

One way to apply the reproducibility limit is to use it to 
assign a range for a given NVG visual acuity 
measurement. Many times, the interactions between 
NVGs and other cockpit subsystems such as a gold-coated 
canopy or an incompatible light source, are evaluated by 
making only a few NVG visual acuity measurements 
(baseline versus a test condition) using just a couple of 
observers. The problem with this approach is that the 
variability that is inherent in both the test method and the 
observer can easily mask the true NVG acuity effects. The 
reproducibility limits at the 50% correct were 
approximately 15% of the mean acuity values (for this 
specific lab methodology only). When interpreting field 
data acuity results, 95% of all absolute differences in 
observations should differ by less than 15% of the mean 
acuity if variability is due solely to experimental error. If 
the data varies more than 15% than there are additional 
sources of variability such as the infrared-attenuating 
effects of canopy coating on NVG visual acuity. For 
example, if, under low light levels, an observer reports an 
NVG visual acuity baseline of 20/30 and then 20/35 while 
looking through a coated canopy, one might (erroneously) 
conclude that the canopy caused a large loss of acuity 
which franslates into a loss of target acquisition slant 
range. The difference between 20/30 and 20/35 is 5 which 
when divided by their average of 32.5 equals 0.15 or 
15%. A difference of five then is approximately at the 95 
percentile of acuity differences under the same viewing 
conditions. Therefore, these example data are at the outer 
Hmit of variability due solely to experimental error 
implying that small differences found in field 
measurements are questionable. The reproducibility value 
of 15% of the mean acuity value is a good estimate for 
field tests. If the tests are conducted under more 
conservative criteria (75% correct), then about 20% 
applies. 

CONCLUSIONS 
One problem we have observed in this and other studies is 
that of interpretability. Observers reliably report seeing 
Landolt C gaps at relatively high visual acuity's of 20/20 
and better, even under degraded viewing conditions such 
as low-light levels or noisy (scintillation) conditions. But 
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does the observer really see the gap? When working at 
noisy threshold levels the gap can appear to move around 
to the four different locations or alternately open and 
close. Sometimes no gap is seen at all, maybe just a 
lighter area or a circle having a flat side. When the 
observer correctly responds to this flat side, we interpret 
the correct response as a seen gap having a specific size 
indicating a specific visual acuity which may explain 
higher than expected visual acuity's. This problem 
underlies all acuity measurements thus affecting 
interpretability and conclusions of studies' findings. To 
try to reduce this effect the stimulus duration was held to 
four seconds. The current method of stimulus presentation 
makes shorter, precise duration's difficult. A 
tachistoscope-type apparatus suited for NVG optics will 
have to be designed for the next study that will examine 
the effects of short-duration stimulus presentations on 
NVG acuity. 
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ABSTRACT 
There are several parameters that are used to characterize the quality of a night vision goggle (NVG) such as resolution, gain, 

field-of-view, visual acuity, etc. One of the primary parameters is visual acuity or resolution of the NVG. These two terms are 
often used interchangeably primarily because of the measurement methods employed. The objectives of this paper are to present: 
1) an argument as to why NVG visual acuity and resolution should be considered as distinctly different parameters, 2) 
descriptions of different methods of measuring visttal acuity and resolution, and 3) the results of a blind test by several agencies to 
measure the resolution of the same two NVGs (four oculars). 

1.0 INTRODUCTION 

Visual acuity (VA), or more properly, resolution, is probably the most important and frequently stated characteristic of night 
vision goggles (NVGs), It is often used as the main parameter to compare the quality of one NVG with another. However, 
even with this level of importonce, tiiere is no single, standardized method by which NVG resolution is assessed. The 
primary objective of this paper is to present several methods to assess NVG resolution that are currently in use by different 
organizations and compare the results obtained from each. This was accomplished by having two NVGs (a total of four 
oculars) measured by seven different organizations that are regular participants in the night vision goggle areim. Participants 
are not identified specifically in this paper but they include organizations within the US Army, US Air Force, US Navy, and 
industry. It should be noted that it is not an objective of this paper to endorse one measurenKnt method over another; they 
each have their strengths and weaknesses, which will be discussed. It is a fiirther objective of this paper to provide an 
indication of the level of reproducibility of resulte fliat one can expect due to the different measurement methods and 
organizations. 

2.0 RESOLUTION VS VISUAL ACUITY 

As indicated earlier, the two terms "resolution" and "visual acuity" are often used interchangeably in characterizing the level 
of image quality of the NVGs. I would suggest that resolution is primarUy a characteristic of the NVG itself (independent of 
vision) and visual acuity is the resulting visual capability obtained when viewing through an NVG. So the phrase "NVG 
visual acuity" actually means flie latter since NVGs really don't have a visual acuity per se. To try to ftirther clarify this 
subtle, but important, difference it is probably worthwhile to refer to the dictiomry definitions of the two terms. The 
dictionary defines resolution as: "...the process or capability of making distinguishable the individual parts of an object, 
closely adjacent optical images, or sources of light." The dictionary definition of visual acuity is: "...the relative ability of 
the visual organ to resolve detail that is usually expressed as the reciprocal of the minimum angular separation, in minutes (of 
arc), of two lines just resolvable as separate and that forms in the average human eye an angle of one minute," In general, I 
beUeve the problem arises from the fact that all methocfc of assessing the visual quality of the NVGs (in terms of resolution) 
involve observations and judgements nrade using the human eye (see following section). When lighting levels and NVG 
quality are such that the human eye visual aciuty far exceeds the resolution capability of the NVGs then the resulting 
measurements of vistal acuity through the NVGs represent the resolution of the NVGs. That is to say the visual acuity 
obtauied viewing through tiie NVGs is actually also tiie resolution of the NVGs, The problem occurs when the viewing 
conditions (hght level) or actoial resolution of the NVGs arc such that they exceed the visual acuity ability of the eye. Under 
low light level conditions the resolving power of the NVGs is essentially unclmnged, but due to the decreased light level and 
the noise in the NVG the human eye does not have a long enough integration time to perceived die true resolving power of 
the NVGs, Under tiiis condition one obtains a visual acuity viewing through the NVGs that is prunarily the result of 
limitations in the eye. In this situation one is not so much measuring the capability of the NVG as one is measuring the 
capability of the particular human eye that nmde the observations. 

* This paper was pubHshed m Proceedings ofSPIE Conference No. 4361: Helmet- and Head-Mounted Displays VI, Orlando, 
FL, April 16-17, 2001, 
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Where this distinction between visual acuity and NVG resolution becomes important is in the assessment of NVG capability 
at low light levels. If one uses the typical test procedure involving observations made by the human eye of a resolution target 
under low light level, then one is measuring the visual capability of that particular observer as much as they are measuring 
the capability of the NVG. For this reason, low light "resolution" (really should be visual acuity through NVGs) 
measurements of NVGs tend to have a higher degree of variability since they are more dependent on the low light level 
acuity of the particular observer. 

For the resuhs presented in this paper only "optimum" light level measurements of NVG resolution were analyzed and 
included. Some participating organizations made lower light level assessments but the means of characterizing the light level 
were sufficiently varied as to make it impossible to determine comparability between different organizations with respect to 
the light levels they used. In any event, the following section presents the different methods and target types that have been 
used to assess NVG resolution. 

3.0 MEASUREMENT TECHNIQUES 

Each of the seven participating organizations used a slightly different procedure to make NVG resolution measurements of 
the four oculars. This section describes some of the main procedures but does not necessarily cover each organization's 
specific procedures. Target types that have been used to make NVG resolution measurements include tumbling "E", Landolt 
"C", USAF 1951 tri-bar resolution pattern, and square-wave gratings. Procedures have included using a single trained 
observer or taking the average of three trained observers. Procedures have also involved making subjective judgements (as in 
whether or not the USAF tri-bars are "resolved" or not) or are completely objective requiring the observer to state the 
orientation of a target. The following specific procedures are a sample of the NVG resolution procedures that have been or 
are being used. Please note that the title used for each procedure is not necessarily standardized but was selected to 
emphasize a particular feature of the procedure. 

3.1 USAF 1951 Tri-Bar Resolution Chart 

The USAF 1951 Tri-Bar Resolution Chart has a very specific format as shown in Figure la. This chart is composed of 
multiple sets of "Tri-Bars" of different sizes oriented both vertically and horizontally. The bars are organized into Groups 
and Elements such that there are 6 different elements (different sized bars) within each Group. The bars in each Element 
vary in size by the sixth-root of 2 such that the size of the bars in the fu-st Element of each Group is exactly twice the size of 
the first element in the following (smaller) Group. This means that each bar pattern is about 12.25% larger than the next 
smaller bar size. The original USAF 1951 Tri-Bar Chart (Figure la) was designed such that the Group 0, Element 1 bar size 
was exactly 1/2 mm in width. Since that time variations in the original chart have been devised that still use the sixth-root of 
2 design concept but are of a different basic size so that they can be used as a large wall chart. Figure lb shows a picture of 
such a chart as photographed through one of the NVG oculars used in this study (photo courtesy of Bill McLean, US Army). 
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Figure la. USAF 1951 Tri-Bar Chart Figure lb. Variation of USAF 1951 Tri-Bar Chart 
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The Tri-Bar target sizes can be converted to equivalent Snellen Acuity (SA) values by determining the angular subtense of 
the bar sizes as measured from the viewing distance. An angular subtense of 1 minute of arc corresponds to a Snellen acuity 
of 20/20; 2 minutes of arc is 20/40, 3 minutes of arc is 20/60, and so forth. The angular subtense is calculated by taking the 
arc tangent of the width of the bar divided by the viewing distance. Visual acuity obtained looking through an NVG ocular 
may be determined by a single observer or by averaging the observations made by a panel of observers (typically 3 
observers). 

One potential disadvantage of this target type is that the steps between bar sizes are relatively large. For example, if a bar 
pattern were of a size such that the Snellen acuity was 20/40 then the next larger size would be 20/44.9 and the next smaller 
size would be 20/35.6 (12.25% differences between sizes going up and 10.9% difference in sizes going down). This 
relatively large "least-count" for this procedure limits the precision with which one can determine the resolution of an NVG 
ocular; especially if only one observer is used. On the other hand, visual acuity is a relatively difficult parameter to precisely 
measure, so one could argue that a precision of 12.25% or 10.9% is all that is required. 

3.2 Hoffman 20/20 Test Set 

Prior to flying with NVGs aircrew in the US Air Force are required to pre-flight their NVGs. This includes making 
adjustments so that the NVGs Ime up with the individual's eyes and checking visual acuity, usually usmg the Hoffraan ANV- 
20/20 test set shown in Figure 2. This device provides a coUimated image (image at infinity) for the aircrew to focus their 
objective lenses and to check for visual acuity level. The target pattern used to check visual acuity is shown in the upper left 
of Figure 2. The pattern consists of 9 target sizes corresponding to 9 different visual acuities. The patterns are patches of 
square-waves (alternating light and dark bars of equal size) in both vertical and horizontal directions. The legend under the 
target picture in Figure 2 shows the corresponding VA target sizes, which range from 20/20 to 20/70. 
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Figure 2. Hoffinan ANV-20/20 NVD tester used to pre-flight NVGs (photo courtesy of Hoffinan Engineering). 

While this device makes an excellent pre-flight instrument, it is not very well suited for making precise measurements of 
NVG ocular resolution because of the relatively large step sizes. The highest resolution pattern is 20/20 and the next highest 
is 20/25, which is a large 25% decrease. Its main advantages are that it produces a distant image (usmg an optical system) 
within a small space and it can control lighting on the target. 

3.3. Walk-Back Procedure Using Square-Wave Gratings 

This technique was developed as a means to shift from a discontinuous dependent variable to a contmuous dependent 
variable. In other words, one is not limited to specific, quantized levels of visual acuity but, instead, is afforded a complete 
continuum. The target patterns chosen for this technique are square-wave patches of different spatial frequencies (light and 
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dark bar widths) organized in a pattern shown in Figure 3. A total of 3 charts were used with six grating patch sizes each. 
The spatial frequency was lower (wider bar widths) on the left side and progressed to higher frequencies (narrower bars) 
moving to the right. A vertical bar pattern and a horizontal bar pattern were provided for each spatial frequency. These 
charts were placed a distance of 30 feet from the observer and illuminated with a 2856K light source that could be adjusted. 
The patches were sized such as to produce whole number Snellen visual acuities at the 30 ft distance such as 20/25 or 20/30. 
The observer would select the highest spatial frequency grating that he/she could see and inform the experimenter of their 
selection. Then the observer would slowly step backward until that pattern became a imiform green indicating the NVG 
could no longer resolve the grating pattern. By using the increased distance, one could calculate the new resolution (Snellen 
acuity) that corresponded to that particular pattern. For example, if the observer had selected the 20/30 pattern and then 
walked back 2 feet the resolution of that pattern at the new distance would be 20/[30*(30/32)] = 20/28.1. The grating sizes 
were selected such that the observer should never have to walk back more than about 3 feet (10%). If they did walk back 
more than the maximum that meant they should have been able to resolve the next higher resolution pattern at the 30-ft 
distance. So, if they did walk back past the maximum they were asked to return to the 30 ft distance and look at the next 
higher spatial frequency patch to see if they could resolve it. The 30 ft distance was selected to minimize possible blur 
effects caused by focusing the NVGs at 30 feet and then viewing the pattern at distances slightly farther than 30 ft (out to 33 
ft). This depth of focus issue is the major disadvantage of this procedure although tests allowing subjects to refocus their 
NVGs at the longer distances once they had moved back did not produce any noticeably different results. 

Figure 3. Drawing of the square-wave grating patches used to measure NVG visual acuity using the "walk-back" method. 

The major advantage of this technique is to provide a continuum of values that could be obtained for visual acuity. In 
practice, this procedure normally used 3 trained observers and collected 3 to 5 repeated measures each. The results were then 
the grand average for all observers and repetitions. 

3.4 Rotating Grating Technique 

A variation of the walk-back technique is the rotating grating method. This technique uses a square-wave grating pattern 
with the lines running vertically. The grating patch is a rectangle that is about 1.5 times wider than high. This target is 
placed on a rotating table such that it rotates about an axis that corresponds to the center bar of the pattern. As the pattern is 
rotated the apparent spatial frequency increases as the view of the pattern is "fore-shortened." The advantage of this 
technique is that it provides a continuum of values for Snellen acuity. The disadvantage is the same as the walk-back 
technique in that the focus distance is different for the side of the chart that is closest to the observer compared to the 
opposite side. However, compared to the walk-back technique, this technique does not require the observer to move and data 
can be gathered relatively quickly. Initial results indicate the procedure is reasonably repeatable. The base distance (distance 
from observer to center of the chart) should be 30 feet or greater to minimize the focus disparity between the left and right 
side of the chart in its rotated position. 

3.5 Multiple Observations, Multiple Orientation Gratings 

Another VA measurement technique to assess NVG oculars uses circular grating patches arranged in rows. In one specific 
implementation of this procedure the circular target patches were organized into two rows of six gratings each. All of the 
gratings in a given row were of the same spatial frequency. The gratmgs were oriented in 4 directions: vertical, horizontal, 
slanted 45degrees left, and 45 degrees right. Observers were required to state the direction of the grating, making this an 
objective test. In this particular case, the gratings were designed to be viewed at a distance of 20 feet and the sizes were 
selected such that each pattern was approximately 12.2 percent larger than the preceding pattern. This corresponds to a size 
spacing of 0.05 log minimum angle of resolution or 0.05 log MAR. One difficulty with this type of procedure is how to score 
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an individual who gets all of a particular row correct, then misses 2 in the next smaller size row, but then gets all of the next 
smaller size correct. Some guide must be adopted to determine what score is to be given to an observer who misses one or 
more orientations in a particular row. For this specific version of this technique a criterion level of achieving 5 of 6 correct 
orientations in a row was established. The observer was given the Snellen acuity score corresponding to the row in which 
he/she got 5 of the 6 correct, with a minor modification. If they provided some correct responses on the following row as 
well, then they were awarded an additional acuity increment of 0.008 log MAR units per correct response. For example, if an 
observer correctly resolved 5 of 6 patterns on the 20/40.2 floe MAR 0.303) line and resolved 2 patterns on the 20/35.8 hne, 
his/her VA would be scored as 0.303 - 0.016 = 0.287 log MAR or 20/38.7 Snellen). Three observers were used and thei^ 
average score was recorded as the resultant visual acuity. 

4.0 RESULTS OF ROUND ROBIN TEST 

Two NVGs were selected for this interlaboratory study: one was an older AN/AVS-6 NVG and the other was a more recently 
produced AN/AVS-9 NVG. The two NVGs were supplied to each organization for testing with the instructions to conduct 
their normal test procedures for visual acuity (resolution) under two lighting conditions: optimum lighting for best resolution 
and starlight level lighting. The organizations were directed to measure each ocular (a total of 4 oculars) independently and 
provide their visual acuity (resolution) results for each of the two lighting levels; a total of 8 numbers. Not all organizations 
conducted the lower light level measurements and, of fliose that did, not all of them stated what lighting level was used (in 
quantitative terms) to simulate the starlight level. For this reason only the "optimum" Ught level data is included here and 
analyzed. 

Some organizations provided their data in the form of Snellen Acuity values, others submitted their results in terms of cycles 
per milliradian. In order to nake it easy to compare the results between the organizations all data were converted to Snellen 
Acuity and to cycles per milliradian (Tables 1 and 2). One organization measured the NVGs using two different 
procedures/devices but their results for the two were identical so only one was used in die analysis. In addition, another 
organization was the first to measure the NVGs and then measured fliem again after all of the otiier organizations had 
conducted flieir tests. The results from these two sets of measurements from tiiis organization (using the same procedure both 
times) were very close so tiie results from the two were averaged and included in the amlysis. A third organization provided 
raw visual acuity data for two observers (who had significantly different resulte) so their data was averaged to provide single 
resolution numbers for tiieir organization. Tables 1 and 2 are a summary of the optimum light level visual acuity data for the 
seven orgaiuzations that participated. 

Table 1. Visual acuity results obtained from 7 organizations measuring flie same NVG 5 (results in Sne 

Lab 
AN/AVS-6 AN/AVS-9 AN/AVS-6 AN/AVS-9 
Left Right Left Right Right-Left Right-Left 

A 33.8 35.0 26.1 26.7 1.2 0.6 
B 40.0 45.0 32.0 32.0 5.0 0.0 
C 33.4 41.9 26.4 29.6 8.5 3.2 
D 31.4 31.4 23.2 23.2 0.0 0.0 
E 34.7 38.2 27.5 28.6 3.5 1.1 
F 38.1 39.6 30.2 33.0 1.5 2.8 
G 40.0 39.0 31.0 32.3 -1.0 1.3 

Mean 35.9 38.6 28.1 29.4 2.7 1.3 
Std 3.4 4.4 3.1 3.5 3.3 1.3 

t-test p-value for Ho: Mean Difference = 0 0.0743 0.0368 

There are two observations fliat are apparent from Table 1: 1) the standard deviations for each ocular across organizatiom are 
relatively large (on the order of 10-12 percent of mean value) and 2) wifliin each NVG type die determination of which ocular 
of the two had the better resolution was fairly consistent (right-left columns) altiiough they were not statistically significant at 
the p=0.01 level (see last row of Table 1). The prhnary objective of this effort was to determine a reproducibility limit for 
NVG resolution/visual acuity measurement. The reproducibility limit is defined in ASTM E 691 along with the statistical 
procedures to calculate it. Basically, if two organizations measure tiie sanw NVG ocular there is a 95% probability fliat their 
results will differ by no more flran the reproducibility limit. This is an indicator of how reproducible the measurement results 
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are and should not be confused with repeatability. Repeatability is an indication of how consistent a single organization's 
results are when making the same measurement on the same NVG multiple times, whereas the reproducibility limit treats the 
issue of measurements made by different organizations. Since we collected only one assessment of resolution from each 
organization for each NVG ocular (at the high light level) we do not have sufficient data to calculate repeatability (which 
could well be different for the different organizations). 

All remaining analyses were accomplished after converting all of the data to resolution in cycles per milliradian (see Table 2) 
using the conversion equation: 

Res (c/mrad) = 34.3775/Snellen (20/xx) (1) 

Table 2 Hsts the NVG ocular resolutions converted to cycles/milliradian (c/mrad). At the bottom of Table 2 is a summary of 
the Reproducibility Limit (RL) as calculated using ASTM E 691 procedures. The RL was calculated for each type of NVG 
(AN/AVS-6 and the AN/AVS-9) and for all the oculars as a group. For the levels of resolution of these NVGs, the 
reproducibility limit was a relatively large 33% (0.35 c/mrad). This means that if we selected a single NVG ocular and 
randomly selected 2 organizations to measure its high-light-level resolution there is a 95% probability that their answers 
would agree within 0.35 c/mrad. Another way to look at this is if one randomly selected organization measured the 
resolution of an NVG ocular and then another (different) randomly selected organization measured a different ocular, then 
the difference in resolution measurements between the two would have to be greater by 0.35 c/mrad before we would be at 
least 95% confident that the two oculars were, indeed, different. Note that if we had supplied the two NVG oculars to the 
same organization then the appropriate confidence parameter would be repeatability and not reproducibility. Although this 
reproducibility value seems somewhat large it is apparent from the data in Table 2 that there is a wide spread in resolution 
results between organizations. Looking at the "Right" column of the AN/AVS-9 we see that the highest resolution obtained 
was 1.48 c/mrad and the lowest was 1.04 c/mrad; a huge 0.41 c/mrad difference! 

Table 2. Resolution in cycles/mrad for each lab and ocular. Reproducibility Limits (RL) are given for each goggle separately 
and across all 4 oculars. 

Lab 
AN/AVS-6 AN/AVS-9 AN/AVS-6 AN/AVS-9 
Left Right Left Right Right-Left Right-Left 

A 1.02 0.98 1.32 1.29 -0.04 -0.03 
B 0.86 0.76 1.07 1.07 -0.10 0.00 
C 1.03 0.82 1.30 1.16 -0.21 -0.14 
D 1.09 1.09 1.48 1.48 0.00 0.00 
E 0.99 0.90 1.25 1.20 -0.09 -0.05 
F 0.90 0.87 1.14 1.04 -0.03 -0.10 
G 0.86 0.88 1.11 1.06 0.02 -0.04 

Mean 0.96 0.90 1.24 1.19 -0.06 -0.05 
Std 0.09 0.11 0.14 0.16 0.08 0.05 
RL 

(% of Mean) 
0.28 (30%) 0.41 (34%) 0.22 0.14 

0.35 ( 33%) 0.18 

It is apparent from an inspection of the data in Table 2 that there is some pattern to the variance in resolutions obtained. 
Specifically, some organizations tended to consistently obtain higher overall resolutions that other organizations. This could 
be due to the specific type resolution target that was used, the visual capability of the observers, or some other factor. In any 
event, it is possible to do an analysis to see how much the reproducibility limit could be improved (made smaller) if the 
differences between organizations were not only consistent but also invariant with time. That is to say, if we were to repeat 
this effort we would find that the same organizations that tended to obtain higher resolutions in the fust effort obtain higher 
resolutions in the repeat. In order to explore the effects on the reproducibility limit if we could "handicap" labs according to 
the results of Table 2 we devised a "correction factor" to adjust the scores in Table 2 such that the average for the 4 scores of 
each lab are the same. This was done by dividing each of the 4 data points for a single lab by a ratio that was calculated by 
dividing that particular lab's average of the 4 readings by the overall average of the 28 data points. The results of this 
adjustment are listed in Table 3. The numbers in the second column of Table 3 are the adjustment ratios by which each 
corresponding row of numbers in Table 2 was divided. Note that the reproducibility limits calculated for Table 3 are greatly 
reduced from those calculated in Table 2; on the order of 10% instead of 33%. 
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Table 3. Adjusted Resolution values (cycles\inrad) for each lab and ocular. The resolution values of Table 2 were "adjusted" 
by dividing each lab's 4 values by an adjustment ratio (Adj. Ratio) that was equal to that lab's average (of the 4 numbers in 
Table 2) divided by the average of all 28 data points. 

AN/AVS-6 AN/AVS-9 AN/AVS-6      AN/AVS-9 

Lab Ratio Left Right Left Right Right-Left Right-Left 
A 1.07 0.95 0.92 1.23 1.20 -0.03 -0.03 
B 0.88 0.98 0.87 1.22 1.22 -0.11 0.00 
C 1.00 1.03 0.82 1.29 1.15 -0.21 -0.14 
D 1.20 0.91 0.91 1.23 1.23 0.00 0.00 
E 1.01 0.98 0.89 1.24 1,19 -0.09 -0.05 
F 0.92 0.98 0.94 1.24 1.13 -0.04 -0.10 
G 0.91 0.94 0.97 1.22 1.17 0.02 -0.05 

Mean 0.97 0.90 1.24 1.19 -0.06 -0.05 
Std 0.04 0.05 0.03 0.04 0.08 0.05 
RL 0.12(13%) 0.09(7%) 0.22 0.15 
(% of Mean)                       0.11(10%) 0.19 

DISCUSSION/CONCLUSION 

The rather large reproducibility limit (33%) found as a result of analyzing the data of Table 2 is somewhat disturbing but 
should serve as a major caution flag for any organization making and reporting NVG resolution results. Each of the 
participating organizations used slightly different procedures to arrive at a resolution number. Some used grating patterns (A 
and G) and some used tii-bar targets (B through F) as the resolution target. Some used a subjective assessment by observers 
and some used objective methods. Some used a single observer others used up to 3 observers and averaged the results. All 
of these differences could contribute to the consistent differences between organizations. However, having looked at the raw 
data fi-om the 3 observers from our laboratory and the 2 observers from one of the other organizations it is apparent that one 
of the highest sources of difference is the particular individual(s) that participate in the measurement. 

Table 4. Summary of NVG resolution measurement procedures used by the 7 labs 
Lab Target Observers Procedure Units 
A Grating 3 Subjective Snellen 
B Tri-bar 1 Subjective Snellen 
C Tri-bar 1 Subjective c/mrad 
D Tri-bar 2 Subjective c/mrad 
E Tri-bar 3 Subjective Snellen 
F Tri-bar 3 Subjective Snellen 
G Grating 3 Objective Snellen 

The analysis done for Table 3 on the "adjusted" data provides for the most optimistic reproducibility limit we could expect. 
The ex post facto analysis undoubtedly removed some systematic and some random variance from the data, which resulted in 
a fahly modest reproducibility limit (about 10%). ft is highly unlikely the Adjustment Ratios calculated for each 
organization would remain exactly the same if we were to conduct this study again. However, there would probably still be a 
similar general ranking of organizations as to relative level of resolution measured (assuming the same personnel were 
involved at each location). There may also be some bias due to the type of organization: the highest resolutions were 
obtained from a vendor of NVGs and the lowest resolutions were obtamed from a purchaser of NVGs. The real, practical 
reproducibility limit probably resides somewhere between tiie two values calculated from the data in Tables 2 and 3 but we 
have no way of determining where in between. Suffice it to say that the results of this study serve as a caution to any 
organization that is involved in NVG resolution measuremente tiiat would like to make a statement about the relative quality 
of a particular NVG compared to one assessed by another organization. The results also indicate that the NVG community 
should work on standarding NVG resolution measurement procedures in an effort to improve the reproducibility limit. 
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THE EFFECTS OF AIRCRAFT TRANSPARENCIES ON 
NIGHT VISION GOGGLE-MEDIATED VISUAL ACUITY 

Alan Pinkns, PhD and H. Lee Task, PhD 
Annstrong Laboratory 

Crew Spteno Directorate 
Human Engineering DivBion 
Wright-Patterson AFB, OH 

ABSTRACT 

Night vision goggles (NVGs) are currently used in a 
mde variety of military aircretft that were not 
originally designed for NVGs. Likewise, the 
windscreens and canopies on these aircraft were not 
desiffied with NVGs in mind. Present day 
windscreens and canopies typically have one or more 
specialized coatings applied to them. These may be 
reasonably transparent for visible wavelengths but 
not so transparent for near infrared light to which 
the NVGs are sensitive. It was hypothesized that the 
niajor mechanism by which aircraft transparencies 
affect the operation of NVGs is through reduc&l 
light levels. This would mean that the key 
characteristic of interest for determining the effect of 
an aircraft transparency on the operation of the 
NVGs would be its transmission coefficient 
calculated using the spectral sensitivity of the NVGs. 
This hypothesis vms tested by investigating visual 
acuity performance of trained observers viewing 
trough NVGs for three levels of ambient 
illumination (1, 2 and 5 times starlight) and three 
levels ofNVG- weighted windscreen transmissivities 
(58, 76 and 10(M). In addition, two levels of 
contrast were included in the study (20 and 70% 
modulation contrast). Three trained observers 
determined the orientation of a Ltmdolt C using a 
two-alternative, forced-choice step paradigm. A 
luminance-based model was developed to smoothly 
combine the effects of illumination level and 
transmission level for each contrast thus supporting 
the hypothesis. In addition, the results demonstrate 
the significant difference between individual 
observer's performance level and the increased 

difficulty (higher variabili^) of performance at lower 
contrast levels. 

INTRODUCTION AND BACKGROUra> 

Night vfeion goggles provide observers with the 
ability to see very dimly iUumiimted nighttinK scenes 
by an^slifying airijient light from flie red and near 
infrared spectral energy region (600 tooiigh 950 nm; 
see Fig. I), Anything flat reduces te light level 
getting to the NVGs will teirf to reduce the ou^ut 
luminance while at the san» time decreasing the 
signal-to-noise ratio. This, in tarn, teiuls to reduce 
the visual acui^ of observers using &e NVGs. These 
effects are most apfrarent at ve^ low anibient light 
levels such s& starlight illumination conditions. The 
basic hypothesis of ttis study is that it should not 
matter whether flie light level is reduced by lowering 
the illumination level on the target area or by 
attenuating the light level getting to flie NVGs by 
viewing through a transparency. This leads to the 
concept of equivalent illumination. For purposes of 
this study, equivalent illumiiution is flie product of 
the actual illumination level and the transmission 
coefficient of the transparency ttrough which OIK is 
viewing. As a specific exanq>le, the equivalent 
illumination for 2 tin^s starlight actual illununation 
viewing throu^ a 50% tansmitting windscreen 
would be 1.0 starli^ (2 tirros 0.5). Thk is the same 
equivalent ilhimination obtaiiud for an acUal 
illumination of 1 times starlight viewing throu^ the 
NVGs with no intervening toansparency (1 tinss 1.0). 
If the hypothesis is correct one would expect Ac 
vwual acuity for Ihrae two conditions to be essentially 
the same (within the variability esqjected for human 
observations). 
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■ Gen 3 NVG 

 Goldcoat (Tilted 34 deg) 

NVG-Weighted Spectral 
Transmlsslvity 

450 550 650 750 

Wavelength (nm) 

850 950 

Figure 1.   The relative value of a third-generation NVG, a gold-coated transparent sample (34 deg tilt) and its 
corresponding NVG-weighted spectral transmissivity plotted as a fiinction of wavelength. 

In order to determine how much an aircraft 
windscreen or canopy vidll reduce the light level by, it 
is necessary to measure or calculate the NVG- 
weighted transmission coefficient {TNVG)- This is 
done by using the spectral sensitivity of a given 
NVG''^'^. Equation 1 describes the calculation for 
NVG-weighted transmissivity. TNVQ equals the 
integral with respect to wavelength, of the transparent 
part's spectral transmissivity [P(X)\ times the spectral 
energy distribution of the light source [S(X)] times the 
NVG spectral sensitivity [G(X)'\ divided by the 
integral with respect to wavelength, of the spectral 
energy distribution of the light soiu-ce times the NVG 
spectral sensitivity. Since the specific spectral energy 
distribution of tiie light source in Equation 1 is 
typically not known for operational conditions (it 
depends on the spectral energy distribution of the 
illumination source on the scene and the spectral 
reflectivity of the various objects in the scene) the 
NVG-weighted transmission coefficient was 
calculated using S(^,) = 1 for all wavelengths. This 
simplifies   the   equation   and  typically   does   not 

significantly affect the results for the vast majority of 
broad-band reflectance distributions normally 
encoimtered. Figure 1 shows the spectral 
transmissivity curve for one of the gold-coated 
samples used in this study. The third-generation NVG 
sensitivity ciu^e is plotted for reference. 

950 nm 

^P{X)S{^.)G{X)dX 
'T' _  450ffm 
■'■NVG "" 950nm (1) 

where: 
TNVG- 
P(A)   - 

sa) - 

GW 

\s{X)G{X)dX 
450 nm 

NVG-weighted transmissivity 

spectroradiometric scan 
through the transparent part 
spectral energy distribution 
of the hght source (equal to 1 
for our calculations) 
spectral sensitivity of the 
night vision goggle 
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Undocumented reports from some aircrew in different 
aircraft indicated that some transparencies, such as 
gold-coated F-16 canopies, may cause a reduction in 
NVG visual acuity conqjared to uncoated 
transparencies. Investigation into the NVG-weighted 
transmission level of currently fielded F-16 canopies 
revealed that there are at least three different gold 
coatings and two different indium-tin-oxide coatings 
in use. It was therefore the objective of this study to 
investigate the effect of coated transparent parts that 
included the Ml range of NVG-weighted 
transmission coeflBcients that might be foimd in the 
field. Since we could not obtain san5)les of all of the 
different types of coated windscreens it was decided 
to use what samples we did have in such a way as to 
provide a fairly wide range of transmissivities. Two 
gold-coated sections of transparencies were available: 
one with a fairly light coating and one with a 
relatively heavy coating. In order to expand the range 
even ftirther, viewing through the heavily-coated 
sanqjle was done at a tilted angle which made the 
transmission coefficient even smaller. 

METHOD 

Participants 
The three participants in this study were not naive 
subjecte in the traditional sense but highly trained 
psychophysical observers, two nales and one female, 
ranging in ages fi-om 35 to 46 yeare. 

Apparatus and Stimuli 
The tests utilized a new set of ITT Model F4949D 
(serial #3873) NVGs* that had P-43 phosphor image 
intensifier tubes and a measured gain* of about 6000, 
With the room lights off and the NVGs on, the 
observer first adjusted the interpupillaiy distance of 
the goggles. Then they adjusted the eyepiece lenses 
by looking at the (krk ceiling with the goggles and 
focusing until the scintillation looked stop. 
Objective lenses were focused by viewing a one-half 
moon illuminated, NVG resolution chart conqjosed of 
square-wave gratings*. 

AU observation were nmde in a Ught tight room. 
The observer sat in a chair behind a table with their 
eyes 9.14 m (30 ft) from the stimulus easel.  On the 

table was a fixture that held an aircraft transparency 
sample and a foam board visual field mask which had 
a 15 cm high by 18 cm wide (6 by 7 in.) aperture. 
The observer held the NVGs but could rest Ms or her 
elbows on the table while looking through the hole 
and transparency at the stimulus. The goggles were 
powered using a regulated external power supply. 

The stimuh were Landolt C's^ printed using a high 
resolution photo-grade laser printer. All of the C's 
(in each set) were consecutively numbered 1 through 
n for ease of use with the conyuter program (see 
Procedure section) during the study. After the study, 
the observers' data were converted to Snellen 
equivalents. The high contrast (70% Michelson) set 
consisted of 69 C's ranging from 20/19.1 to 20/200.5 
Snellen acuity for the 9.14 m viewing distance. C's 1 
through 48 increased by about 2 minutes-of-arc 
(MOA) per step and C's 49 through 69 increased in 
about 2 to 4 MOA steps in order to insure a high 
upper range. The low contrast (20% Michelson) set 
consisted of 107 C's ranging from 20/19.1 to 
20/236.8 Snellen acuity. For this set, C's 1 through 
92 increased by about 2 MOA per step and C's 93 
through 107 increased in about 2 to 4 MOA steps. 
The first stimulus presentation, as determined by the 
program, was always from the center of the set's 
range and all subsequent thresholds were found to be 
below this value. 

The C's were mounted on 18 x 18 cm (7 x 7 in.) foam 
board. The letter and background were different gray 
levels, varied to achieve the two desired contrasts but 
maintain the same average reflectance. For 
presentation, the C was placed onto a larger surround 
board 61 x 61 cm (24 x 24 in.) that nmtched either the 
high or low contrast Landolt C background 
reflectance as appropriate. The backgroimd board 
was held on an easel and had a snmll ledge that held 
the letter C in the center. The ledge was invisible 
when viewed through NVGs. The C was then easily 
placed onto the ledge with the gap oriented either up 
or down. 

The experinKnter's station was to the side of the 
stimulus easel. The conqjuter's electroluminescent, 
back-lighted liquid-crystal display was filtered and 
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shrouded to eliminate any stray light from falling on 
the target pattern. 

Three, pre-calibrated, 2856K incandescent lamps* 
were used to easily change to the different 
illumination levels. Apertures varied their intensity 
vvithout affecting the color temperature. lUiunination 

■■ 3.4x10- ' Ix (3.2x10- 
>-5 

levels used were: Ix starlight ■■ 
fcf; 2x starlight = 6.7x10"^ Ix (6.2x10' fc); 5x 
starlight = 1.8x10"^ Ix (l.TxlO"* fc). A fourth lamp, 
set to about one-half moon illumination 1.3x10' Ix 
(1.2xl0-^ fc) was used to illuminate an NVG 
resolution target^ during pretest goggle focusing. 

Three transmission conditions were included in this 
study: a tilted heavily gold-coated sanple, a non- 
tilted lightly coated sample, and no intervening 
transparency (100% transmission, hereafter termed 
baseline or high TNVG)- The TMya for the heavily gold- 
coated sample tilted to a 34 deg orientation was 58% 
(hereafter termed low T^VG)- The non-tilted (normal) 
lightly gold-coated sample had 76% transmissivity 

(hereafter termed medium TNVG)- This study used 
three different combinations of stimulus illumination, 
with three different levels of f/vra coefficient to 
achieve nine total levels of equivalent illumination. 
Table 1 summarizes the nine equivalent illumination 
levels derived from the different illumination and 
TuvG coefficient combinations. 

Testing was conducted within randomized blocks of 
the lighting conditions because the observer had to 
adapt to that level before the test. First, an 
illumination soiu-ce was randomly selected. Within 
that lighting level, the observer was tested with a 
randomized order of stimulus contrasts and 
transparency samples. Two levels of contrast (20 and 
70%), three levels of illumination and three levels of 
TNVG yielded nine experimental conditions for high 
contrast letters and nine experimental conditions for 
low contrast. The visual acuity through the NVGs for 
trained observers was measured as a function of these 
nine equivalent illumination levels. 

Table 1. The nine different equivalent illumination levels produced by all combinations of the three levels of 
stimulus illumination and three levels of transparency TNVC coefficients. 

MULTIPLES OF 
STARLIGHT 

LOW TNVG coefficient 
^^r^.f;=58% 

MEDIUM JA-J^C coefficient 
7^^-^7=76% 

HIGH Tyyc coefficient 

Ix 0.58 0.76 1 
2x 1.16 1.52 2 
5x 2.9 3.8 5 

Procedure 
A portable computer executed a two-alternative, 
forced-choice Step Program adapted from Sinqjson"'. 
The experimenter started the Step Program which 
asked for the initial setup parameters: Landoh C 
upper and lower stimulus identification numbers (1 
through 69 for high contrast or 1 through 107 for low 
contrast), confidence level (95%), number to criterion 
(5), maximimi total number of trials (50) and a data 
file name. Using a conservative 95% confidence 
level caused the program to require a few more trials 
before converging to threshold. 

The proper stimulus surroimd was placed onto the 
easel, a Ix, 2x or 5x starlight lanp was energized and 

the transparency sample placed into the fixture. The 
observer then partially dark adapted to the goggle 
output limiinance for about 10 minutes. The Step 
Program instructed the experimenter to place a given 
numbered (size) Landolt C in an up or down, 
randomized position. The stimulus was blocked from 
the observer's view by the experimenter during 
placement onto the easel. The experimenter asked 
the observer if he or she was ready, imblocked the 
stimulus for about 4 seconds, then blocked it again. 
The observer had to respond either "up" or "dovra". 
No feedback was ever given to the observer. The 
experimenter then removed the stimulus and entered 
the observer's response into the Step Program. Based 
on the response, the Step Program determined the 
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next stimulus size and randomized its orientation. 
The procedure was repeated until criterion was 
reached or the maximum number of trials were met. 
All observers converged before reaching the 
maximum number of trials. This procedure averaged 
about 10 minutes per experimental condition with 
five minute rests after each condition and additional 
rest after conqiletion of each lighting condition. 

RESULTS 

The study presented a total of 1015 stimuli to the 
three observers. Threshold criterion (5 correct 
responses at smallest, reliably seen gap size) was 
reached in 19 trials on the average, 10 being the 
fastest and 38 the slowest (see Fig. 2 for an exanqjle). 
Snellen   acuity,   which   served   as   the   dependent 

variable, was calculated from the viewing distance 
and the gap size of the Landolt C with the standard 
conversion that 20/20 Snellen acuity corresponds to a 
gap size of one minute of arc. Table 2 is a summary 
of the results for the high contrast Landolt C 
condition listing the Snellen acuity for each 
illumination/transparency combination for each 
trained observer and the average across observers. 
The equivalent illumination column is the fraction of 
starlight fliat was available to illuminate the target 
pattern after accountmg for the transmission 
coefficient of the transparency. This value was 
calculated by multiplying the Olumination level (1,2, 
or 5 times starlight) by the transmission coefficient 
(0.58, 0.76, or 1.00) for each condition. Table 3 is a 
summary of the results for the low contrast condition. 
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Figure 2. Typical Landolt C presentation sequences using the computer-based Step Program 
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Table 2. Summary of high contrast (70%) stimuH data. All data are Snellen acuities (20/xx). 

ILLUMINATION 
(X STARLIGHT) 

TNVG 
COEFFICIENT 

EQUIV 
ILLUM 

OBSERVER 
1 

OBSERVER 
2 

OBSERVER 
3 

MEAN 

Ix LOW 0.58 66.8 63.0 61.1 63.6 

Ix MEDIUM 0.76 61.1 59.2 49.7 56.7 

Ix HIGH 1 53.5 51.6 47.7 50.9 

2x LOW 1.16 51.6 57.3 47.7 52.2 

2x MEDIUM 1.52 49.7 47.7 43.9 47.1 

2x HIGH 2 45.8 43.9 36.3 42.0 

5x LOW 2.9 36.3 40.1 36.3 37.6 

5x MEDIUM 3.8 36.3 32.5 34.4 34.4 

5x HIGH 5 36.3 32.5 34.4 34.4 

Table 3. Summary of low contrast (20%) stimuli data. All data are Snellen acuities (20/xx). 

ILLUMINATION 
(X STARLIGHT) 

TNVG 
COEFFICIENT 

EQUIV 
ILLUM 

OBSERVER 
1 

OBSERVER 
2 

OBSERVER 
3 

MEAN 

Ix LOW 0.58 114.6 103.1 149.0 122.2 

Ix MEDIUM 0.76 128.0 105.0 126.1 119.7 

Ix HIGH 1 108.9 99.3 107.0 105.1 

2x LOW 1.16 114.6 84.0 122.2 106.9 

2x MEDIUM 1.52 112.7 108.9 82.1 101.2 

2x HIGH 2 105.0 99.3 70.7 91.7 

5x LOW 2.9 101.2 93.6 74.5 89.8 

5x MEDIUM 3.8 68.8 87.9 68.8 75.2 

5x HIGH 5 47.7 74.5 61.1 61.1 

DISCUSSION 

Although none of the combination of conditions 
(illumination and transmission coefficient) permitted 
a direct test of the equivalent illumination hypothesis, 
it was possible to graph the Snellen acuity results 
against the equivalent illumination to see if it would 
produce a reasonably smooth, monotonically 
decreasing curve. This is the type of cxu^e that would 
be expected since, in general, visual acuity improves 
(Snellen acuity value is smaller) as light level to the 
eye increases". Figmes 3 and 4 show these graphs 
for the high contrast and low contrast conditions, 
respectively. 

The graphs of Figures 3 and 4 include all of the 
individual observer data in addition to a dashed line 
that corresponds to the average for the three 
observers for each equivalent illumination condition. 
The high contrast graph of Figure 3 demonstrates a 

very clear pattem, although it is apparent that there is 
a certain amount of observer variability and 
differences between observers. Based on visual 
inspection of the graph in Figure 3, a curve fit was 
applied using a simple reciprocal model. The general 
form of the model equation was: 

S = K+- 
M 

(2) 

where: 
S   =   Snellen acuity (20/xx) 
K =   constant (empirically determined 

by least squares fit) 
M =  proportionality constant 

(enipirically determined) 
E =  equivalent illimiination 

Table 4 is a summary of the model fit (Equation 2) 
for both the high contrast and low contrast Landolt C. 
The model is shown in Figures 3 and 4 as a solid line. 
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The model fits reasonably well for the high contrast 
condition (r = 0.981) and not too badly for the low 
contrast condition (r = 0.912) given that human 

observations are involved. It should be noted that this 
fit was done for a relatively small range of 
illuminations (0.58 to 5.0 tunes starlight) and 
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Figure 3. Plot of Snellen acuity as a fimction of starlight illumination for high contrast Landolt C stinmli (Table 2). 
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Figure 4. Plot of Snellen acuity as a function of starlight illumination for low contrast Landoh C stimuU fdata from 
Table 3). 
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is therefore only valid for this range. It is possible the 
basic model (Equation 2) may still hold up for a 
greater range of illuminations but that has not yet 
been tested. 

Table 4. Simmiary of model fit to data. 

CONDITION K M CORK (r) 
70% CONTRAST 31.6 19.6 0.981 
20% CONTRAST 70.0 35.3 0.912 

The results shown in Figures 3 and 4 and the 
correlations in Table 4 support the validity of the 
hypothesis regarding using equivalent illumination 
and the T^vc as a means of assessing the quality of 
aircraft transparencies with respect to NVGs. It is 
possible to use Equation 2 with the appropriate 
coefficients from Table 4 to reasonably predict the 
impact on visual acuity of a specific windscreen or 
canopy if its T^VG value is known. 

There is, however, an implicit assumption that must 
be addressed before applying the model presented 
herein. These results and the model presented 
assumes the transparency has a very low haze value'^. 
Haze is a phenomenon caused by light scattering from 
materials within the transparency or from micro- 
scratches on the surface of the transparency (usually 
due to repeated cleaning). The effect of haze is to 
lower the contrast of objects viewed through the 
transparency which, in turn, would reduce visual 
performance (Snellen acuity). The implicit 
assumption was that the transparencies employed in 
this study had very little or no haze. The two 
transparencies used in this study were measured'^ and 
were foimd to have fairly low values of haze; 1.7% 
for the mediimi transmission and 2.4% for the low 
transmission transparency samples. If haze is present, 
then the model needs to be modified to include the 
loss in visual acuity due to contrast reduction. If haze 
is not present, then the contrast of objects viewed 
through a transparency remains the same no matter 
what the transmission coefficient is; only the apparent 
luminance of the object is affected. Future work in 
this area will address the haze issue. 
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ABSTRACT 
He combined me of hand-held laser pointers and 
night vision gobies (NVGs) is premlent in nigMlime 
tactical flight opemtions. Laser eye protection (IMP) 
is required during these missions to protect the ^ 
from exposure to laser energy. The effects of the 
fwUed FV-9 LEP visor md two prototype Wardow 
LEP spectacle on NVG-aided visual acuity (VA) were 
ass&sed. VA measurements were made through four 
types of aircmft transparencies using two different 
NVGs (4949C and 4949P) to determine if there were 
my interactions between the LEP, windscreens, and 
NVGs in their effects on VA. The results showed a 
conflation between the percent loss ofNVG light due 
to the aircraft windsavens and the percent 
dep-adation in NVG VA (r=0.88). Also, the results 
revealed a small (8.5%). but statisticalfy significant, 
degradaHon in NVG-aided VA with the FV-9 LEP for 
both NVG models. Neither Wardove spectacle had a 
Statistically significant effect on NVO-aided VA 
compared to the no-LEP condition. 

INTRODUCTION AND BACKGROUND 

One of the prinmry performance characteristics aisociated 
with the use of NVGs Is the level of visual acuity 
obtoised when viewmg through the NVGs. It has been 
djown that the VA obtained when viewing toough NVGs 
depetuis on the light level of Ae scene being viewed 
{Pinkus and tks%, 1998b). Previous studies have 
demonstnited NVG VA loss due to aircraft windscreens 

(Pilous and Task, 1997) and due to L^s (Riegler & 
Fiedler, 1998). The primary objective of flsis effort was to 
detennine the anrount of NVG VA loss ilat could be 
CKpected due to viewing flirou^ cunently fielded aircraft 
windscreens sM currently fielded LEPs and proto^e 
LEPs under consideration for fielding. 

METOOD 

Partleloanto. 
Six NVG-expcrieiwed pilob, langu^ in age itom 32 to 46 
^ais, participated in die evaluatioo. All partiteipante had at 
least 20^0 imaUed VA and dmiumstnted at least 20/35 
NVG-aided VA at full moon equivalettt illumination after 
NVG adjustment and foois. 

Aapanitui and StImwH. 
The evahiation iras conducted at d» Air National Guard 
Air Force Reserve Test Cteiter (AATC) and Davis 
Monthan AFB, Tucson AZ taing ttece F-16C and one A- 
10 aircraft on four cowecuti^ nights. Hie aircraft were 
positioned in a suitably darkened hangar throu^out die 
duration of each test. Bach aircraft ixms equipped with a 
differcnt canopy type. Tws F-16 aircraft canopies had 
indium-tin oxide (ITO) coatii^s (Siemcin Type U and 
Texstar T^e V). lite fliird F-16 aircraft was equipped 
with a Texstar II gold-coat canopy. 

The A-10 aircraft tested had luicoated acrylic "qiurter 
panels" through which the otasvers viewed die visual 
acuity charte. Tbe NVG-weighted transmission 
coeflicisnt and haze was assessed for euh canopy prior to 
NVG-aided  VA  data  collection.   Although  the  haze 
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measurement technique was experimental, the 
transmission measurement was made using ASTM 
Standard Test Method Fl863-98 for Measuring the Night 
Vision Goggle-Weighted Transmissivity of Transparent 
Parts. The device based on this test method that used to 
make these measurements is shown in Figure 1. 

Figure 1. A close-up photograph of the infrared haze and 
transmission (IRH&T) measurement device used to 
measure the infrared (NVG spectrum) transmission 
coefficient of the aircraft windscreens used in this sUidy. 

The LEP devices tested consisted of one FV-9 (absorptive 
dye) and two WARDOVE (WDl & WD2 reflective) 
spectacles (see Figure 2 ). Each LEP filter tested was 
mounted in a standard USAF aircrew spectacle frame. 
NVG luminous transmission was mcasuied at 46% for the 
FV-9 filter, and 75% for the WDl and WD2 filters. 

Figure 2. Wardove (left) and FV-9 (right) LEP Spectacles 

NVG-aided VA was assessed using two NVG resolution 
charts composed of circular patches of square-wave 
gratings. Each chart contained six rows of six patterns 
(see Figure 3). All patterns on a given row were of the 
same spatial frequency. Successive rows increased in 
spatial frequency at relative intervals of approximately 
12%. Spatial resolution values on chart "A" ranged (in 
Snellcn notation)'-from 20/25 to 20/45. and chart "B" 
patterns ranged from 20/51 to 20/90. The modulation 
contrast of the patterns (as measured from the intensified 
NVG image of the pattern) was approximately 38%. 

4 mm •■iiiiii mm 

Figure 3. NVG Resolution Chart 

Each pattern measured 4 inches in diameter and was 
positioned so that the bars were oriented either horizontal, 
vertical, 45° left, or 45° right. During data collection, the 
chart was mounted at eye-level on an aircraft maintenance 
stand, positioned 20 feet at a 45° viewing angle from the 
aircraft "straight-ahead" direction. 

The NVG resolution chart was illuminated by a Hoffman 
LM-33-80 Night Sky Projector. The evaluation was 
conducted at clear starlight equivalent illumination (1.7 x 
lO"'" NRB) Night Vision Imaging System (NVIS) radiance 
value as defined in ASC/ENFC 96-01, Lighting, Aircraft, 
Interior, NVIS Compatible. NVIS radiance was measured 
from the white portion of the resolution chart using a 
Photo Research 1530-AR spot photometer with a Class B 
filter, and verified with a Hoffman NVG-103 Inspection 
Scope. 

Two models of the F4949 NVG (F4949C and F4949P) were 
used in this evaluation. These models arc representative of 
current NVGs used by pilots employing laser pointers. The 
F4949P is a more recent model than the F4949C and has the 
same specification as the Omnibus IV F4949H and G 
models. Compared to the F4949C, the F4949P has better 
image quality due to increased gain, better resolution, and 
liigher signal-to-noise ratio. The P-model also uses a P43 
phosphor while the C-model uses a P22 phosphor. 

Procedure 
Aircraft Canopy Transmission Measurement 
With the aircraft in a dark hangar, the NVG-weighted 
transmission coefficient of the canopy was measured in 
the general area of the canopy through which the 
observers would be viewing the visual acuity chart (see 
Figure 4). These measurements were made using the 
device described in the Apparams section. 
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Figure 4. IRH&T measurement device being used to 
measure the percentage of NVG transmission of an F-16 
canopy using ASTM Standard Test Method Fl 863-98. 

Observer Visual Acuity Assessment 
Each observer participated in one one-hour session per 
aircraft. Only one observer completed the evaluation for 
all four aircraft. The aircraft (i.e. canopy types) used for 
the six observere are listed in Table 1. 

Table 1, Observer - aircraft combinations 
Observer Aircraft Used 

A A-lO 
B Gold 
C ITO(II) 
D ITO(V) 
E Gold, ITO(U). ITO(V) 
F Gold, ITO(II). ITO(V). A-lO 

Prior to data collection, the hangar was darkened and the 
luminance ("brightness") of the F-16 cockpit displays was 
adjusted by an NVG-experienccd pilot to a level judged to 
be operationally representative. Tlie starlight projector 
was set to provide approximately full moon equivalent 
illumination of the chart area. The observer was seated in 
the pilot seat at a 20 foot viewing distance from the 
resolution chart. The observer then focused each NVG 
model to obtain maximum VA of a high contrast 
reference chart with the canopy up. The illumination 
level was decreased for the remainder of the session so 
the white area of the NVG resolution test chart had an 
NVIS radiance  of 1.7  x   10" 
illumination). 

NRB  (clear starlight 

On each ttial, the observer "read" the line on the NVG 
resolution chart that could easily be resolved. The 
experimenter verified the accuracy of each response 
(horizontal, vertical, left, or right) and directed the 
observer to read successive lines increasing in spatial 
frequency. This was repeated until the observer reached a 
line that could not be resolved. 

For each session, NVG-aided VA was fnst recorded with 
the canopy up using the first NVG model and no LEP. 
The canopy was then lowered and NVG-aided VA was 
assessed through the canopy. The canopy remained down 
for the three NVG + LEP viewing conditions, which were 
completed in a randomly determined order. After 
conviction of the VA task for the first NVG model, the 
observer mounted the second NVG model and repeated 
the same procedure for this NVG. In sum, NVG-aided 
VA was assessed at five viewing conditions for each 
NVG model, two without LEP (canopy up and canopy 
down) and three with NVG + LEP {canopy down). 

RESULTS 

Aircraft Canopy NVG Visual Acuity Results 
Table 2 is a summary of the NVG transmission 
coefficients measured for each of flie aircraft canopies 
measured. In addition, Table 2 shows the percentage 
reduction in NVG-sensifive light due to the canopy and 
the corresponding avera^ decrease in visual acuity 
caused by viewing through the transparency. TTie 
correlation coefficient between percent loss of NVG-light 
and percent loss of visual acuity was r=0,88. For this 
analysis, the visual acuity was taken as the smallest size 
grating for which the observer got at least 5 of the 6 
orientations correct without missing more than 1 for any 
larger size grating row. No LEP was involved in any of 
these data. 

Table 2. Summary of aircraft canopy NVG transmission 
coefficients and corresponding percentage light loss and 
visual acuity loss (UP=no canopy, DOWN=through 
canopy) averaged across the two NVOs used (no LEP). 

UP DOWN % % 
Canopy NVG 

Trans 
Coefficient 

Avg. 
VA 

Avg. 
VA 

VA 
decrease 

Light 
Loss 

Gold 0.56 39.0 51.9 33 44 
ITO (11) 0.81 43,3 53.1 23 19 
ITO(V) 0.74 42.5 53.0 25 26 
A-10 0.88 40.9 42.9 5 12 

An alternative analysis of flie windscreen-only data was 
done to determine if flie VA difference between 
windscreens was statistically significant. For this analysis 
the acuity value used was the smallest grating size that the 
subject could correctly identify at least 4 of the 6 target 
orientations correctly. One acuity value was then used for 
each combination of observer, aircraft (A-10, Gold, 
ITO(Il), and ITO(V)), win^creen condition (Up, Down, 
WD-1, WD-2, and FV-9) and NVG (F4949C and 
F4949P). The windscreen conditions are referred to as 
LEP (laser eye protection) when the only levels used were 

This paper was published in: Proceedings of the 1999 SAFE Association Symposium, Atlanta, GA, 
December 6-8,1999. 
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WD-1, WD-2, and FV-9. Only 1 subject used all 4 
aircraft. Table 3 contains the aircraft used by each 
observer (A through F) along with their mean acuity for 
the windscreen Up condition. 

Table 3. Mean Sncllen acuity (20/XX) when the 
windscreen was Up. There were 2 acuity values for each 
aircraft used (i.e. one for each NVG 

Observer Aircraft Used Mean 
Acuity for 

•Up- 

N 

A A-10 43 2 

B Gold 38 2 

C ITO 43 2 

D ITOfV) 51 2 

E Gold. ITO. ITO{V) 38 6 

F A-10, Gold, ITO, 
ITO(V) 

38 8 

When the observers were exposed to the windscreen 
Down condition (viewing through the windscreen), the 
percent increase in target size (decrease in visual acuity) 
from the windscreen Up condition (no windscreen) 
ranged from 0 to 41 with a median of 26 (N=22). There 
were 2 instances of 0 percent increase, both coming from 
the A-10 aircraft. The dependent variable used in the 
following analyses was the percent change in target size 
from the windscreen Down condition. A problem exists in 
that each subject did not use all aircraft. 

Comparison of the aircraft is difficult. Observer E used 3 
of the aircraft and observer F used all 4. With these 2 
subjects the percent change in acuity was averaged across 
LEP and NVG for each aircraft. A 1-factor (aircraft) 
repeated measures analysis of variance using the Gold, 
ITO(II), and ITO(V) only, with error term 
observer*aircraft. did not find a significant difference 
among the 3 aircraft {F(2,2)=0.01, p=0.9996}. Means 
were: Gold=2.1, 1T0(II)=2.1. and ITO(V)=2.3. Note that 
for Observer F the mean for A-10 was 2.0. 

Laser Eve Protection NVG Visual Acuity Results 
It was assumed that there was no interaction between 
aircraft and either LEP or NVG. For all observers the 
percent change from the windscreen Down condition was 
averaged across aircraft. The observers have different N 
for each mean. A 2-factor repeated measures analysis of 
variance was performed using this mean as the dependent 
variable with LEP (WD-2, WD-2, and FV-9) and NVG 
(F4949C and F4949P) as factors. Observer interactions 
were used as error terms. Results are shown in Table 4. 

The main effect means for the NVGs were F4949C=3.8 
and F4949P=4.4. Table 5 contains the mean and standard 

deviation of observers for the LEPs (after averaging 
across NVG). P-values are given from a t-test for Ho: 
mean=0. 

Table 4. ANOVA results for NVG VA percent change 
from windscreen Down. 
Source SSQ D 

F 
Error 
SSQ 

Error 
DF 

F- 
Value 

P- 
Value 

LEP 379.1 2 142.4 10 13.31 0.0015 
NVG 3.2 1 379.7 5 0.04 0.8448 
LEP* 
NVG 

49.0 2 264.6 10 0.93 0.4277 

Table 5. Mean and std of subjects (N=6) for percent 
change from windscreen Down. P-value is for Ho: 
mean=0. 

Percent Change 
LEP Mean Std P-value 

WD-1 0.9 3.3 0.5244 
WD-2 2.8 5.4 0.2596 
FV-9 8.5 3.2 0.0013 

Figure 5 contains the mean percent change from 
windscreen Down for each condition. Using the 
Bonferroni paired comparisons procedure with a .05 
overall error level (per comparison error 
level=.05/3=0.0167) the minimum significant difference 
was 4.4 for comparing the means of the percent change 
from windscreen Down. 

Figure 5. Mean percent change in NVG VA from 
Windscreen Down (No LEP). 

DISCUSSION and CONCLUSIONS 

One major problem of working with visual acuity as a 
dependent variable is the difficulty in determining what 
visual acuity should be assigned to a particular observer 
response to the Visual Acuity chart.  The Visual Acuity 
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clart iBed for this study was intended to make an 
objective assessment of VA by requiring the observer to 
identify the direction of the grating patches. Since there 
were 4 possible orientations for each patch and there were 
6 patches for each acuity level this made it essentially 
imposible for observers to get all correct answers for a 
single row by guessing. However, the problem arises as 
to what to use as a cut-off value if the observer does not 
get all of the orientations right in a particular row. It is 
possible to calculate the probability of guessing correctly 
3,4,5, or 6 of the patches in a row so that one may set an 
objective criteria for determining VA, But, in some cases 
observers produce strange results. For example, one 
observer in one of the conditions had the following 
sequence of responses: for the 20/45.1 row he got all 6 
right, then got only 4 right in the 20/40.2 row but bounced 
back and got 5 in the 20/35.8 row. So what VA score 
should be assigned to this individual? It is apparent tlmt 
he did significantly better than chance in all 3 rows but it 
is also apparent that he missed some indicating his NVG 
VA shouldn't be counted the same as someone who makes 
no errors and gets the 20/35.8 row correct. It is beyond 
the scope of this paper to solve this dilemnm, however, 
thte needed to be explicitly addresses as various analyses 
on the date used different criteria. 

For the analysis comparing the effects of the aircraft 
transparency (by itseli) on NVG visual acuity, an 
observer was given the VA score corresponding to the 
highest acuity level for which he got at least 5 of the 6 
patches correct, but without missing more than 1 patch in 
any row of lower acuity. In the example above the 
individual was assigned a score of 20/45.1 since the 5 he 
got correct for 20/35.8 occurred after he missed 2 in the 
20/40.2 row. However, for the LEP analyses a simple 
criteria of 4 correct was used. Both approaches are 
defensible and the only reason that there are two 
approaches here is because two different individuals did 
the analysis independently on the data and estabUshed 
their own criteria. This is an area that needs fiirther 
research in that VA is quite often used to assess effects of 
different conditions but the "fiizziness" of exactly what 
should be used as a criteria for VA may sonretimes make 
it difficult to assess or compare results. 

With the preceding issue in mind, the major conclusions 
of this effort are that the NVG VA was indeed affected by 
the aircraft transparencies that were used and tliis effect 
was correlated to the transparencies transmission 
coefficients for NVG-sensitive li^t. In addition, the LEP 
effect was minimal (non-significant) for the two LBPs 
that had flie liigHest luminous transmission (as measured 
for the NVGs used - about 75%) and statistically 
significant (altiiough still small) for the LEP that had the 
lowest luminous transmission (the FV-9 at 46% 
transnussion).  These results are encouraging and are in 

line with past research into &e effects of aircraft 
windscreens and laser eye protection on NVG visual 
acuity. It should be possible to develop a model based on 
NVG-weighted transmission coefficiente (for the 
windscreens) and NVG phosptor emission weighted 
transmission coefficiente (for the LEP) to accurately 
predict NVG VA effects. This is a topic for future work. 
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Summary 

The purpose of the present research was to determine the effect of NVG image intensifier 

tube signal-to-noise ratio (SNR) on visual acuity. Visual acuity through PVS-7 NVGs was 

measured for twelve subjects at quarter moon aoid starlight illumination levels for four 

intensifier tubes with different SNRs. The range of SNEs examined was 11.37 to 17.92. 

Visual acuity was assessed using Landolt C charts with target contrasts of 20 and 95 percent. 

The results showed that hnage intensifier tube SNR, illumination level, and contrast had 

significant effects on visual acuity. Regression analyses were performed to obtain estimated 

equations relating SNR to visual acuity for eadi illumination and contrast condition. 

The results showed a trend toward SNR having a greater impact on visual acuity at the 

two lowest illumination conditions than at the higher illumination condition. The results 

were used to produce guideline tables for estimating percent increases in visual acuity as 

a function of intensifier tube SNR. Due to the large differences between subjects in visual 

acuity performance with NVGs, it was concluded that further research should be conducted 

to examine the correlation between visual acuity obtained for unaided normal room light 

viewing and NVG viewing. 
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Introduction 

Night vision goggles (NVGs) have been devdoped by the US Army for use in night 

military operations. The key component of these devices is the image intensifier tube. 

The image intensifier tube is basically a light amplifier that is sensitive over the spectral 

region of about 600mn to 900nm (for the third generation intensifier). There are a number 

of parameters that are used to characterize the image intensifier such as gain, resolution, 

brightness, distortion, signal-to-noise ratio, etc (see Csorba [1] ). Measurement procedures 

exist for determining the value of these parameters and others. However, there have been 

very few studies that relate these parameters to their impact on hmnan visual performance 

with the NVGs. Specifically, no studies could be found that related the signal-to-noise 

ratio (SNE) with human visual acuity even though there exist specifications as to the SNE 

required for image intensifiers. 

The purpose of the study described herein was to determine the effect of SNE on visual 

acuity. Pour PVS-7, third generation image intensifier tubes were acquired that had four 

different SNRs. The PVS-7 tube was chosen because the PVS-7 NVGs use a single objective 

lens and a single image intensifier that is imaged to both eyes via beamsplitting optics and 

two eyepieces. This allowed the subject to observe the image through the NVGs with both 

eyes. 

Visual acuity is normally measured by determining the minimum angular subtense of 

a specified test chM-acter (e.g. Landolt "C", tumbling ''E", or Snellen letter) at which an 

observer can determine the orientation of the ch^acter (Landolt "C", tumbling "E") or 

be able to read the character (Snellen letters). A typical eye chart used for this type of 

measurement consists of lines of characters of different sizes. However, these charts are 

designed for use in vision screening and, due to the character size increments, are not very 

well suited for research. 

Two other factors that affect visual acuity (both direct view and through night 

vision goggles) are contrast and iUumlimtion level.  Visual acuity tends to be poorer for 
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lower contrast levels and lower illumination levels. 

Based on this information, it was decided to investigate visual acuity with the P VS-7 

NVGs for two different illumination levels and two different contrasts. It was also necessary 

to develop a methodology by which the angular subtense of the visual acuity test character 

could be made continously variable to permit more accurate determination of acuity. Since 

angular subtense depends on the distance from the subject to the test target, a technique 

was used that continuously varied this distance in a controlled fashion. The subject was 

seated in a cart that moved at a \miform speed along a track toward the test target. This 

methodology provided an excellent means of getting a sensitive measure of visual acuity. 
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Method 

2.1 Subjects 

Twelve male volunteers participated in this study. The subjects ranged in age from 18 

to 34 years (mean = 23.8, SD = 5.0). Each subject reported good ocular health and visual 

acuity of at least 20/20 corrected in each eye for distance vision. 

2.2 Facilities and Equipment 

The facility used for data collection was the zoom lane, see Figure 2.1, located in 

the Visual Dynamics Facility, Armstrong Aerospace Medical Research Laboratory, Human 

Engineering Division, Wright-Patterson APB, Ohio. The equipment comprising the zoom 

lane was an electronically controlled cart powered by an electric motor and operated via a 

retractable cable system. The cart itself contained a height adjustable, high-backed seat, 

a side stick controller to input cart stop commands and an armrest to reduce arm fatigue 

dturing the experiment. A black plexiglass board was positioned on the front of the cart 

such that it could be raised to occlude vision between experimental runs. The subject was 

seated inside the cart, which traveled along a 12.2 meter (m) track. System control was 

provided by a Zenith 248 computer, which allowed the experimenter to input movement 

commands (e.g., starting, stopping, velocity and direction) and data collection functions 

from a remote control panel. 

A moonlight simulator was used to approximate the spectral chwacteristics and lumi- 

nance intensity levels of different phases of the moon. It was mounted on a tripod which 

was adjusted to provide calibrated illumination on the surface of the Landolt C charts used 

as visua^ stimuli for assessing visual acuity. A Photo Research PR-1980b Pritchard Pho- 

tometer was used to measure the photometric luminance of the charts and background. 

This was performed several times during each session to verify that the luminance of the 
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Figure 2.1: AAMRL Zoom Lane Laboratory 

chart remained constant. 

A pair of ITT AN/PVS-7B biocular night vision goggles (NVGs) were used as the 

optical test platform for this research. Four ITT third generation image intensifier tubes 

with sinailar characteristics, but different signal-to-noise ratios were used. 

The AN/PVS-7B NVGs, like most NVGs, have a relatively fast (low F/number) 

objective lens to gather as much light as possible to enhance performance of the NVGs. 

However, this low F/number also reduces the depth of focus of the NVGs which, for the 

present experimental procedure, posed a problem. Since the dependent variable of this 

experiment was the angiilar subtense of the acuity target obtained by varying the distance 

from the observer to the chart, a large depth of focus was required. The depth of focus 

needed to be sufficiently large that the quality of the image would not be degraded over the 

zoom lane cart distance range (12.2 to 3.05 m; see Fig 2.2). 

Depth of focus can easily be increased by reducing the objective lens aperture of the 

NVGs. However, this reduces the irradiance produced by the lens at the input side of the 

image intensifier tube. This cifect can be corrected by increasing the radiance of the teirget 
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to compensate for the light energy lost due to reducing the objective lens aperture. Since 

the irradiance at tlie image plane of a lens (the input side of the NVGs in this case) is 

proportional to the square of the clear aperture of the lens (usuaUy the lens diameter), then 

the revised radiance necessary can be c^culated from the square of the ratio of the original 

lens diameter to the modified lens system diMneter (the aperture placed over the lens). The 

PVS-7 lens has an effective diameter of 20,8 mm. and the aperture used to increase depth 

of focus was 4 vam.. Thus the target radiance was incre^ed by a factor of (22^)^ or 27. 

Table 2.1 lists some converted i^ues used for this study. 

2.3    Stimuli 

Visual Acuity Charts 

The Landolt C chart format was chosen as the visual stimulus for measuring acuity 

in this study. Visual acuity was assessed for two levels of positive letter-to-backgrotmd 

contrast, 20 and 95 percent. Modulation contrast (C) was calculated using the following 

equation: 

Backgrndtum + Targettum 

A visual acuity of 20/20 represents detection of a gap width (open end of C) subtending 

1 minute of arc, using the Landolt C procedure. The Landolt C letter size is five times 

its gap width. Two letter sizes were used to ensure that both the high and low contrast 

letters would remain in focus and coidd be resolved within the zoomlane range (12.2 m to 

3.05 m). Letters having gap widths of 4.7 mm and 7.6 mm were used for the high and 

low contrast conditions, respectively. These represented Snellen fraction sizes of 20/36 and 

20/57 at a distance of 9.1 m (30 ft.). The Landolt Cs were displayed on acuity charts which 

measured 0.15 m by 0.61 m and contained high contrast or low contrast letters on a white 

background. The letters were separated by a distance of 70 mm. 

Each trial was initiated at a distance of 12.2 m from the acuity chart. The trial ended 

when the subject was able to determine the orientation of each C on the chart. The change 

in angular subtense of the Landolt C gap as a function of distance from the acuity chart is 

plotted in Figure 2.2 for both high and low contrast letters. 
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Figure 2.2: Change in Landolt C gap angular subtense as a function of zoonilane distance 
for 20% and 95% letters 

Luminance Levels 

The Landolt C target stimuli were presented on white foam core boards having a 

reflectance of approximately 100 percent. Since there is a convention in the night vision 

goggle community to relate illumination levels to fraction of moon illumination, it was 

necessary to make some assumptions in order to arrive at an appropriate reflected luminance 

level from the target test chart. 

The first concern was determining what level of illumination was considered to be "full 

moon". From the RCA Electro-Optics Handbook [2] , a value of 0.0235 foot-Candles (ft.-C) 

illumination is listed as maximum full moon illumination. It should be noted that actual 

moon illununation depends heavily on weather conditions (light haze can reduce illumina- 

tion considerably), moon elevation level above the horizon, and orientation of the surface 

ill\munated. Further, the vast majority of naturally occurring objects have a reflectance 

factor considerably less than unity, thus reducing the apparent luminance of the object. 

For purposes of this study, it was decided to have the white areas of the stimulus target 

simulate a 50% reflective Lambertian (fully scattering) surface. Due to the way English 

units of luminance and illuminance are defined, one foot-candle of illumination gives rise 

to one foot-Lambert of luminance for illiunination falling on a perfect Lambertian reflector 

with unity reflectance. 
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Table 2.1: Moon illmnination and acuity chart Imninance values used in present experiment 

MOON 
ILLUM. 
LEVEL 

DESIRED 
ILLUM. 
(Pt.-C) 

ASSUMED 
REFLECT. 

(percent) 

DESIRED 
LUM. 
(Pt.-L) 

ADJUST. 
FACTOR 

REQ. CHART 
LUMINANCE 

(Pt.-L) 
BUI 0.0235 50 0.0118 27 0.3186 
0.25 0.00588 50 0.00294 27 0,0794 
0.01 0.000235 50 0.000118 27 0.0032 

Based on these assumptions: 1) full moon illumination is 0.0235 ft.-C, 2) the stimulus 

target is Lambertian (perfectly diffusing); and 3) a 50% reflective surface is desired, the sim- 

ulated moon illmnination source should, for full moon illumination, be adjusted to provide 

an illumination of 0.0235/2 or 0.0118 ft.-C, which gives rise to 0.0118 ft,-L luminance, at the 

white areas of the target. This value is for the NVGs with no aperture over the lens. If the 

aperture is in place, this value needs to be increased by a factor of 27 as discussed earlier. 

Table 2.1 lists the fractional moon illninination levels, the corresponding target limiinance 

that would result from a 50% reflective surface, and the luminance that was required to 

compensate for the 4inm aperture over the objective lens of the NVGs. 

2.4    Procedure 

'ft-aining Trials 

Prior to data collection each subject participated in one block of eight trials; two at 

each illumination and contrast condition. These trials served to familiarize subjects with 

the task while allowing for dark adaptation. Each subject was individually tested following 

the same procedure outlined for the data collection trials. On each training trial, subjects 

were presented a chart containing four Landolt Cs of diminishing size. Subjects stopped 

the cart and called out the orientation of each C in succession, starting with the largest. 

The cart was advanced forward until each C orientation was correctly identified. 

Data Collection Trials 

Eadi subject performed the experiment seated in the cart which moved at a constant 

velocity of 0.25 meters per second toward the acuity chart. At the beginiung of each trial. 
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the cart was positioned so that the subject's eyes were at a distance of 12.2 m from the acuity 

chart. During data collection, all the Landolt Cs on a given chart were the same size. After 

verifying that the subject was ready and the NVGs were properly focussed, the experimenter 

initiated cart movement from the computer workstation. Upon cart movement, the subject 

lowered the vision occluder and viewed the acuity chart. The subject stopped the cart by 

depressing the trigger switch on the side stick controller when he was "virtually certain" he 

could determine the orientation of all of the Cs. After stopping the cart, the subject read 

aloud the orientation of each C. If the subject's responses were correct, the distance was 

recorded and the cart returned to the starting position. If an incorrect response was made 

or the experimenter was imcertain of the subject's response, the subject was asked to read 

the entire chart again. If the response was incorrect, the cart was advanced forward until 

the subject could correctly determine the orientation of each letter or imtil the end of the 

track was reached. After each trial, the subject r^sed the vision occluder and rested while 

the cart was returned to the starting position. 

2.5    Experimental Design 

This study incorporated a 2x2x4 repeated measures experimental design. The indepen- 

dent variables were the illumination level (0.01 and 0.25 moon), the contrast of the acuity 

charts (20 and 95 percent) and the signal to noise ratio (SNR) of the four image intensifying 

tubes (17.92,15.28,13.71 and 11.37). The dependent variable was visual acuity (measured 

as the minimum angle of resolution computed from the distance from the acuity tjirgets 

when the subject correctly identified the orientation of all Cs. Eadi subject participated in 

32 data collection trials, two at each experimental condition. The trials were grouped across 

the four image intensifier tubes and presented in blocks of eight. The order of presentation 

of the four blocks was counterbaliuiced across the twelve subjects. 
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Results 

The distance from the NVG objective lens to the acuity chart was recorded on each 

trial and used to compute the mean resolution angle in minutes of arc for each condition. 

The data was then transformed to 1/nun. of arc as a measure of visual acxiity. For ease 

of interpretation, visual acuity will be used instead of resolution angle when describing the 

results and conclusions. 

3.1    ANOVA Results 

An aaialysis of variance (ANOVA) was conducted on the visud acuity data (l/min. 

of arc). The independent variables in the ANOVA were SNR of the image intensifier tube 

(4), illumination level (2), and contrast (2). SNR was considered a categorical independent 

variable in the ANOVA, since the signal-to-noise ratio may not be the only factor diiferenti- 

ating the four tubes tested. F tests involving effects with more than one degree of freedom 

in the numerator had a Geisser-Greenhouse correction performed [3]. All pairwise mean 

comparisons were done using pmred t-tests from reduced models. 

The mean visual acuity obtained for each intensifer tube as a function of contrast and 

illumination is in Figure 3.1. The results of the ANOVA showed sigiuiicant main effects 

of SNR (P=0.0021), illumination (P=0.0001), and contrast (P=0.0001) on visual acuity, 

with incre^es in each variable resulting in increased visual acidty. The ANOVA revealed 

significant interactioiu for SNR by illumination (P=0.0061) and illumination by contrast 

(P=0.0183). A sunmiOTy table of the ANOVA results is provided in Appendix A. 

Tests for simple interactions were performed within the SNR by ilumination interaction 

(displayed in Figure 3.2) to isolate the source of the interaction. The tests showed significant 

interaction (P=0.0131) only when tube SNR = 15.28 was used with each of the other levels 

of SNR, indicating that the effect of illumination was consistent across the three remaining 

tubes tested. 
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Figure 3.1; Mean visual acuity as a function of SNR, illumination, and contrast 
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Figure ^.2: Mean visual acuity as a function of tube SNR and illumination averaged across 
contrast 
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Figure 3.3: Mean visual acuity as a function of illumination and contrast averaged across 
SNE 

Inspection of the significant iEumination by contrast interaction (Figure 3.3) indicates 

that the xaeaa. difference in visual acuity between the two contrast conditions was signif- 

icantly greater at the 0.01 moon illumination than at the 0.25 moon level. T-tests also 

revealed that for each level of SNR and contrast, visual acuity was significantly greater at 

the 0.25 moon illumination level at the 0.001 significance level. 

3.2    Regression Analysis 

Eegression analyses were performed on the visual acuity data to obtain an estimated 

equation relating intensifter tube SNE to visual acuity. Separate regressions were performed 

for each of the four illumination and contrast conditions. In each regression, the independent 

variable was 1/SNE and the dependent triable was acuity in 1/min. of arc. The reciprocals 

were used since the relationship between SNR and acuity is asymptotic, and they provided 

a better fitting curve to the data than a linear model. The estimated equations are listed in 

Table 3.1 for each iEumination and contrast condition. Plots of eadi estimate are displayed 

in Figure 3.4. Andysis of covariance indicated that the estmiates describing the relationship 

between SNE and visual acuity did not differ significantly across the four illumination and 

contr^t conditions, (P = 0.016). 

The equations Hsted in Table 3.1 were used to produce tables of guidelines for predicting 
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percent increases in acuity for a range of SNRs from 10 to 20, (Tables 4.1 through 4.4). 

Relative percent increases in visual acuity predicted for the SNRs tested in this study are 

listed in Table 3.2 for each condition. The values in this table represent the percent increase 

in acuity predicted when increasing from a specific SNR value (left column) to a higher SNR 

value (top row). Due to the significant interaction involving tube SNR 15.28, the regression 

analysis was performed again without this tube included. The estimated equations for this 

regression are listed in Table 3.3. 
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Figure 3.4: Estimated equations depicting relationship between SNR and visual acuity for 
each illumination and contrast condition 
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Table 3.1: Estimated Equations for each illiunination and contrast condition 

ILLUM. LEVEL CONTRAST ESTIMATED EQUATION CORR P 

0.01 MOON 20% 0.2390 - 1.3596/SNR 0.98 0.0172 

0.01 MOON 95% 0.3151 - 1.0875/SNR 0.91 0.0935 
0.25 MOON 20% 0.3193 - 0.8217/SNR 0.96 0.0378 
0.25 MOON 95% 0.4614 - 1.2107/SNR 0.78 0.2185 

Table 3.2: Percent increase in visual acuity from a lower SNR (left column) to a greater 
SNR (top row) between the SNRs used in this study 

SNR 
CONDITION SNR 13.71 15.28 17.92 
nium. = 0.01 

Contrast = 20% 
11.37 
13.71 
15.28 

15% 20 
7 

27 
14 
8 

13.71 15.28 17.92 
nium. = 0.01 

Contrast = 95% 
11.37 
13.71 
15.28 

7% 10 
3 

14 
7 
4 

13.71 15.28 17.92 

nium. = 0.25 
Contrast = 20% 

11.37 
13.71 
15.28 

5% 7 
2 

10 
5 
3 

13.71 15.28 17.92 
nium. = 0.25 

Contrast = 95% 
11.37 
13.71 
15.28 

5% 7 
2 

10 
5 
3 

Table 3.3: Estimated equations with tube SNR 15.28 excluded from analysis 

ILLUM. LEVEL CONTRAST ESTIMATED EQUATION CORR P 

0.01 MOON 20% RES = 0.2328 - 1.2966/SNR 0.99 0.0396 
0.01 MOON 95% RES = 0.3024 - 0.9572/SNR 0.99 0.0332 
0.25 MOON 20% RES = 0.3234 - 0.8630/SNR 0.98 0.1269 
0.25 MOON 95% RES = 0.4836 - 1.4387/SNR 0.96 0.1753 
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Discussion 

The purpose of this study was to quantify the relationship between NVG image inten- 

sifier tube signal-to-noise ratio and human visual acuity. The results showed that increases 

in intensifer tube SNE resulted in better visual acuity at both quarter moon and starlight 

iEuroination for both high and low contrast targets. The functions describing the relation- 

ship between SNR and acuity did not statistically differ across the four conditions tested, 

although there was a trend toward SNR having a greater impact on acuity under lower 

visibility conditions. This trend failed to reach significance due to the large amount of 

variability between subjects and the small number of intensifier tube SNRs tested. A study 

using more subjects and a greater number of SNR levels may be expected to result in a 

significant effect of SNR on aoiity under low iUumination and contrast conditions. The 

effects of target contrast and illumination on acuity were as expected, with higher contrast 

and illumination levels resulting in better visual acuity. 

The results of the regression analyses were used to generate tables of guidelines for 

predicting percent increases in acuity as a function of SNR These guidelines, contained 

in Tables 4.1 through 4.4, allow the user to estimate percent increases in visual acuity 

performance over an SNR range of 10 to 20. The values in the tables are estimated percent 

increases in visual acuity as SNR is increased from a lower value (left column) to a greater 

value (top row). 

Inspection of these tables reveals that improvements in visual acuity with increases in 

SNR vary depending upon the illimiination and contrast. For example, Table 4.1 shows 

that doubling SNR (from 10 to 20) results in a 40% improvement in visual acuity for 

low illumination and low contrast. However, the same increase in SNR results in only 

a 15% increase in acuity for both the 20% and 90% contrast targets at quarter moon 

illum&ation (Tables 4.3 ^id 4.4). Therefore, increases in SNR have their greatest impact 

on visual performance under conditions of lower illumination. This is better iEustrated by 

the foEowing example. 
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It might be expected that an individual's visual acuity performance with intensifier tubes 

having an SNR of 20 would be significantly better than the acuity achieved with an SNR 

of 15 (a 33% difFerei.ce in SNR). However, the present results show that such an increase 

results in only an estimated 13% improvement in acuity for 20% contrast targets and a 7% 

improvement for the 95% contrast targets at .01 moon illumination (Tables 4.1 and 4.2). 

Likewise, the same increase in SNR fo quarter moon illumination improves acuity by only 

5% for both levels of contrast (Tables 4.3 and 4.4). This may be a negligible improvement 

for some NVG scenarios. 

It should be noted that the values in the tables are estimated increases predicted from 

"best case" laboratory viewing conditions. These vdues also represent average increases 

derived from the mean acuity of the individuals tested in this study. Operational scenarios, 

employing other measures of acuity for different individuals, may yield different results. 

Subject variability also proved to be a significant factor affecting visual acuity through 

NVGs in the present study. Although all subjects reported 20/20 visual acuity prior to 

testing, acuity for NVG viewing ranged from 20/108 to 20/175 in the most degraded vis- 

ibility condition (low illumination, low contrast) and from 20/42 to 20/65 in the highest 

illumination and contrast condition. Inspection of the data showed only slight differences 

in the subjects' rank order acuity performance across the foiu' conditions, indicating that 

certain subjects were consistently better in their acuity performance than others. This may 

have been due to difr(srences between subjects in the criterion adopted when responding 

to the acuity charts. Subjects showing poorer acuity may have been more conservative 

in responding, causing them to come in closer to the acuity chart before making a deci- 

sion; whereas, subjects with better acuity may have been less conservative in making their 

responses and stopped the cart at greater distances from the acuity chart. This subject 

variability also suggests that an individual's acuity through NVGs may not be correlated 

with acuity measured for tmaided normal room light viewing. This could have implications 

for NVG selection and training criteria, where a reliable pre-flight method of determining 

expected acuity levels during NVG flight missions is necessary. Further research should be 

done to determine if a correlation exists between acuity measured for unaided viewing and 

NVG viewing. 
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Table 4.1: Prediction Matrix for SNE-Visual Acuity .01 Moon 20% Contrast 

PIRCENT INCREASE IN ACUITY 
SNR 11 11.37 12 13 13.71 14 15 15.28 16 17 17.92 18 19 20 

10 11 14 18 23 26 27 31 31 33 35 37 37 38 40 
11 - 3 8 14 17 19 22 23 25 27 29 29 31 33 

11.37 - - 5 11 15 16 20 20 22 25 27 27 29 30 
12 - - 6 10 11 15 15 17 20 22 22 24 25 
13 - - - 4 5 9 10 13 15 18 18 20 21 

13.71 - - - - 1 6 7 9 12 14 14 16 18 
14 - - - - - 4 5 8 11 13 13 15 17 
15 - - - - - - 1 4 7 9 9 11 13 

15.28 - - - - - 3 6 8 8 10 12 
16 - - - - . - - - 3 6 6 8 10 
17 - - - - - - - . 3 3 5 7 

17.92 - - - - - - . - . 0 3 5 
18 - - - - - . . . , 2 4 
19 - - - - - - - - - - - 2 

Table 4.2: Prediction Matrix for SNE-Visual Acuity .01 Moon 95% Contrast 

] PERCENT INCREASE IN ACUITY                                       1 
SNR 11 11.37 12 13 13.71 14 15 15.28 16 17 17.92 18 19 20 

10 5 6 8 11 12 13 15 15 17 18 19 19 20 21 
11 - 1 4 7 8 9 11 11 13 14 15 15 16 17 

11.37 - - 2 5 7 8 10 10 11 13 14 14 15 16 
12 - - - 3 5 5 7 8 9 11 12 12 13 14 
13 - - - - 2 3 5 5 6 8 9 9 10 11 

13.71 - - - - "■ 1 3 3 5 6 7 7 9 10 
14 - - - - 2 3 4 5 7 7 8 9 
15 - - - - 1 2 3 5 5 fi 7 

15.28 - - - - ^ - 1 3 4 4 5 6 
16 - - - - - 2 3 3 4 5 
17 - - - - . . . 1 1 3 4 

17.92 - - - - - - . . 0 1 2 
•18 - - - - - - . . . . 1 2 
19 - - - - - - - - - - 1 
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Table 4.3: Prediction Matrix for SNR-Visual Acuity .25 Moon 20% Contrast 

PERCENT INCREASE IN ACUITY 
SNR 11 11.37 12 13 13.71 14 15 15.28 16 17 17.92 18 19 20 

10 3 4 5 7 9 9 10 11 12 12 13 13 14 15 
11 - 1 2 4 6 6 8 8 9 10 11 11 11 12 

11.37 . 2 4 5 5 7 7 8 9 10 10 11 11 
12 - 2 3 4 5 6 6 7 8 8 9 10 
13 - - 1 2 3 4 4 5 6 6 7 8 

13.71 - - 0 2 2 3 4 5 5 6 7 
14 - - - 1 2 3 4 5 5 6 6 
15 - - - - 0 1 2 3 3 4 5 

15.28 - - - - - 1 2 3 3 4 5 
16 - - - - - - 1 2 2 3 4 
17 - - - - - • 1 1 2 3 

17.92 - - - - - . - - 0 1 2 
18 - - - - - - - - - - 1 2 
19 - - - . - - - - - - - - 1 

Table 4.4: Prediction Matrix for SNR-Visual Acuity .25 Moon 95% Contrast 

PERCENT INCREASE IN ACUITY 
SNR 11 11.37 12 13 13.71 14 15 15.28 16 17 17.92 18 19 20 

10 
11 

11.37 
12 
13 

13.71 
14 
15 

15.28 
16 
17 

17.92 
18 
19 

3 4 
1 

6 
3 
2 

8 
5 
4 
2 

9 
6 
5 
3 
1 

9 
6 
5 
4 
2 
0 

11 
8 
7 
5 
3 
2 
2 

11 
8 
7 
6 
4 
2 
2 
0 

12 
9 
8 
7 
5 
3 
3 
1 
1 

13 
10 
9 
8 
6 
4 
4 
2 
2 
1 

14 
11 
10 
8 
6 
5 
5 
3 
3 
2 
1 

14 
11 
10 
9 
7 
5 
5 
3 
3 
2 
1 
0 

14 
12 
11 
9 
7 
6 
6 
4 

•4 
3 
2 
1 
1 

15 
12 
11 
10 
8 
7 
6 
5 
5 
4 
3 
2 
2 
1 
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Appendix 

The results of the ANOVA conducted on the visual acuity data are summarized in 

Table 5.1 below. 

Table 5.1: Analysis of Variance (ANOVA) Summary Tible 

SOURCE SUM OP SQ. NUMDF DENDF F P P (G.-G.) EPSILON 
SNR 0.06769 3 33 8.55 0.0002 0.0021 0.639 

ILLUM 1.5T146 1 11 295.03 0.0001 NA NA 
CON 1.05767 1 11 423.98 0.0001 NA NA 

SNR*ILL 0.01235 3 33 6.00 0,0022 0.0061 0.7431 
SNR*CON 0.00116 3 33 0.90 0.4501 0.4287 0.7481 
ILL*CON 0.00890 1 11 7.66 0.0183 NA NA 

SNE*ILL*CON 0.00468 3 33 1.67 0.1926 0.2117 0.6609 

ftU.a CiovernmeBt ftinttog Offks: 1991 - 64M69MI)Z23 
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THE EFFECT OF EYEPIECE FOCUS ON VKUAL ACUITY THROUGH ANVIS 
MGHT VISION GOGGLES DURING SHORT- AND LONG-TERM WEAR 

INTRODUCTION 

The AN/AVS-6 Aviator Ni^t Vision Imaging System (ANVIS) is a helmet-mounted bincwular 
night vision goggle used by militaiy aviatore. ANVB is similar to unity magnification 
binoculars in that it h^ tv^o parallel eye tubes to view through (Figure 1). E«:h eye tube has 
three rudimentary parts: objective lens, image intensifier tube, and eyepiece lens. The objective 
lens collects and focuses light on the image intensifier tube. The image intensifier tube amplifies 
and timisduces near-infirared light into visible light. The eyepiece acts as a simple magnifier to 
view tfie image produced by the image intensifier tube. 

The objective and eyepiece Imsm are fwused monocularly. These lensw are indq5en<tent of 
each other in that one cannot compensate for blur caused by the other. The objective lens focuses 
ANVB to different distances, changing image clarity without changing the stimulus to visual 
accommodation. The eyepiece lens determines the optical distance of the image seen by the eye, 
and thereby regulates the accommodative stimulus. During eyepiwe focusing, the eyepiece is 
moved closer to, or further from, the image intensifier tube, thereby, changing the optical 
distance of the eyepiece image. Eyepiece focus (H^ is equal to the reciprocal of the image 
distance and is expressed in teims of dioptere (or reciprocal meters). Negative EFs produce 
optical images that are closer than optical infinity. For example, an eyepiece with a -2 diopter 
W (i.e., -2 diopter eyepiece) produces an optical image that is (2'* =) 0.5 meters away. A zero 
diopter eyepiece produces MJ image at (^tical infinity. Inceptive night vision goggles required 
adjustable eyepieces to compensate for refractive error because their short eye relief precluded 
concurrent spectacle wear. Modem ni^t vision goggles have adequate eye relief; yet, adjustable 
eyepieces remain in the designs of future ni^t vision goggles. 
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Figure 1. The Aviator's Night Vjsion Imaging System. 

Adjustable eyepieces seem nccessarj- for ANVIS users to "optimize" vision, and to re-focus for 
changing visual requirements. There is much scientific evidence (Leibowitz and Owens, 
1975a.b, 1978; Hennessy. 1975; Johnson, 1976; Smith, 1983; Owens 1984) suggesting that 
visual accommodation is biased towards intermediate distances (0.5 to 2 meters), blurring distant 
objects particularly under a variety of conditions relevant to ANVIS. These conditions include 
instrument-viewing, low luminance, and featureless environments (Smith, 1983; Owens. 1984); 
the respective resulting over-accommodations arc called instrument myopia, night myopia, and 
empty-field myopia. This accommodative bias is thought to fully manifest in the dark and is 
therefore often called (the eye's) "dark focus." Johnson (1976) reported that monocular vision is 
best for objects located near dark focus. Since dark focus is idiosvTicratic (Leibowitz and Owens, 
1975a, 1978). adjustable eyepieces seem necessary to satisfy all .ANVIS users. Indeed, Kotulak 
and Morse (1994a, c) reported visual acuity (VA) through ANVIS improved 23% when the 
eyepieces were subject-adjusted than when set to zero diopters. 
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Kotulak and Morse (1994a,b) also measured eye focus while subjects viewed a distant chart 
unaided, and then through ANVB with zero diopter eyepieces. Eye focus averaged 0.35 diopters 
for both conditions, indicating no instniment myopia occurred. However, their subjects over- 
focused the eyepieces (-1.13 diopters) despite the absence of instrument myopia. And, the 
eyepieces were not adjusted for dark focus (-1^.45 diopters) either. (Note, negative EF 
corresponds with positive eye focus similar to how negative spectacle lenses compensate for 
myopic eye focus, or nearsightedness.) So, eyepiece adjustment did not depend on dark focus 
nor instrument myopia. This raises the possibilities that the eyepieoss were not adjusts! for 
optimum VA and consequently that single-focus eyepi«:es may i»rform as well. 

Single-focus eyepieces have distinct advantages over adjustable eyepieces. Single-focus 
eyepieces are simpler, lighter, and cheaper because focus mechanisms are not needed. Shorter 
single-focus eyepieces would reduce ANVB's overall length, bringing the center-of-gravity 
closer to the head while maintaining eye relief. Adjustable eyepieces require a telecentric optical 
design to minimize changes in image sim and brightaess as the eyepiece is adjusted (Keating, 
1988), Single-focus e:^pieces lack this requirement and therefore can be better c^timized for 
optical aberrations such as curvature-of-field and astigmatism. Finally, single-focus eyepieces 
would eliminate a precmous adjustment along with its requisite training. 

An unpublished 1993 in-house survey repeated that most Air Force users considered focusing to 
be the most fiequent and difficult of all ANVIS adjustments. This result is not surprising for at 
Ism two re^ons. First, ANVIS's compact f^t optics mates f<K:using a sensitive task. The 
obja:tive and eyepiece lenses (focal length = 27 mm) produce a 1.4 diopter chan^ in EF for each 
millimeter of lens translation, making smooth precise changes in optical power difficult to 
accomplish. Also, the objective lenses (f-number = 1.2) produce tiny depths-of-field. Assuming 
ANVIS's resolution is limited by the image intensifier tube (i.e„ 17.5 cycles per degree, or about 
20/35 Snellen), ANVIS's depth-of-field is calculated to be i^.022 diopters. So, a 35 micron 
translation of the objective lens can traverse ANVB's entire depth-of-field. Such a small 
tolerance makes it unlikely that the objective lenses are precisely focused, making the best image 
seen during eyepiece adjustment less than optimum. How eyepiece adjustment interacts with 
objective lens-induced blur is unknown. Second, there is no anchor for accommodation during 
eyepiece adjustment. Eyepiece adjustment manipulates the accommodative stimulus; however, 
accommodation is fipee to respond to the changing stimulus, Covariance of the accommodative 
stimulus and response during eyepiece adjustment, and its impact on die final eyepiece setting, 
has not been studied. But, it likely results in a wide tmgs of eyepiece settings yielding "test ' 
VA'-,leading to an uncertain endpoint. The focus endpoint is influenced by the starting EF and 
the focusing stiategy employed (Schober, 1970; Wesner and Miller, 1986); this variability in 
endpoint suggests accommodation is active during e^piece adjustment. 

Nomally, accommodative and ver^nce stimuli are synchronous, (Vergence eye movements 
shift binocular fixation to different distances by moving the eyes horizontally in opposite 
directions.) Our eyes must increase accommodation and converge binocular fixation for near 
targets, and lesien ^commodation and diverge binocular fixation for distant targets. 
Accommodation and vergence eye movements are neurologically linked (Fincham and Walton, 
1957; Hung and Semmlow. 1980; Schor and Kotulak, 1986); stimulating one stimulates die 

79 



other. This synkinetic relationship increases the responsiveness of both ocular motor systems 
(Schor and Kotulak, 1986; Leibowitz et al., 1988; Jiang et al, 1991). 

With ANVIS, accommodative and vergence stimuli are dissociated. Eyepiece adjustment 
changes the accommodative stimulus without changing the vergence stimulus. ANVIS eyepieces 
are typically adjusted when viewing monocularly; so, vergence is not stimulated. Monocular 
eyepiece adjustment results in a more minus endpoint than binocular adjustment (Schober, 1970; 
Wesner and Miller; 1986), presumably, because vergence helps control accommodation during 
binocular viewing. Therefore, EFs resulting from monocular eyepiece adjustment may not be 
appropriate for extended binocular viewing because accommodation and vergence eye 
movements have limited ability to respond differentially (Borish, 1975a). During the 
aforementioned Air Force survey, 133 users focused an ANVIS (with a laboratory-calibrated 
eyepiece scale) in their usual way while wearing habitual optical corrections. Twenty-four users 
merely set the eyepieces to zero diopters by using the eyepiece scale; this was an occasionally 
taught strategy at the time of the survey. Of the remaining 108 subjects, 30% adjusted the 
eyepieces to exceed -1.5 diopters (Figure 2a). These high minus eyepieces are likely to cause 
blur and/or discomfort because it creates a significant mismatch between acconmiodative and 
vergence stimuli. To see distant objects, these users must acconmiodate to an image located 
closer than 59 cm to see clearly, yet must maintain parallel visual axes to see singly. 

The two eyepieces may also be adjusted unequally since they are adjusted at different times. Half 
of the surveyed adjusted the two eyepieces unequally by more than 0.9 diopters (Figure 2b). 
Accommodation does not respond adequately to differential stimuli greater than 0.5 diopters 
(Stoddard and Morgan, 1942; Ball, 1950; Spencer and Wilson, 1954; Campbell, 1960). And, 
since the eye's depth of field is about ±0.43 diopters (Campbell, 1957), only one eye sees clearly 
at a time. 

100 j 

80.- 

I- 60.- 2 

§ 40.. 

20-- 

Mean -1.2D 
Std 1.1 D 
Mode  -1.0 D 

216 EYES 

■2.3 -1.6 to   -0.9 to    0.0 to 
-2.3       -1.5        -0.8 

EYEPIECE SETTING (Diopters) 

>0.0 

80 



108 SUBJECTS 
Mean   0.8 D 
Mode   0.0 D 

z 
o o 

0.0 to 0.8 0.9 to 1.5 
UNSIGNED DIFFERENCE BETWEEN LEFT 
AND RIGHT EYEPIECE SETTINGS (Diopters) 

Hpire 2b. 

Figure 2. Frequency count of eyepiece settinp by 108 Air Force ANVIS users as a function of 
a) eyepiece setting and b) unsigned differcnce between left and right eyepiece settings. 

To be a viable solution to the problems of adjustable eyepieces, single-focus e^pieces must 
provide satisfactory vision and visual comfort over a range of appropriate luminances and 
contrasts for extencted periods of time. To this end, this two-part study me^ures binocular VA 
through ANVIS 1) ^ a function of EF, luminance, and contrast in a short-term ANVIS wear 
study, and 2) ^ a function of the EF used during a four-hour ANVIS wear period. 

Note, the accommodative stimulus depends not only on object distance (which is detennined by 
the ANVIS eyepiece), but also uncorrected lefr^tive error (Miller, 1990). Bidividuals with 
unaided 20/20 vision may vary in refractive error from slightly myopic (near-sifted) to greater 
than two dioptere hyperopic (far-sighted) (Borish, 1975b). Hyperopes must accommodate to see 
distant objects clearly, and even more so to see close objects. Myopes cannot focus on far 
objects, and accommodate less than normal to see close objects. For example, a young 1.5 
diopter hyperope and a 0.5 diopter myope are both capable of 20/20 unaided distant vision, but 
when looking into a -0.5 diopter e^piece, the respective accommodative stimuli are two and 
zero dioptere. So, each must accommockte a different amount to see clearly. In our studies, all 
subjects were ofltically-corrected to «iuate the accommodative stimulus across subjects. 
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SHORT-TERM WEAR STUDY 

Method 

Subjects 

Twelve subjects (24 years ± 6) participated; each demonstrated 20/20 VA in each eye and 40 arc- 
seconds of stereopsis. Only one subject wore habitual optical correction (-2 diopters); however, 
with that correction in place, this subject was considered the same as the others. Subjects were 
optically refracted to a "most plus lens power for best binocular VA" endpoint using standard 
clinical techniques (Borish, 1975c; Michaels, 1975). Due to the eye's depth-of-field and 
accommodation, there is a range of lens powers producing best VA during clinical refraction. 
The clinical endpoint is the most plus (or least minus) lens power producing best VA. In this 
way, at least conceptually, the visual near point is maximized while maintaining best distant VA. 
All subjects had less than 0.5 diopters of anisometropia and astigmatism; any astigmatic 
correction was subsequently ignored. 

Visual Acuity Task 

The visual stimulus was a square "E" randomly presented in one of four orientations (Figure 3) 
for one-second exposures on a super VGA monitor located twenty feet away. The version of 
ANVIS used by the Air Force is not sensitive to visible light because visible hght is filtered out 
by the objective lens to make ANVIS more compatible with aircraft cockpit lighting. Only the 
monitor's blue phosphor was used so that the monitor would not be too bright for ANVIS. The 
subject's task was to push a four-way thumb switch in the direction that the presented "E" 
pointed. Eight presentations were made at each "E" size level. A one-second delay separated 
responses from ensuing presentations. If six responses were correct then the "E" would shrink by 
0.1 log units and another series of eight presentations was made. When the "E" was sufficiently 
small that less than six responses were correct, then the "E" would grow by 0.05 log units and a 
final series of eight presentations was made. VA was interpolated fixim the last three levels of 
tested "E" sizes by the following method. The base VA was defined as 0.05 log units greater 
than the largest of the three final levels. For each level, the number of correct responses was 
tallied. Then, three was subtracted from each tally to compensate for random guesses; the result 
was truncated to zero if it was less zero. Next, the three results were summed and multiplied by 
0.01. VA was calculated by subtracting this number fi-om the base value and expressed as the log 
of the minimum angle of resolution (log MAR) in arc-minutes. MAR pertains to the angular size 
of the "E" stroke width. 
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Figure 3. The target was a square E in one of four orientations. 

Design 

The statistical design was a four-way total within ANOVA with Greenhouse-Geisser (1959) 
conrection. VA was the dependent variable. Data met the statistical assumption of equal 
variance. EF, luminance, contrast, and repetition were the independent variables. Five EF (0.0, 
-0.5, -1.0, -1.5 diopters, and subject-adjusted), three luminance (0.045,0.319, and 2 24 fL) and' 
three contrast (30%. 47%, and 64%) levels were used. Luminance and contrast were measured 
from the left ANVIS eyepiece. Each experimental condition was tested three times. 
Procedures 

On a training day, subjects were familiarized with experimental methods, and carefully trained to 
focus ANVIS eyepieces to a "most plus lens power for best VA" endpoint. During the focusing 
procedure, subjects viewed a high contrast square-wave chart located 20 feet away. The chart 
known as the 3x3 NVG Resolution Chart, has nine four-inch-square grating patches varying in 
bar width from 1.75 to 5.0 arc-minutes. The chart's background luminance was approximately 
2.2 fL as measured through the left ANVIS eyepiece. Left and right eyepieces were focused 
independently as subjects monocularly viewed the chart. 

On the first of three experimental days, each subject adjusted the ANVIS eyepieces. Resultant 
EFs were measured with a dioptometer (Coleman, Coleman, and Fridge, 1951), and became the 
"subject-adjusted" EFs for the entire experiment. A set of ANVIS goggles was rigidly mounted 
to a heavy table. A 20° uniformly illuminated screen was placed behind the monitor; the 
background screen's brightness was matched to the monitor's brightoess as seen through the left 
ANVIS eyepiece. 

Before each experimental session, the experimenter focused the objective and eyepiece lenses 
while looking through ANVIS with an afocal 8x telescope at the "3 by 3" chart. Each 
experimental session featured a single luminance level. EF was varied by placing thin lenses 
immediately behind the ANVIS eyepieces. Luminance was controlled with neutral density filters 
placed m front of the ANVIS objective lenses. Contrast (MJL) was controlled through software. 
Subjects began each session with 15 minutes of dark adaptation. Subjects adapted to the display 
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luminance for one minute before each trial. Luminance was counterbalanced across subjects. 
Contrast and EF were randomized over each set of fifteen trials. Three sets of fifteen trials were 
performed each day. After each session, the experimenter again looked through ANVIS with the 
afocal 8x telescope to ensure that neither the objective nor the eyepiece lenses had changed 
focus. Head movements were minimized with a chin cup and headrest. Experimental sessions 
were typically eighty minutes long. 

Results 

Table 1 summarizes refractive error and eyepiece adjustment measurements. Although the 
average refractive error (n = 24 eyes) was slightly hyperopic (+0.23 diopters ± 0.38), the 
eyepieces were adjusted myopically (-1.05 diopters ± 0.34), resulting in an average 
accommodative stimulus of 1.28 diopters (± 0.55) with a range of +0.5 to +2.5 diopters. The 
average unsigned EF difference between the two eyes was +0.40 diopters (±0.29) with a 
maximum difference of +0.75 diopters. Table 2 lists the average subject-adjusted EF and 
unsigned interocular difference in subject-adjusted EF for the aforementioned Air Force Survey, 
Kotulak and Morse study (1994a), and this stody. Values from the two laboratory studies agree 
well. The most striking difference is that the survey reported twice the inter-subject variability as 
the two laboratory studies. The survey also reported a greater disparity between right and left 
eyepiece settings. Differences from the survey likely reflect the recent detailed training of 
subjects in the two laboratory studies. 

Refractive Error 

Eyepiece Focus 

Acconunodative Stimulus 

|A| Refractive Error 

|A| Eyepiece Focus 

|Aj Accommodative Stimulus 

Average Std Dev Range 

+0.23 0.38 -0.25, +1,00 

-1.05 0.34 -1.75, -0.25 

+1.28 0.55 +0.50, +2.50 

0.08 0.12 0.00, +0.25 

0.40 0.29 0.00, +0.75 

0.48 0.25 0.00, +0.75 

Table 1. Summary of subject refractive error, user-adjusted ANVIS eyepiece focus, and 
resulting accommodative stimulus. |A| represents unsigned differences between right and left 
eyes (or eyepieces). Units are diopters 
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r 

Average EF(StdDev)        |A| EF (Std Dev) 

Air Force Survey 

Kotulak and Morse 

Current Study 

Table 2. Average user-adjusted ANVIS eyepiece focuses are listed with standard tteviations for 
an unpublished Air Force survey. Kotulak and Moree (1994a), and the current study. |A| 
represents unsigned differences between right and left eyepieces. Units are dioptera. 

-1.17(1.13) 0.83 (0.99) 

-1.13 (0,63) 0.57 (0.47) 

-1.05 (0.34) 0.40 (0.29) 

Figure 4 plots VA as a function of luminance, contr^t and EF. The effecte of luminance and 
contrast on VA are well known (van M^teren and Vos, 1972; Richards, 1977). VA improves 
with increasing luminance (F2.22 = 326, p < 0.0001) and contr^t (Faai = 913, p < 0.(XX)1). 
Contrast influences VA more when luminance is low (F4,44 = 25, p < O.CKIOI). More 
interestingly, EF (F4,44 = 8.4, p < 0.01) affects VA without interacting with luminance or contrast. 
Specific comparisons between EFs (Table 3) were matte using a pooled two-tailed t-test where 
the error term was calculated by pooling the variance of the three repetitions ^a-oss luminance, 
confrast, and EF. ZAIO diopter eyepieces reduced VA by nearly 10%; other specific comparisons 
were not significant. Other main effects and interactions were not significant. 



VISUAL ACUITY (Log MAR) 
o o o 

SNELLEN DENOMINATOR 

Figure 4. Group-averaged visual acuity through ANVIS is plotted as a function of lununance, 
contrast (AL/L) and eyepiece focus. Note, since subjects were optically corrected, the 
accommodative stimulus equals eyepiece focus. 
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Specific Change in Visual Acuity Pooled t-Test 
Comparisons Log MAR Improvement df=44 

COD to -0.5D -0.038 9.1% p< 0.0001* 

O.ODto-l.OD -0.045 10.9% p< 0.0001* 

0.0Dto-1.5D -0.038 9.1% p< 0.0001* 

O.OD to Adjusted -0.033 7.9% p< 0.0005* 

-0.5Dto-1.0D -0.007 1.6% p>0.4 

-0.5Dto-1.5D 0.001 -0.2% p>0.9 

-0.5D to Adjusted 0.005 -1.2% p>0.5 

-l.OD to -1.5D 0.007 -1.6% p>0.4 

-l.OD to Adjusted 0.012 -2.8% p>0.2 

-1.5D to Adjusted 0.005 -1.2% p>0.6 

Table 3. Specific comparisons of e^piece focus in short-term ANVIS wear study. Asterisks 
indicate statistical significance (p = 0.05). 

Subsequent analyses were conducted separately for eaoh subject to determine whether EF 
requirements for best VA were idiosyncratic. For each subject, specific comparisons were made 
between the subject-adjusted, best-overall, and optimum EFs using two-tailed t-tests when; the 
error terms were calculated by pooling the variance of the three repetitions across luminance, 
contrast, and EF. TTie best-overall EF was -1.0 diopters, producing the best average VA across 
all conditions and subjects. Each subject's optimum EF produced the best average VA across all 
conditions. EFs of -0.5 and -1.0 diopters were each optimum for five subjecte. Zero diopter 
eyepieces were not optimum for any subjects. Table 4 lists each subject's optimum EF, and VA 
for subject-adjusted, best-overall, and optimum EFs. 
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Eyepiece Focus 

Subject Optimum EF Optimimi Best-Overall    Subject-Adjusted 

1 0.5 0.560 0.561 0.558 

2 0.5 0.629 0.643 0.633 

3 0.5 0.602 0.614 0.607 

4 0.5 0.587 0.601 * 0.610 * 

5 0.5 0.654 0.670 * 0.706 *t 

6 1.0 0.602 0.602 0.621 

7 1.0 0.654 0.654 0.678 

8 1.0 0.616 0.616 0.640 *t 

9 1.0 0.622 0.622 0.647 *t 

10 1.0 0.620 0.620 0.645 *t 

11 1.5 0.597 0.604 0.608 

12 1.5 0.616 0.655 * 0.654 * 

AVERAGES 

Log MAR 0.613 0.622 0.634 

Snellen Acuity (20/) 82.1 83.7 86.1 

Visual Acuity Loss 2.0% 4.9% 

Table 4. Average visual acuities (VA) through optimum, best-overall, and subject-adjusted 
ANVIS eyepiece focus (EF) are listed by subject. Asterisks and obelisks indicate a statistical 
difference (df = 36, p = 0.05) from optimum and best-overall EFs, respectively. Group-averaged 
VA are listed below as log MAR and Snellen equivalent along with per cent VA loss from 
optimum. 

Subject-adjusted and optimum EFs were compared to determine whether subjects indeed 
optimiz'ed VA through eyepiece adjustment. At a 0.05 per-comparison probability level, subject- 
adjusted eyepieces produced optimal VA for half of the subjects. VA was reduced by 7.5% for 
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the remaining subjects. Overall, subject-adjusted eyepiaies reduced VA by 5%. Only one 
comparison was significant at a 0.05 procedure-wise error level. 

Similarly, best-overall and optimum HFs were compared except that a statistically more powerful 
1-tailed t-test w^ used because, by definition, the best-overall EF could not surpass the optimum 
Hf. At a 0.05 per-comparison probability level, the best-overall EF produced optimal VA for 
75% of the subjects. VA was reduced by 5.5% for the remaining subjects. Overall, the best- 
overall EF reduced VA by 2%. No comparisons were significant at a 0.05 procedure-wise error 
level. 

Subject-adjusted and best-overall Ws were compared to determine whether single-focus 
eyepieces could produce VA comparable to subject-adjusted eyepieces. At a 0.05 per- 
comparison probability level, the best-overall EF produced (up to 5%) better vision for 25% of 
the subjects. Only one comparison wm significant at a 0.05 proc«iure-wise error level. No 
subject saw better with subject-adjusted eyepieces. 

LONG-TERM WEAR STUDY 

Method 

Subjects 

Twelve subjects (23 yeai^ ± 4) participated; each demonstrated 20/20 VA in each eye and 40 are- 
seconds of stereopsis; six participated in the above short-term wear study. None wore habitual 
optical correction. Subjects were optically refi'acted to a "most plus lens power for test binocular 
VA" endpoint. All subjects had less than 0.5 dioptera of anisometropia and astigmatism; any 
Mtigmatic correction w^ subsequently ignored. Refiactive errore ranged from -0.25 to +1.00 
diopters with an average of +0.33 diopters (±0.4). 

Design 

The statistical design v^as a four-way total within ANOVA with Greenhouse-Geisser (1959) 
correction. VA WM the (tependent variable, and was meMured as log MAR. The method for 
measuring VA is described above. The independent variables were EF (0.0, -0.75, -1.5 dioptere), 
luminance (0.32 and 0.05 fL), time (pre- and post-extended wear), and EF worn during the 
extended-wear period (0.0, -0.75, -1.5 diopter). Each exjwrimental condition was tested twice, 
and these results were averaged. 

Procedures 

On a training day, subjects were familiarized with experimental procedures. Equipment and 
general methods are described above. Three experimental sessions were performed on separate 
days; each featuring a single EF level worn during a four-hour ANVIS wear period. VA WM 
measured through a table-mounted ANVIS as a function of EF and luminance. Target contrast 
(AT/T.) was 4^%, The order of luminance and EF was randomized within each of two sets of six 
trials. 
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After initial VA measurements, the subject wore a second head-mounted ANVIS for four hours 
with the EFs set to one of three levels. The order of EFs worn during the extended-wear period 
was counterbalanced across subjects. ANVIS was held to the subject's head with a Litton hair 
net harness. Peripheral vision was blocked to restrict vision to ANVIS's 40° field-of-view. 
Small apertures and neutral density filters were placed before ANVIS's objective lenses to 
increase the depth-of-field and to make the ANVIS display luminance approximately two foot- 
lamberts. Subjects were free to wander around the room, but they mostly played video games or 
watched video-taped movies on a large projection screen. An experimenter stayed with the 
subject to ensure the subject's safety, and that the subject remained alert and attentive to the 
video game or movie. 

After the extended wear period, VA was re-measured with the table-mounted ANVIS. Subjects 
were not allowed to look away from the table-mounted ANVIS during VA tasks. Care was taken 
to prevent subjects from looking around the room when switching from the head-mounted 
ANVIS to the table-mounted ANVIS. Pre- and post-extended wear VA measurements required 
twenty minutes each. Experimental sessions were five hours long. 

In addition to measuring ANVIS VA, each experimental session began and ended with two sets 
of unaided VA measurements. Unaided VA was measured using the monitor's green phosphor. 
Each experimental condition was tested twice, and the results were averaged. Target luminance 
was 2.7 fL and contrast was 46%. A separate two-way total within ANOVA was performed. 
Independent variables were time (pre- and post-extended wear) and extended-wear EF (0.0, 
-0.75, -1.5 diopters). 

Results 

Unaided VA was not affected by time (Fi.n = 0.42, p > 0.6) or by EF used during the extended 
wear period (F2,22 = 0.22, p > 0.6). There were no significant interactions. 

Figure 5 depicts all main effects for ANVIS VA. As in the short-term smdy, VA was 
significantly affected by luminance (Fi, n = 4602, p < 0.0001) and EF (F2,22 = 18.3, p < 0.001). 
Specific comparisons (Table 5) were made for EF using a two-tailed t-test where the error term 
was calculated by pooling the variance of the two trials across extended-wear EF, time, and 
luminance. Subjects saw 13% better with -0.75 diopter eyepieces than with zero diopter 
eyepieces. VA was not affected by extended-wear EF (F2.22 = 0.13, p > 0.8) or time (Fi, n = 
2.97, p > 0.1). There were no significant interactions. Notably, the best EF for VA before the 
extended ANVIS wear remained the best afterwards, regardless of the EF used during the 
extended-wear period. So, eyepiece adjustment seems unnecessary for retaining good VA during 
extended ANVIS use. 

90 



VISUAL ACUITY (Log MAR) 
o o o o 

c 0 

n b 

r-> 0 — 2 w 
O ro 
m 

0 
0 

m 0 
-n-< 
om 0 
03 -si cm en 
wo 1 m 

01 o 

SNELLEN DENOMINATO R 

Figure 5. Group-averaged visual acuity through ANVIS is plotted for eyepiece focus (EF) used 
during the extended-wear period, time (pre- and post-extended wear), ANVIS display luminance, 
and EF.  Note, since subjects were optically conected, the acconunodative stimulus equals EF. ' 
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specific 
Comparisons 

Change in 
Log MAR 

Visual Acuity 
Improvement 

Pooled t-Test 
df = 22 

O.OOD to -0.75D -0.054 13.2% p< 0.001* 

O.OOD to -1.50D -0.041 9.9% p < 0.005 * 

-0.75D to -1.50D 0.013 -3.0% p>0.1 

Table 5. Specific Comparisons between eyepiece focus in long-term ANVIS wear study. 
Asterisks indicate statistical significance (p = 0.05). 

Without solicitation, six subjects complained of uncomfortable and less than clear vision during 
the extended-wear period with -1.5 diopter eyepieces. Four of these subjects thought they saw 
poorly during post-extended wear VA tests; however, no change in VA was measured. Another 
subject, an ambitious ROTC cadet aspiring to be a fighter pilot, insisted on discontinuing after 
two hours of extended-wear due to very uncomfortable vision. Fortunately, this subject 
completed the entire -1.5 diopter EF extended-wear condition on another day. Diplopia was not 
repotted by any subject. No complaints were reported for the extended-wear periods featuring 
zero and -0.75 diopter eyepieces. 

Discussion 

We confirm Kotulak and Morse (1994a) in that vision through ANVIS night vision goggles is 
better when the eyepieces are adjusted by the user than when set to zero diopters. But, we found 
less improvement with subject-adjusted eyepieces (8% versus 23%). This difference may be 
explained by uncorrected refractive error. Subjects were optically-corrected in this study. 
Subjects were uncorrected and slightly myopic (-0.1 diopters ± 0.4) in Kotulak and Morse's 
study. Images at optical infinity are beyond the accommodative range of myopes, and therefore 
cannot be seen clearly. Nonetheless, merely setting the ANVIS eyepieces to zero diopters is not 
an auspicious strategy. 

Binocular VA improved with -0.5 diopter eyepieces, and then was insensitive to EF over a range 
of -0.5 to -1.5 diopters even as VA varied greatly with luminance and contrast. This suggests 
that accommodation was as accurate as it needed to be to achieve near optimum VA. Only half 
of the subjects adjusted the eyepieces for optimum VA. Therefore, the superiority of subject- 
adjusted over zero diopter eyepieces is likely due to the mere addition of minus EF rather than 
actual optimization of VA by the user. A -1.5 diopter eyepiece caused half of the subjects to 
complafn of blur and discomfort during extended use. Presumably, these symptoms were caused 
by ocular motor responses to dissonant accommodative and vergence stimuli. The average 
accommodative stimulus after eyepiece adjustment was only shghtly less (1.3 diopters); 
therefore, some subjects may have become symptomatic with their subject-adjusted EFs during 
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extended use. On the other hand, -0.75 diopter eyepieces caused no symptoms. Varying 
luminance and contrast does not necessitate a change in EF, nor does extended ANVIS use. 

Our principal finding is that, for users who are optically corrected to a "most plus lens power for 
best binocular VA" endpoint, -0.75 diopter eyepieces provide satisfactory comfort and near 
optimal binocular VA for extended ANVIS viewing. However, the accommodative stimulus is 
the relevant factor, and it is determined by HF and uncorrected refra:tive error. So, more 
broadly, the accommodative stimulus should be approximately 0.75 diopters for extended 
ANVIS use. This result may extend to other binocular visual displays. 

The major imjwdiment to implementing this knowledge is that ANVIS users without habitual 
optical conections may range from slightly myopic to moderately hyperopic. This dictates a 
range of EFs to achieve the desired 0.75 diopter accommodative stimulus. We suggest three 
possible eyepiece ctesigns for future generations of ANVIS: 

1. Single-focus -0.75 diopter eyepieces. This is the simplest design. However, it will make 
uncorrected hyperopes effectively more hyperopic, incremng the chance of uncomfortable 
and less clear vision. Single-focus -0.5 diopter eyepieces may be an appropriate compromise 
since it provided the largest incremental improvement in VA from zero diopter eyepieces. 

2. Single-focus zero diopter eyepieces with modified spK:tacle correction. Emmetropes, 
myopes, and the optically-corrected would wear spectacles (or coatsct lenses) with a ^.75 
diopter over-correction. Uncorrected hy|»ropes do not need this over-correction since it is 
built in to themselves. 

3. Single-focus zero diopter eyepieces with thin lens inserts. ANVIS would contain a hol^r for 
a thin -0.75 diopter lens to be placed immediately tehind the eyepiece. Emmetropes, 
myopes, and the optically-correct^ would use the lens; uncorrected hypero|«s would not. 
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INTRODUCTION AND BACKGROUND 

Two key parameters used to characterize night vision goggles (NVGs) are visual 
acuity (resolution) and field-of-view. An increase in field-of-view is accomplished by 
providing higher magnification of the image intensifier tube. However, since the image 
intensifier tube has a fixed linear resolution at its output screen, increased magnification 
means that the "picture elements" (pixels) will subtend a larger angle with respect to the 
eye, thus leading to lower visual acuity when viewing through the NVGs. An inverse 
relationship between visual acuity and field of view of NVGs is expected based solely 
upon this optical/geometrical relationship (see equation 1 and Figure I). 

N 
R =  (1) 

20 

where: N = number of pixels across the display (no units) 
R = acuity (resolution) in cycles per degree 
0 = field of view in degrees 

An underlying assumption of this relationship is that the observer's visual system is much 
better than the resolution seen through the NVGs. As NVGs are produced with increased 
resolution, this simple geometric relationship between field of view and visual acuity may 
no longer be valid; especially for lower light levels where the human observer baseline 
visual acuity is considerably poorer. 

Many different methods have been used to determine visual acuity through NVGs 
for different contrast and light levels. These have included the use of Landolt "Cs," 
tumbling "Es," square-wave and sine-wave gratings, and lettered charts '-4. For purposes 
of this study we have selected the square-wave grating approach as the one that most 
closely parallels the theoretical basis for this study. Using this target pattern, the limiting 
resolution (acuity) for the NVGs corresponds to the highest spatial frequency square- 
wave grating (with 100% contrast) that can just barely be resolved when viewing through 
the NVGs. This limiting resolution can theoretically be thought of as the spatial 
frequency at which the modulation threshold function (MTF) of the NVG intersects the 
contrast threshold function (CTF) of the human observer as depicted in Figure 2. 
Therefore, the limiting resolution is due to both display limitations (MTF) and visual 
limitations (CTF). Since the visual contrast threshold function is a monotonically 
increasing function (for spatial frequencies higher than about 5 cycles per degree), this 
means the cross-over between the MTF and the CTF will take place at higher contrast 
levels for NVG MTFs that are higher. In the hypothetical case of Figure 2, the two MTFs 
shown are produced by using two different optical systems in conjunction with the same 
image intensifier tube. The wide field of view (FOV) MTF is exactly half of the narrow 
FOV MTF since the wide FOV is exactly twice as large as the narrow FOV. The implicit 
assumption in this example is that the optical system MTF in each case is considerably 
better than the image intensifier MTF. If the model of limiting resolution presented in 
Figure 2 is correct, then calculating limiting resolution from only geometric 
considerations is perhaps an oversimplification.^^ 

If it is true that the limiting resolution can be calculated only from geometric 
considerations then the contrast threshold criteria would have to be constant across spatial 
frequency as shown in Figure 3. In this case the wide FOV NVG would have exactly one 
half the limiting resolution as the narrow FOV (i.e. Rw = 1/2 Rn). 
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N "PIXELS' 

N "PIXELS" 

Figure 1. Geometric trade-off between field of view and resolution. Since there are a 
fixed number of picture elements (pixels) in the image intensifier output the angular 
subtense of each picture element will be larger (and therefore poorer resolution) 
with a wider field of view. 

1.0 

c o 

3 
■a o 

Rw Rn 

0 Spatial Frequency (cycles/degree) 

Figure 2. Determination of limiting resolution from the intersection of the NVG 
modulation transfer function (MTF) and the human visual system contrast 
threshold function (CTF), Note that even though the narrow field of view (FOV) is 
exActly one half of tihe wide FOV, the wide FOV limiting resolution is greater than 
one half of the narrow FOV limiting r^olution due to the slope of the visual CTF. 
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Figure 3. Modulation transfer function (MTF) of a hypothetical image intensifier 
tube as viewed through two optical systems (wide and narrow) with the wide field of 
view (FOV) set at twice the size of the narrow FOV. 

To test this hypothesis, a small study was conducted using a 40 degree 
FOV NVG and a 47 degree FOV NVG borrowed from ITT Corp. of Roanoke, VA. The 
visual acuity of nine subjects was tested viewing through both NVGs for five different 
illumination conditions. The visual acuity was recorded in terms of Snellen acuity with 
the assumption that 20/20 Snellen acuity corresponds to 30 cycles per degree. Figure 4 is 
a graph of the results of this study. The graph of Figure 4 shows the actual average acuity 
obtained for the 40 degree FOV and 47 degree FOV NVGs compared with the acuity that 
would be predicted for the 47 degree FOV NVG based on the results of the 40 degree 
NVG and simple geometry. The 47 degree FOV predicted curve was obtained by 
multiplying the 40 degree data by (47/40) thus making acuity worse (higher Snellen 
fraction) by a factor equal to the ratio of the increase in FOV. As is apparent from the 
graph, the predicted curve was quite close to the actual curve with the exception of the 
very lowest luminance level. At the lowest luminance level the actual Snellen acuity was 
slightly better but still not significantly different (p>.05) than the predicted acuity that 
would be expected if limiting resolution can be based on the model presented in Figure 2. 
With this encouraging result we were ready to do a more extended study when NVGs 
with three FOVs became available for a relatively short time (40 deg, 47 deg, and 52 deg 
FOV). However, a multiplicity of problems too involved and embarrassing to expound 
upon here resulted in inconclusive results. With only a short time remaining on the 
availability of these NVGs we decided to do a brief study involving only three highly 
trained observers to compare the effects of luminance on the question of field of view 
versus visual acuity trade-off. To eliminate some of the problems that caused our 
inconclusive results of the ill-fated "main" study wc used only one ocular of each of the 
Nvds and we selected a single image intensifier tube (which was moved from NVG to 
NVG) to be used for all conditions. The pathways of scientific investigation never run 
smoothly! 
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Figure 4. Average visual acuity of nine subjecte for two different NV<5s having 40 
degree and 47 degree fields of view. Visual acuity for the 47 degree FOV NVG is 
compared with predicted visual acuity for this NVG based on the subjects visual 
acuity obtained for the 40 degree NVG. 
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METHOD 

Observers 

Three well trained observers, two females and one male, ranging in age from 33 to 
42 years participated in the study. All of the subjects had 20/20 or corrected to normal 
binocular acuity as measured by a standard Snellen eyp chart. The three observers who 
participated were laboratory personnel that were selected for their superior visual 
capability and their familiarity with focusing techniques and operation of NVGs. These 
were the same observers that routinely assess the resolution of NVGs acquired for 
evaluation. 

Apparatus 

The three NVGs used in the study were prototype NVGs having serial numbers of 
#004,008, and 009 manufactured by ITT Corporation of Roanoke, VA. The NVGs were 
manufactured such that they presented intensified fields of view of 40,47, and 52 
degrees. ITT fitted the left tube of each pair of NVGs with an image intensifier which 
had a high signal to noise ratio. Image intensifier #80270 was chosen by laboratory 
personnel to be swapped among the three pairs of NVGs. This swapping method was 
chosen because previous pilot studies with "matched" tubes indicated variations in visual 
performance most likely due to individual tube differences. Prior to each experimental 
session, a telescope with 8x magnification was used to ensure that the left tube diopter 
lens focus was at about 30 feet (about 0.1 diopters). The right tube of each pair of NVGs 
was covered with a black cap during the experimental session. The non-dominant eye of 
the observer was covered with an eye patch. 

NVG output luminance was provided by a 2856K light source which was filtered 
by aluminum aperture plates. The four aperture plates were chosen such that they would 
give rise to NVG output luminances of 0.01,0.03,0.08,0.28, and 1.9 fL. These output 
luminance levels correspond roughly to what would be seen if ambient conditions were 
between overcast starlight and full moon. Uniformity of test target luminance was 
checked before and after each experimental session using a Pritchard 1980B photometer. 

The test targets used in the study were linear square-wave targets similar in format 
to those employed by the AF 3X3A NVG Resolution Chart ^which is widely used by 
aircrews to check their NVGs prior to a mission. Four test charts were employed which 
had alternating horizontal and vertical square-wave patterns ranging in Snellen size from 
20/15 to 20/120, corresponding to 45 cycles/degree to 5 cycles/degree. Modulation 
contrast for the targets was approximately 95%. A typical example of one of the four test 
charts used in the study is shown in Figure 5. 
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• 

Figure 5. Test Chart Used in Study 

Procedure 

Prior to viewing ttie test charts, tlie subject darlc adapted for 20 minutes. After 
dark: wiaptation was complete, the subject was positioned at a distance of 30 feet from the 
test chart, and an eye patch was placed on the non-dominant eye. The right tube of the 
NVGs was covered with a black cap, and the subject looked at the test chart through the 
left tube using the dominant eye. (The left tube of the NVGs was set at 0.1 diopters using 
a dioptometer). The subject looked at the test chart and identified the smallest resolvable 
vertical square wave target, and then walked backwards until that same pattern was no 
longer resolvable. The observer then moved forward until the vertical pattern again' 
became resolvable. The final distance from the acuity chart was recorded, and the 
resulting acuity was calculated using the following formula: 

30 
SA = "—. XX (2) 

D 

where    SA = Snellen acuity (denominator) at threshold 
XX = Snellen denominator of vertical grid chosen by observer 
D = subject's distance from chart at threshold (in feet) 

This walk back procedure was repeated four times for each of the five NVG output 
luminance levels for a total of 20 trials per session. Order of output luminance level was 
randomized within each testing session.  Only one NVG was tested during each 
experimental session, with order of NVG presentation randomized. The sessions were 
conducted on three consecutive days for each subject. 
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RESULTS 
• 

The average visual acuity as a function of light level for each of the NVG systems (40, 
47, and 52 deg) for the three observers is depicted in Figure 6. Qualitatively, the results 
are somewhat similar to the previous study in that visual acuity does get worse as light 
level is reduced and as field of view is increased. However, since the visual capability of 
the three trained observers is not uniform the grouped results of Figure 6 hides these 
individual effects. Table 1 is a summary of the results for each observer. 

Table 1. Summary of results: average Snellen acuity for the three subjects, three 
NVG fields of view and five output light levels 

SUBl SUB 2 1             SUB3                  1 
OUTPUT LUM 40 47 52 40 47 52 40 47 52 

0.01 ft-L 81 88 117 70 80 96 55 67 73 
0.03 ft-L 57 64 77 55 67 70 44 53 55 
0.08 ft-L 50 53 61 46 56 60 37 46 48 
0.28 ft-L 36 46 50 39 47 49 30 40 41 
L91ft-L 33 39 43 34 39 41 25 34 34 
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Figure 6. Visual acuity as a function of NVG output luminance for a single image 
intensifier tube viewed through three different NVG optical systems for the three 
trained observers. 
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Figure 7. Predicted and actual acuity of subject one for 47 d^ree FOV. 
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Figure 8. Prwitcted and actual acuity of subject one for 52 degree FOV. 

107 



120 
,_, 110 
X 
X 100 
CM 

90 
>• 80 
3 
U 70 
< 

60 
z 
HI 5 0 
-1 

40 z 
(0 30 

20 

0 ,01 

-■ 40DEGFOV 

-O PRED47DEG 

-X 47 DEG FOV 

0.1 1 

LOG OUTPUT LUMINANCE (FL) 

10 

Figure 9. Predicted and actual acuity of subject two for 47 degree FOV. 
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Figure 10. Predicted and actual acuity of subject two for 52 degree FOV. 
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Figure 11. Predicted and actual acuity of subject three for 47 degree FOV. 
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Figure 12. Predicted and actual acuity of subject three for 52 degree FOV. 
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DISCUSSION 

For the 52 degree FOV data (Figures 8, 10 and 12) the predicted visual acuity 
(using geometric considerations only) came very close to the actual visual acuity for all 
luminances and all subjects with the exception of the lowest luminance level for observer 
1. For this one point, the predicted visual acuity was notably better (lower number) than 
the actual acuity recorded although this difference was not statistically significant. This 
difference was also in the wrong direction for supporting the non uniform contrast criteria 
model depicted in Figure 2. For the 47 degree FOV data (Figures 7, 9 and 11), observer 2 
provided results that support the geometric model very well but observers 1 and 3 results 
were less clean. Observer 1 was somewhat erratic as a function of luminance (we found 
out later that observer 1 had recently had a change of glasses prescription but used the 
old, undercorrected prescription during this study). Observer 3 seemed to be consistently 
worse than predicted (higher Snellen number) for the higher luminance levels which 
again is in the opposite direction from what one would expect using the visual contrast 
tli-eshold function criteria model of Figure 2. The bottom line conclusion is that it 
appears that the simple geometric model of the inverse relationship between resolution 
and field of view is adequate for characterizing this particular design trade-off for current 
tube qualities. 
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2. NIGHT VISION IMAGING SYSTEM (NVIS) COMPATIBILITY: LIGHTING 
AND DISPLAYS 

The compatibility or incompatibility of aircraft cockpit lighting and displays with NVGs 
is a major issue in aviation. In general, the aircraft interior lighting and displays are 
considered compatible if they do not interfere with the exterior scene-viewing capability 
of the NVGs. Since observers look under the goggles to directly see the cockpit 
instruments and displays (excqjt for viewing the head-up display), a compatible cockpit 
must also provide sufficient Hght of appropriate color content equivalent to that of a non- 
compatible cockpit. A related issue is that the NVG-compatible hghting and displays 
must also be useable under dayhght conditions. When NVGs were first used in aircraft 
cockpits, they were called second-generation devices because they used second- 
generation image intensifier tubes. These tubes were sensitive to light across the entire 
visual spectrum (400 nm blue through 700 nm red) as well as through the near-infrared 
(NIR; 700 nm through 950 nm). Since cockpit instrumentation emits large amounts of 
NIR, it is extremely difficult to make it fiiUy compatible (as defmed above) with NVGs. 
Techniques to improve NVG compatibility by using complementary color filters also 
resulted in lowered second-generation NVG performance (Task & Griffin, 1982a; 
1982b). 

Compliant lighting refers to cockpit lighting systems that meet the specific luminance and 
night vision imaging system (NVIS) radiance requirements of Mil-L-85762A (26 August 
1988, Military Specification, Lighting, Aircraft, Night Vision Imaging System (NVIS) 
Compatible.) and Mil-Std-3009 (2 February 2001, Department of Defense hiterface 
Standard for Lighting, Aircraft, Night Vision Imaging System (NVIS) Compatible). 
It is possible for an aircraft cockpit fighting and display system to be NVG compatible, as 
previously defined, but not be NVG comphant, as per Mil-L-85762A. Recent, as yet 
unpubhshed, studies show that the reverse may also be true if the lighting or displays 
produce direct reflections m the aircraft windscreen that the NVGs must view through. 

Another issue ^sociated with NVG-lighting compatibility involves external lighting 
(navigation lights, anti-collision strobes, position lights, etc.). None of the articles in the 
present section address this issue, but it is normally highly desirable to make sure the 
external aircraft Hghtmg can be used in conjunction with the NVGs without causing 
degradation in NVG performance. 

The first article, Bloum (1997), provides basic information about human vision and dark 
adaptation. This is an important issue because visual acuity through NVGs tends to be 
improved by increasing the output luminance of the NVGs. This incre^e changes the 
individual's light adaptation state, makmg it necessary for the cockpit lighting to be 
correspondingly higher, so that crewmembers can properly see their instruments and 
displays. Task & Griffin (1982a; 1982b) describe various techniques developed to make 
helicopter cockpit lighting NVG compatible. Blusher (1985) provides an excellent 
reference for the determination of what luminance level should be attained in the aircraft 
cockpit for aircrew use. Pinkus (1988) describes a broad view of techniques used to 
make a cockpit NVG compatible. Donohue-Perry (1984) demonstrates that 
electroluminescent hghting obeys the laws of photometry and can be used for NVG 
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compatible lighting. Craig, Bartell, Hettinger & Riegler (1993) describes NVG 
compatible lighting for fixed-wing aircraft. Marasco, Bowyer & Boulter (2001) and 
Marasco (2001) examine the issue of "super" luminance levels for cockpit displays in 
order to achieve higher aircrew member visual acuity capability with respect to the 
display and the displayed information. The last article, Task (1998), describes the pros 
and cons of using chemical light sticks as an interim method of achieving NVG 
compatible lighting. 

These articles are reprinted to provide the reader with a reference and background to 
better understand NVIS compatibility of lighting and displays. 
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PREFACE 

This work was accomplished at the Crew Systems Effectiveness Branch of 

the Human Engineering Division, Air Force Aerospace Medical Research 
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Lighting and Light Control. Research was monitored by Dr. Harry L. Task 

and partially funded by the PRAM (Producibility, Reliability, Availability 

and Maintainability) Program Office. 
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another type of light source whose effect on dark adapta- 

tion has not been determined. Electroluminescent lighting 

differs from an incandescent light in that it is a solid 

state device which absorbs electrical energy and converts 

it to a steady uniform glow. 

Typically, an EL lamp is a polycrystalline copper 

doped, zinc sulfide powder phosphor that, when excited by 

an alternating current, causes an electron shift within the 

phosphor atom, thereby releasing photons, or light. The EL 

lamp emits light in a relatively narrow bandwidth, has no 

infrared component, is capacitive in nature, and differs 

from the conventional incandescent light source in the same 

sense that transistors differ from vacuum tubes (6). It is 

not a new light source; but due to recent improvements in 

color stability, more efficient power supplies, and micro- 

encapsulation techniques, it shows great promise for a wide 

range of applications. The EL lamp is currently being used 

in buses, trucks, automobiles, and in aircraft for instru- 

ment and cargo area lighting (6). It could also be used 

for home security, emergency exit signs, and appliances. 

Currently, the PRAM (Producibility, Reliability, 

Availability, Maintainability) Program Office of the Aero- 

nautical Systems Division at Wright-Patterson AFB, Ohio, in 

response to Military Airlift Command Statement of Need 
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(MAC SON) 02-79, is conducting field experiments to deter- 

mine if EL lighting is suitable for austere airfield 

lighting. In addition, the capabilities of EL lights on 

C-130 cargo and cockpit areas are being pursued by PRAM. 

During the tests of electroluminescent lighting on C-130 

aircraft, it was stated that EL lamps "could be viewed at 

very close ranges without affecting night vision [5]." 

Night Vision 

Night vision, the ability of an individual to see at night, 

depends on the individual's level of dark adaptation. Dark 

adaptation and night vision involve increased visual sensi- 

tivity resulting from exposure to decreasing quantities of 

visible light. The most frequently tested aspect of dark 

adaptation is the absolute light level or the threshold of 

seeing (3:9). 

The absolute light sense is the most 
fundamental and most frequently measured 
parameter of dark adaptation. Historically, 
the absolute, minimal, contrast, or relative 
brightness thresholds have been used as the 
criteria of individual night vision ability 
[3:36]. 

Visual acuity is another factor which has an effect on 

night vision.  Visual acuity is not only concerned with the 

ability of an individual to recognize a target, but also 

involves the capacity to discriminate fine details in an 

object or scene that is viewed (3:26).  The discrimination 

of fine details or resolution involves the individual 
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responding to a separation between elements of a pattern. 

The most common pattern used is a grating pattern, similar 

to Figure 1, in which the widths of the dark and bright 

lines are made equal  (4:325).  Normally,  a series of 

gratings from coarse to fine is presented and visual acuity 

is specified in terms of the angular width of one line for 

the finest grating that can be resolved (4:325). 

Visual acuity, in the sense of resolution, 
is the reciprocal of the angular separation 
between two elements of the test pattern when 
the two images are barely resolved [4:325]. 

Therefore, fine lines indicate a high degree of acuity and 

wide lines, a low degree. 

Figure 1.  Acuity Grating 

Dark adaptation and visual acuity may be quantified to 

determine an individual's night vision and the type of 

light source to be used, i.e., electroluminescent or incan- 

descent may be chosen based on that quantitative data. 

However, once the type of light is fixed, the aircraft 

crewmember only has one variable which he may control and 

that is the qualitative variable of light comfort level. 
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Therefore, to test the effects of electrolumi- 

nescent versus incandescent light sources on dark adapta- 

tion, this paper will focus on the quantitative aspects of 

absolute luminance and visual acuity as well as the quali- 

tative aspect of light comfort level. 

Problem Statement 

A requirement exists for an evaluation of electro- 

luminescent lamps to provide quantitative data of their 

effect on dark adaptation of the human eye.  This evalua- 

tion focuses on the following: 

1. Absolute Luminance Threshold of Vision 

2. Resolution of Visual Detail as Provided by 
Square Wave Spatial Frequency Gratings (see 
Appendix A) 

3. Comfort Level of Cockpit Lighting as Determined 
by Rated Air Force Personnel 

Justification 

By initiating a field study into the use of EL 

lamps in response to MAC SON 02-79, PRAM established the 

correlative need to evaluate EL lighting to determine: 

1. The Effect of EL Lights on Human Visual 
Parameters 

2. The Desirability of Expanding the Use of EL 
lighting for Cockpit and Runway Light Uses 

Specifically, prior to committing additional funds and 

physical resources to the procurement of EL lamps for cock- 

pit and airfield lighting. Air Force decision makers must 

124 



be provided with quantitative as well as qualitative data 

on electroluminescent lighting. 

Objectives 

To determine the effects of au EL light source on 

the dark adaptation threshold of the human eye. 

To determine the effects of an EL light source on 

visual acuity using square wave spatial frequency gratings. 

To determine the cockpit lighting comfort range 

using EL and incandescent (INC) light sources. 

Hypotheses 

An EL light source affects the dark adaptation 

threshold of the human eye in the same manner as an incan- 

descent light source. 

An EL light source affects the grating resolution, 

at a predetermined spatial frequency, in the same manner as 

an incandescent light source. 

Rated Air Force personnel select the same or 

greater cockpit luminance levels when using an EL light 

source than when using an incandescent light source. 

Literature Review 

A large number of scientists and medical personnel 

have examined the endogenous factors (those factors which 

have an individual physiological and anatomical basis) 

which influence dark adaptation.  Many scientists have also 
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examined the numerous exogenous factors (those factors 

which are in the environment and subject to experimental 

control) which influence dark adaptation. But, there is 

currently no research being conducted into the exogenous 

factor of the effect of electroluminescent lighting on the 

parameters of dark adaptation and visual acuity. 

A literature search was conducted into the area of 

dark adaptation and visual acuity using electroluminescent 

lighting. The search included the resources of the Defense 

Technical Information Center (DTIC), of the Defense Logis- 

tics Agency at Alexandria, Virginia, the Integrated Visual 

Image Technology Section (IVITS) of the Air Force Aerospace 

Medical Research Laboratory (AFAMRL) at Wright-Patterson 

Air Force Base (WPAFB), and the Air Force Wright Aero- 

nautical Laboratories (AFWAL) Technical Library at WPAFB. 

The IVITS library is a working library specifically 

geared toward vision and display technology. The AFWAL 

library search included an index of all conference papers 

for the years 1973 through 1980 as provided by the Dialog 

Information Retrieval Service. In addition, the AFWAL 

search included all research in progress or completed in 

the past two years as listed with the Smithsonian Science 

Information Exchange (SSIE). 
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CHAPTER II 

MITHODOLOGY 

The purpose of this chapter is to describe the 

apparatus used in the experiment, the scope of the experi- 

ment, and the procedures followed during the experiment. 

Apparatus 

Figure 2 is a schematic representation of the night 

vision tester (NVT) used during the experiment to provide 

the dark adaptation curves and the spatial threshold 

curves. Figure 3 is a picture of the night vision tester 

and the Pritchard photometer. The NVT allows for an 

8 degree field of view, and the slide wheel contained five 

slides of varying square wave gratings. The five spatial 

frequencies tested with the slides were 1, 1.6, 6.25, 10, 

and 12.5 cycles per degree (cpd). The light source was an 

electroluminescent panel approximately 2 inches x 8 inches. 

The IL panel was filtered with the use of an ND2 filter to 

reduce the light output to threshold levels. The Variac 

controlled the voltage level to the EL panel, thereby con- 

trolling the light output. A Pritchard photometer was used 

to generate a calibration curve of the NVT which related 

the Variac voltage to a luminance level. 
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Figure 2.  Schematic of the Night Vision Tester 

Figure 3.  Night Vision Tester 
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The pseudo-cockpit environment, as shown in 

Figure 4, had four control panels or dials taken from a 

variety of aircraft. The panels were illuminated by either 

EL or incandescent lamps which were filtered to remove any 

color differences. Figure 5 is a graph of the relative 

output versus wavelength of the EL and INC light sources. 

Figure 6 shows where each light source falls on the Uniform 

Chromaticity Scale (UCS). A Variac, identical to the one 

on the NVT, was used to vary the voltage and subsequently 

the illumination of the control panels. Again, a Pritchard 

photometer was used for calibration curves for each light 

source. 

The raw data was recorded by a Texas Instruments 

Silent 700 ASR Electronic Data Terminal, shown in Figure 7. 

The terminal and its associated software recorded the sub- 

ject's response time as well as the voltage level for both 

the NVT and pseudo-cockpit area. In addition, a control 

box with switches to turn each Variac on or off and a 

switch for light source selection was provided. 

Scope 

The experiment was conducted using ten active duty 

Air Force officers. Each subject had 20/20 visual acuity 

with ox without corrective lenses as measured with a stan- 

dard eye chart. The sample was not entirely random, as the 

subjects were volunteers attending the Air Force Institute 
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Figure 4.  Pseudo-Cockpit Environment 
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Figure 7.  Texas Instrument Silent 700 Terminal 

of Technology, but there was no reason to suspect that the 

night vision capacity of the group would differ from a 

random sample's capacity. All subjects were male, between 

the ages of 28 and 35. The experiment was conducted 

between the hours of 1030 and 1730 over a six-day period 
t 

and took approximately 2.5 hours per subject to complete. 

133 



Procedure 

The experiment can be broken down into four tasks: 

1. Adaptation 
2. Threshold/Frequency 
3. Response 
4. Comfort 

The first two tasks were accomplished using the NVT only 

and provided baseline data of the absolute threshold and 

spatial frequency response of each subject. Task 3 used 

both the NVT and the pseudo-cockpit environment and pro- 

vided data on the effect of the different light sources on 

the subject's absolute dark adaptation threshold and 

grating resolution. Task 4 relied solely on the pseudo- 

cockpit environment and provided data on the subject's 

luminance level preference for each of the two light 

sources (EL and INC). 

Prior to the start of Task 1, the subject was shown 

the equipment, given a written explanation of the procedure 

(Appendix B),  and  signed a consent  form  (Appendix C). 

Table 1 shows in outline form the procedure fol- 

lowed during the experiment. Each subject was instructed 

to press the response button when he could just distinguish 

the light for Task 1. Tasks 2 and 3 required the subject 

to press the response when he could just distinguish the 

light and press again when he could just distinguish the 

grati,ngs. For Task 4, the subject was instructed to adjust 

the light level to where he would perform a normal flying 

mission. 
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TABLE 1 

EXPERIMENTAL PROCEDURE 

TASK 1;  ADAPTATION 

Sequence: 

1. Lights turned out in room. 

2. Timer starts. 

3. Subject sets Variac to threshold and presses 
response button. 

4. Time and Variac voltage recorded. 

5. Subject returns Variac to zero setting and 
waits 30 seconds before repeating Step 3. 

6. Subject continues for approximately 30 minutes 

TASK 2;  THRESHOLD/FREQUENCY 

Sequence: 

1. Experimenter positions grating 1 into NVT. 

2. Subject sets Variac to threshold and presses 
response button to record voltage. 

3. Subject sets Variac to resolve gratings and 
presses response to record voltage. 

4. Repeat Steps 2 and 3 eight times. 

5. Repeat for each of five gratings. 
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TABLE 1—continued 

TASK 3:  RESPONSE 

Sequence: 

1. Experimenter randomly selects light source 
(EL or INC) at predetermined luminance level 
{~0.02 ftL). 

2. Subject views pseudo-cockpit light area for 
90 seconds. 

3. Experimenter turns off light which starts 
timer. 

4. Subject turns to NVT and adjusts Variac 2 to 
absolute threshold and presses response. 

5. Elapsed time and voltage are recorded. 

6. Subject adjusts Variac to resolve grating 
number 4 (10 cpd) and presses response. 

7. Time and voltage are recorded—timer reset. 

8. Repeat 1 through 7 eight times for each light 
source. 

Sequence: 

TASK 4:  COMFORT 

1. Experimenter randomly selects light source (EL 
or INC). 

2. Subject adjusts cockpit Variac to comfort level 
and presses response. 

3. Variac voltage and light source (EL or INC) 
are recorded. 

4. Repeat 1 through 3 eight times for each light 
source. 
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CHAPTER III 

ANALYSIS AND INTERPRETATION 

Introduction 

The purpose of this chapter is to provide the 

statistical techniques used to analyze the experimental 

data, explain the results of each portion of the experi- 

ment, and discuss those results. 

Statistical Techniques 

A single factor repeated measures design analysis 

of variance (ANOVA) was performed to debermisie the effects 

of different light sources (incandescent and electrolumi- 

nescent) on the subject's absolute dark adaptation thresh- 

old and grating resolution threshold before and after light 

exposure. A one-way ANOVA with repeated measures was per- 

formed on the comfort portion of the experiment. The :;uV;- 

ject means for each condition were used as inputs to each 

cell. All results were tested at an alpha level of .05. A 

summary of the one-way ANOVfts with repeated measures is 

provided in Appendix H. 

Results 

The data for Task 1 dark adaptation and Task 2 

resolution of each spatial frequency is graphed and shown 
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in Appendix D and E, respectively. The data for Task 3 

response and Task 4 comfort portions of the experiment are 

tabulated in Appendices F and G. 

The graphs of the dark adaptation curves approxi~ 

mate the classical work of Hecht and McFarland, but a 

direct comparison cannot be made due to the differences in 

apparatus and technique. The amount of noise in the system 

did not allow for acceptable curve fitting of the data. 

The graphs show considerable variability between subjects, 

e.g., Subject 1 attained his threshold level of approxi- 
— 6 

mately 1 xlO   ftL within 12 minutes,  whereas Subject 7 

only required 5 minutes to attain the same threshold level. 

The threshold levels varied between subjects from 3 x 

10""^ ftL to 8 X 10"^ ftL. 

The subjects mean values of luminance threshold for 

resolution of  spatial  frequencies  varied  considerably. 

Resolution of the 10 cycles per degree grating required an 

average luminance level of 0.004 ftL for Subject 7, but 

0.019 for Subject 2.  The respective standard deviations 

are 0.009 and 0.004. 

The results of the absolute threshold portion of 

Task 2 and Task 3 in the experiment relate to research 

Question 1 found in Chapter I. The computerized results of 

the ANOVA are provided as Appendix I and the F- ratios and 
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their probabilities are listed in Table 2. The results 

indicate that the null hypothesis cannot be rejected, and 

led to the conclusion that an EL light source affects the 

dark adaptation threshold of the human eye in the same 

manner as an incandescent light source at the .05 alpha 

level. 

TABLE 2 

ABSOLUTE THRESHOLD RESULTS 

ANOVA F- Ratio Probability 

Before vs INC vs EL 1.192 0.3585 

Before vs INC 1.107 0.3277 

Before vs EL 1.629 0.2426 

INC vs EL 0.036 0.8549 

The results of the grating resolution portion of 

Task 2 and Task 3 in the experiment relate to research 

Question 2 found in Chapter I. The computerized results of 

the ANOVA are provided in Appendix J and the F- ratios and 

their probabilities are listed in Table 3. 

The results do not allow for the rejection of the 

null hypothesis, and led to the conclusion that the two 

light . sources affect grating resolution threshold in the 

same manner. The P- probability of the incandescent versus 

electroluminescent ANOVA of 0.0203 seems to contradict all 
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TABLE 3 

GRATING RESOLUTION F- RATIOS 
AND PROBABILITIES 

ANOVA F- Rat io Probability 

Before vs INC vs EL 2.131 0.1812 

Before vs INC 2.834 0.1308 

Before vs EL 1.435 0.2652 

INC vs EL 8.331 0.0203 

• 

H : o 

H : a 

previous results. Therefore, a Siegel-Tukey Test was per- 

formed on that particular data. The assumption of nor- 

mality was relaxed, and the test was conducted with the 

hypothesis as follows: 

VAR(INC) = VAR(EL) 

VAR(INC) 4   VAR(EL) 

The test was conducted at the .05 alpha level and the 

results do not allow for the rejection of the null hypothe- 

sis.  The calculations are provided in Appendix K. 

The results of Task 4, the comfort portion of the 

experiment, relate to the third hypothesis found in 

Chapter I. The computerized results of the one-way ANOVA 

are provided in Appendix L. The F- ratio of 11.531 and 

P{F) 11.531 = .0094 led to the rejection of the null hypoth- 

esis, and the conclusion that individuals selected lower 
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luminance levels with the EL light source than with the 

incandescent light source. The ratio of incandescent to 

electroluminescent averaged 1.4. This indicates that the 

subjects selected 40 percent more light for their comfort 

when using the incandescent light source. 

Discussion 

A cursory look at the data provided in Appendix D 

indicates the wide variability of both absolute threshold 

and grating resolution between individual subjects. 

Subject 7 was not included in the analysis of the entire 

experiment. It was learned the subject had been diagnosed 

as having Aides Pupils. Aides Pupils is a condition where 

the pupils of the eye are fixed and do not respond to 

changes in light levels. Though Subject 7 met the initial 

criteria of 20/20 vision and a rated Air Force officer, it 

was felt the abnormality of Aides Pupils was sufficient to 

disqualify his results. 

Subject 6 was not included in the analysis of the 

absolute threshold portion of the experiment. His data 

indicates he was two orders of magnitude different than any 

other subject in the posttreatment portion of the experi- 

ment. Apparently, exposure to the EL and INC light sources 

completely destroyed his rod vision, and he was operating 

with the use of his cones to detect light. It is also 

interesting  to note Subject 6's dark adaptation curve 
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(Appendix D) is one of the higher curves encountered in 

this experiment. 

The lack of evidence to reject the null hypothesis 

for the first two research questions is not surprising. 

The eye reacts to a photon of light of a particular wave- 

length, regardless of the source of light. The rejection 

of the null hypothesis for research Question 3 was unex- 

pected. A recheck of the experimental apparatus revealed 

that the photometer was measuring an infrared component 

with the incandescent light source. This explains about 

8 percent of the difference, but still leaves over 30 per- 

cent to be explained. The dynamics of the equipment as it 

relates to the curves of the EL and INC light sources may 

be another source of the differences found in this experi- 

ment. 

The dynamics of the equipment refers to the fact 

that the Variacs used were linear in nature and controlled 

the voltage for each light source. As can be seen by 

Figure 8, the electroluminescent light source was somewhat 

linear with respect to voltage, but the incandescent source 

was not linear. This may explain the remaining differences 

found in this experiment. 
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CHAPTER IV 

CONCLUSIONS AND RECOMMENDATIONS 

Introduction 

In this chapter, the findings discussed in 

Chapter III are evaluated in light of the initial hypothe- 

ses specified in Chapter I. Each of the hypotheses is 

restated and considered below. Because this research 

effort was a preliminary investigation into the differences 

of incandescent versus electroluminescent light sources, 

some recommendations for future study are provided. 

Conclusions 

The  first  hypothesis  dealt  with  the  absolute 

threshold of dark adaptation of the human eye.  It stated: 

An EL light source affects the adaptation 
threshold of the human eye in the same manner 
as an incandescent light source. 

The experimental data and the subsequent analysis provided 

no evidence to reject the above-stated hypothesis at the 

.05 alpha level. 

The second hypothesis was concerned with the reso- 

lution of a square wave grating of a predetermined spatial 

frequency.  It stated: 
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An EL light source affects the ability of 
the human eye to resolve a square wave grating 
at a predetermined spatial frequency in the 
same manner as an incandescent light source. 

The experimental data and subsequent analysis again pro- 

vided no evidence to reject this hypothesis at the .05 

alpha level. The significant difference noted when an 

ANOVA was conducted on the IL versus INC portion of the 

grating resolution portion of the experiment was attributed 

to the very large differences between subjects. To compen- 

sate for the large disparity, additional analysis relaxed 

the assumption of a normal population and tested the 

equality of the variances. Analysis established that no 

significant differences were present. Based on these 

findings, it was concluded that the ability of the human 

eye to resolve a square wave grating is not dependent on 

the type of light source. 

The final hypothesis was concerned with a subjec- 

tive evaluation of the amount of light required to fly a 

normal mission by rated Air Force officers.  It stated: 

Rated Air Force personnel select the same 
or greater cockpit luminance levels when using 
an EL light source than when using an incan- 
descent light source. 

The experimental data and subsequent analysis led to the 

rejection of the above-stated hypothesis.  A significant 

difference was noted between the two light sources. hn 

interesting discovery not tested during this experiment was 
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the difference in luminance levels based on aeronautical 

rating. The three pilots in the group invariably selected 

lower luminance levels than did the navigators. This fact 

may be of importance to aircraft cockpit lighting de- 

signers, especially in two-place cockpits such as the 

FB-111. 

Recommendations 

This study has been an initial investigation of the 

claims that electroluminescent light is somehow perceived 

differently by the human eye than is incandescent light. 

Therefore, it is difficult to generalize the findings 

herein over the wide range of the entire cockpit luminance 

problem. However, even though the actual scope of this 

study was confined to a small population, certain recommen- 

dations can be made which could aid in defining the overall 

cockpit lighting criteria. 

Research completed for this study indicates that EL 

light should not be selected for cockpit lighting based on 

its effect on dark adaptation alone. There may be many 

other reasons, i.e., power consumption, cost, life span, 

weight, etc., to select EL light, but its effect on dark 

adaptation and square wave grating resolution is no dif- 

ferent than incandescent lighting. 
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with respect to the comfort portion of the test, 

additional research to control the dynamics of the experi- 

ment may resolve the differences found in this experiment. 

One suggestion for further study is to preset the Itiminance 

of the incandescent light source and have the subject 

adjust the IL source to match the luminance levels. In 

this manner the effect of the two different luminance 

curves and the relative positioning of the Variac could be 

eliminated as a cause of those differences. 

An additional area for further research is the 

difference in comfort levels between pilots and navigators. 

Research into this area may provide verification of the 

differences found in this preliminary study. This effect 

may be of some importance in designing future aircraft 

cockpit lighting systems. 

The substantial variability that exists between 

subjects is worthy of note even in this small sample size. 

Additional research is required to determine the extent and 

relevance of this variability as it applies to different 

light sources. 
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SPATIAL FREQUENCY 

A square wave grating is a repeated sequence of 

light and dark bars. The width of one light and one dark 

bar of a grating is one cycle or the period of the grating. 

The reciprocal of the period is the spatial frequency—the 

number of cycles of the grating that occur over a specified 

distance. The spatial frequency of an object can be 

expressed in cycles per degree (cpd) of visual angle. The 

square wave grating relates to an individual's visual 

acuity. For example, a square wave grating consisting of 

80 cycles per inch equals 10 cycles per degree. Ten cycles 

per degree is equivalent to 3 minutes of arc or 20/60 

vision. 
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EXPERIMENTAL PROCEDURE 

Dark Adaptation of Rated Air Force Officers Using 
Electroluminescent versus Incandescent Light Sources 

You are invited to participate in an experiment entitled, 
"Dark Adaptation of Rated Air Force Officers using Electro- 
luminescent versus Incandescent Light Sources." We hope to 
study and measure any difference in these lighting systems. 

If you decide to participate, you will be asked to take 
part in three phases of the experiment. The first phase 
will be standard dark adaptation measurements using the 
same type of device used in an ophthalmologist's office. 
You will be asked to sit in a dark room for about 30 min- 
utes and asked to identify a striped slide as your eyes 
adapt to the dark. 

The second phase will consist of spatial threshold measure- 
ments. You will be asked to view a slide under dark envi- 
ronment conditions. The slide will be retro-illuminated 
with the amount of light slowly increasing. You will be 
asked (a) when you see any luminance, and then (b) to iden- 
tify the target on the slide. The light will then be 
decreased to the initial conditions and the measurements 
repeated. 

In the third phase you will be asked to sit in front of a 
simulated cockpit panel and increase the lighting until you 
feel it to be at a comfortable working level, i.e., you can 
readily identify the information on the dials and gauges. 
You will then be measured for dark adaptation as before. 

Your confidentiality as a participant in this program will 
be protected. Your name will not be revealed without your 
written permission. Statistical data collected during the 
test program may be published in scientific literature 
without identifying individual subjects. You will be asked 
to participate for one session that will last no more than 
2 hours with approximately 30 minutes for initial dark 
adaptation. There will be about a 5 minute break each half 
hour. 

You will receive no monetary benefits for participating in 
the study. No alternative exists to obtain the required 
information. Your decision to participate will not preju- 
dice your future relations with the Air Force Aerospace 
Medical Research Laboratory. If you decide to participate, 
you are still free to withdraw your consent and to discon- 
tinue participation at any time without prejudice.  If you 
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have any questions, we expect you to ask us. If you have 
additional questions later. Dr. Lee Task, Lt. Col. Genco, 
or Capt. Blouin (255-6623) will be happy to answer them. 
Any medical questions will be referred to Dr. Wolf. 

YOU WILL BE GIVEN h    COPY OF THIS FORM TO KEEP. 

Date      VOLUNTEER'S INITIALS 
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CONSENT FORM 

Dark Adaptation of Rated Air Force Officers 
Using Electroluminescent versus 

Incandescent Light Sources 

I#  r  having  full  capacity to 
consent, do hereby volunteer to participate in a research 
study entitled, "Dark Adaptation of Rated Air Force 
Officers Using Electroluminescent versus Incandescent Light 
Sources" under the direction of Dr. Lee Task, Lt. Col. Lou 
Genco, and Capt. George K. Blouin. The implications of my 
voluntary participation, the nature, duration, and purpose, 
the methods and means by which it is to be conducted, and 
inconveniences and hazards which may reasonably be expected 
have been explained to me by ____^  
and are set forth on the reverse side of this agreement, 
which I have initialed. I have been given the opportunity 
to ask questions concerning this research project, and any 
such questions have been answered to full and complete 
satisfaction. I understand that I may at any time during 
the course of this project revoke my consent, and withdraw 
from the project without prejudice. 

I FULLY UNDERSTAND THAT I AM MAKING A DECISION WHETHER OR 
NOT TO PARTICIPATE, MY SIGNATURE INDICATES I HAVE DECIDED 
TO PARTICIPATE HAVING READ THE INFORMATION PROVIDED ABOVE. 

AM 
PM 

Signature Date     Time 

I was present during the explanation referred to above, as 
well as the volunteer's opportunity for questions, and 
hereby witness the signature. 

Signature Date 

I have briefed the volunteer and answered questions con- 
cerning the research project. 

Signature Date 
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COMFORT TEST 

Subj |ect EL INC 

X SD X SD 

1 20.56 0.0 34.82 0.703 

2 6.17 2.59 14.32 9.62 

3 19.05 0.130 24.12 0.726 

4 17.70 3.69 20.68 6.35 

5 3.13 1.51 4.47 2.99 

6 16.16 2.26 24.45 8.02 

7 5.33 2.96 5.80 3.49 

8 0.6265 0.230 0.8093 0.274 

9 0.4335 0.153 0.4399 0.188 

10 17.35 2.58 25.47 2.46 

X 10.65 15.54 

SD 8.19 12.08 

-3 
NOTE:    All values are m 10  ftL. 

Subject 7's data not included in the 
statistical analysis. 

# 
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APPENDIX I 

ABSOLUTE THRESHOLD 
ANOVA TABLES 
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CARNEGIE MELLON UNIVERSITY ANOVA PROGRAM 

by 

William A. Leaf 

ABSOLUTE THRESHOLD 10 CPD 

FORMAT = (3F5.2) 

LEVELS  OF   FACTORS:      00003000 

MAX OBS/CELL:        8       UNEQUAL N SWITCH:   0 
PRINT MEANS SWITCH:  1       PRINT DATA SWITCH:  0 

***SUMS OF SQUARES*** 

22.679 

GRAND MEAN 

J 
SUM OF 

15.221 
26.874 
25.941 

SQUARES = 670.850 

*S 
SUM OF SQUARES = 10020.707 

J *S 
SUM OF SQUARES = 3940.765 

ERROR TERMS 
SUMS OF SQUARES MEAN SQUARE 

1 
2 

10029 
3940 

.71 

.76 
1431. 
281, 

,53 
,48 

7 
14 

DF 

SOURCES OF VARIANCE      SUMS OF SQUARES     MEAN SQUARES 

J 670.85 335.43 

DF      ERROR F- RATIOS 

2       2 1.192 

TOTAL SUM OF SQUARES = 14632.321 
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CARN16IE MELLON UNIVERSITY ANOVA PROGRAM 

by 

William A. Leaf 

ABSOLUTE THRESHOLD 10 CPD, BEFORE VS AFTER INC 

FORMAT = (2F5.2) 

LEVELS OP FACTORS:  0   0   0 0 0 

MAX OBS/CELL;        8 
PRINT MEANS SWITCH:  1 

***SUMS OF SQUARES*** 

20.581 

GRAND MEAN 

15.221 
25.941 

J 
SUM OF SQUARES = 459.674 

*S 
SUM OF SQUARES = 5232.998 

J *S 
SUM OF SQUARES = 2906.692 

UNEQUAL N SWITCH: 
PRINT DATA SWITCH; 

ERROR TERMS 
SUMS OF SQUARES 

1 5233. 00 
2 2906. 69 

SOURCES OF VARIANCE 

J 

DF 

1 

ER 

2 

TOTAL SUM OF SQUARES w 

MEAN SQUARE 

747.57 
415.24 

0 
0 

DF 

7 
7 

SUMS OF SQUARES     MEAN SQUARES 

459.67 459.67 

t F- RATIOS 

1.107 

8599.364 
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CARNEGIE MELLON UNIVERSITY ANOVA PROGRAM 

by 

William A. Leaf 

ABSOLUTE THRESHOLD 10 CPD, BEFORE VS AFTER EL 

FORMAT = (2F5.2) 

LEVELS OF FACTORS:  00002000 

MAX OBS/CELL:        8       UNEQUAL N SWITCH-   0 
PRINT MEANS SWITCH:  1      PRI^T DA^A SWITCH:  0 

***SUMS OF SQUARES*** 

21.047 

GRAND MEAN 

15.221 
26.874 

J 
SUM OF SQUARES = 543.123 

*S 
SUM OF SQUARES = 7873.429 

J *S 
SUM OF SQUARES = 2334.401 

ERROR TERMS 

SUMS OF SQUARES     MEAN SQUARE      OF 

i      7873.43 1124.78 7 
2      2334.40 333.49 7 

SOURCES OF VARIANCE      SUMS OF SQUARES     MEAN SQUARES 

^ 543.12 543.12 

DF      ERROR F- RATIOS 

1       2 1.629 

TOTAL   SUM  OF   SQUARES   = 10750.953 
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CARNEGIE MELLON UNIVERSITY ANOVA PROGRAM 

by 

William A. Leaf 

ABSOLUTE THRESHOLD 10 CPD, EL VS INC 

FORMAT = C2F5.2) 

LEVELS OP FACTORS;  0   0 0 0 

MAX OBS/CELL:        8 
PRINT MEANS SWITCH;  1 

***SUMS OP SQUARES*** 

26.407 

GRAND MEAN 

26.874 
25.941 

UNEQUAL N SWITCH;   0 
PRINT DATA SWITCH;  0 

SUM OF SQUARES = 

SUM OF SQUARES = 

J *S 
SUM OF SQUARES = 

ERROR TERMS 

1 
2 

3.478 

8905.366 

670.051 

SUMS OF SQUARES 

8905.37 
670.05 

MEAN SQUARE 

1272.20 
95.72 

DP 

7 
7 

SOURCES OP VARIANCE 

J 

SUMS OF SQUARES     MEAN SQUARES 

3.48 3,48 

DP      ERROR p- RATIOS 

-12 .036 

TOTAL SUM OF SQUARES =       9578.896 
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APPENDIX J 

GRATING RESOLUTION 
ANOVA TABLES 
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CARNEGIE MELLON UNIVERSITY ANOVA PROGRAM 

by 

William A. Leaf 

GRATING THRESHOLD 10 CPD 

FORMAT = C3F5.3) 

0   0   0   0   3 LEVELS OP FACTORS;  0 

MAX OBS/CELL;        9 
PRINT MEANS SWITCH:  1 

***SUMS OP SQUARES*** 

8.394 

GRAND MEAN 

10.429 
7.773 
6.979 

0 0 0 

UNEQUAL N SWITCH:   0 
PRINT DATA SWITCH:  0 

SUM OF SQUARES = 

*S 
SUM OF SQUARES = 

J *S 
SUM OF SQUARES = 

ERROR TERMS 

1 
2 

58.781 

391.362 

220.706 

SUMS OF SQUARES 

391.36 
220.71 

MEAN SQUARE 

48.92 
13.79 

OF 

8 
16 

SOURCES OP VARIANCE 

J 

SUMS OF SQUARES     MEAN SQUARES 

58.78 29.39 

DP      ERROR p- RATIOS 

2       2 2.131 

TOTAL SUM OP SQUARES =       670.848 
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CARNEGIE MELLON UNIVERSITY ANOVA PROGRAM 

by 

William A. Leaf 

GRATING THRESHOLD 10 CPD, BEFORE VS AFTER INC 

FORMAT = (2F5.3) 

LEVELS OF FACTORS:  00002nnn 

MAX OBS/CELL:        9 
PRINT MEANS SWITCH:  1 

***SUMS OF SQUARES*** 

8.704 

GRAND MEAN 

10.429 
6.979 

UNEQUAL N SWITCH:   0 
PRINT DATA SWITCH:  0 

SUM OF SQUARES = 53.575 

*S 
SUM OF SQUARES = 285.187 

J *S 
SUM OF SQUARES = 151.248 

ERROR TERMS 

1 
2 

SUMS OF SQUARES 

285.19 
151.25 

MEAN SQUARE 

35.65 
18.91 

DF 

8 
8 

SOURCES OF VARIANCE      SUMS OF SQUARES     MEAN SQUARES 

^ 53.58 53.58 

OF      ERROR F- RATIOS 

1       2 2.834 

TOTAL SUM OF SQUARES =       490.011 
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CARNEGIE MELLON UNIVERSITY ANOVA PROGRAM 

by 

William A, Leaf 

GRATING THRESHOLD 10 CPD, BEFORE VS AFTER EL 

FORMAT = (2P5.3) 

10   0   0   2 LEVELS OP FACTORS;  0 

MAX OBS/CELL;        9 
PRINT MEANS SWITCH:  1 

***SOMS OP SQUARES*** 

9.101 

GRAND MEAN 

10.429 
7.773 

J 
SUM OF SQUARES = 

*S 
SUM OP SQUARES = 

J *S 
SUM OF SQUARES = 

0 

UNEQUAL N SWITCH; 
PRINT DATA SWITCH: 

31.760 

273.571 

177.087 

ERROR TERMS 

1 
2 

SUMS OF SQUARES 

273.57 
177.09 

MEAN SQUARE 

34.20 
22.14 

0 
0 

DP 

8 
8 

SOURCES OF VARIANCE      SUMS OF SQUARES     MEAN SQUARES 

J 31.76 31.76 

DP      ERROR P- RATIOS 

1       2 1.435 

TOTAL SUM OP SQUARES =       482.418 
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CARNEGIE  MELLON  UNIVERSITY  ANOVA   PROGRAM 

by 

William A. Leaf 

GRATING THRESHOLD 10 CPD, EL VS INC 

FORMAT = (2F5.3) 

LEVELS  OF   FACTORS:      00002000 

MAX OBS/CELL:        9       UNEQUAL N SWITCH:   0 
PRINT MEANS SWITCH:  1      PRINT DATA SWITCH:  0 

***SUMS OF SQUARES*** 

7.376 

GRAND MEAN 

7.773 
6.979 

J 
SUM OF SQUARES = 2.835 

*S 
SUM OF SQUARES = 334.319 

J *S 
SUM OF SQUARES = 2.723 

ERROR TERMS 
SUMS OF SQUARES     MEAN SQUARE      DF 

1 334.32 41.79 8 
2 2.72 .34 8 

SOURCES OF VARIANCE      SUMS OF SQUARES     MEAN SQUARES 

J 2.84 2.84 

DF      ERROR F- RATIOS 

1       2 8.331 

TOTAL SUM OF SQUARES =       339.877 
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GRATING RESOLUTION 
SIEGEL-TUKEY TEST CALCULATIONS 
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GRATING RESOLUTION THRESHOLD 10 CPD 

INC VS EL 
SIEGEL-TUKEY TEST 

TEST      HQ:  VARCINC) = VAR(INC) = VAR(EL) 

H^:  VAR(INC) ^  VAR(EL) 

Rank the scores as follows: 

INC 

2.73 
37.21 
38.64 

47.73 
53.81 

88.39 

95.58 

124.38 

139.64 

EL 

2.64 

41.12 
41.93 

57.27 
76.66 

'INC 

90.93 

109.43 

138.73 

140.84 

=4+5+8+13+16+15+1+7+3 

Rank 

1 
4 
5 
8 
9 

12 
13 
16 
17 
18 
15 
14 
11 
10 
7 
6 
3 
2 

a = 0.05 

= 82 

^INC " ^^°^ ^^°^ + ^^"^^-'-^^ - 82 = 73 

^EL " ^°° ~ ''^ 

U  = Min (T T   ) 
^^EL INC' 

27 

27 

^05 = 1-65 ^a = ^025 = 1-96 

1 
2 (10(10) + 1 - 1.96 ^10(10) (10+10±1) = 24.57 

27 -j: 24.57 .". cannot reject H and conclude the variances 
are equal. 
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CARNEGIE MELLON UNIVERSITY ANOVA PROGRAM 

by 

William A. Leaf 

COMFORT TEST 

FORMAT = (2F6.4) 

LEVELS OF FACTORS:  0 

MAX OBS/CELL:        9 
PRINT MEANS SWITCH:  1 

***SUMS OF SQUARES*** 

13.931 

GRAND MEAN 

16.620 
11.242 

J 
SUM OF SQUARES = 

*S 
SUM OF SQUARES = 

UNEQUAL N SWITCH: 
PRINT DATA SWITCH: 

0 
0 

J *s 
SUM OF SQUARES = 

ERROR TERMS 
SUMS OF 

1 1690.04 
2 90.28 

130.138 

1690.040 

90.284 

UARES MEAN SQUARE 

211.26 
11.29 

DF 

8 
8 

SOURCES OF VARIANCE      SUMS OF SQUARES     MEAN SQUARES 

J 130.14 130.14 

DF      ERROR F- RATIOS 

1       2 11.531 

TOTAL SUM OF SQUARES =       1910.462 
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ELECTROLUMINESCENT LIGHTING AND OTHER TECHNIQUES FOR 
IMPROVING NIGHT VISION GOGGLES COMPATIBILITY WITH COCKPIT 

DISPLAYS 

By 

H. L. Task, Ph.D. 
L. L. Griffin 
AFAMRL/IIEF 

Wright-Patterson AFB 
Dayton, OH 45A33 

USA 

SUMMARY 

Standard night lighting for most aircraft cockpits results in a lighting configuration that is not 
compatible with the use of night vision goggles. One specific example discussed in this paper is the US 
Air Force PAVE LOW III helicopter; a modified version of the HH-53H. Both wavelength and geometric light 
control techniques were developed and applied to this cockpit to make it compatible with the night vision 
goggles. A combination of light control film (3-M micro-louvre), color filters, infra-red blocking filters, 
electroluminescent light and anti-flare baffles were used to successfully retrofit the cockpit for night 
vision goggle use. In addition, some of the techniques are applicable to reducing windscreen reflection, 
thus, improving unaided night vision through the windscreen. 

1.  INTRODUCTION 

The work described in this paper was done in support of the US Air Force PAVE LOW III helicopter. The PAVE 
LOW III is a modified version of the HH-53H helicopter (see Figure 1).  The modifications included 

# 

Figure 1.  PAVE LOW III helicopter 

a moveable infra-red imaging sensor mounted to the forward nose section and a radar altimeter to allow night 
and adverse weather low level flight. These and other modifications were done to facilitate the 
helicopter's night/day air rescue mission. After delivery of the initial aircraft, a decision was made to 
use night vision goggles to obtain lower night flying capability. Unfortunately, the cockpit lighting and 
displays were not originally designed for night vision goggle compatibility. The authors were requested to 
assist in developing techniques to reconfigure the cockpit lighting to alleviate this problem. The desired 
night flying configuration was for the pilot to wear the night vision goggles for piloting the aircraft while 
the copilot did not wear goggles so that he could monitor the aircraft instruments and the infra-red video 
display. In this configuration it was impossible to achieve sufficient lighting for the copilot to do his 
.job while allowing the pilot to also do his job of viewing outside with the night vision goggles. Infra- 
red light from the incandescent lighting system and console displays caused reflections in the windscreen 
and other scattered light that made it impossible for the pilot to see outside with the goggles, even when 
the lights were turned so low that the copilot could barely see to do his job. The objective of this effort 
was to develop light control techniques that could be easily retrofit to the cockpit and would allow both 
crew members to do their assigned jobs. 

2.  LIGHT CONTROL TECHNIQUES 

Basically, the light control techniques that were employed fell into two general categories: wavelength 
control and geometric control. The wavelength control techniques involve the judicious use of various 
filters to separate the visual sensitivity spectrum from the night vision goggle sensitivity spectrum. The 
geometric control involves the use of techniques to direct the light so that it only goes in desired 
directions. 

2.1  Wavelength Control Techniques 

The US Army AN/PVS-5 night vision goggles (NVGs) are sensitive to light in the spectral region from about 
350nm to 900nm. This includes the visible wavelength region of '30nm to 700nm as well as a small portion 
of the near infra-<red. Incandescent lighting normally used in aircraft cockpits for night operations emits 
considerable energy in this near infra-red band from 700nm to 900nm. The result is that reflections in the 
aircraft windscreen of instrument lights, that are annoying to the unaided eye, render the NVG's nearly 
useless . 

le approach taken by the authors was to use electroluminescent lighting and color filters to separate the 
ight lighting required for unaided vision from the sensitivity region of the modified NVGs.  This was done 

The 
night iipncing requirca cor unaiaca vision rroro cne sensitivity regi 
by turning off all possible incandescent lamps and floodlighting the instrument panels with blue-green 
filtered electroluminescent liglit.  Infra-red transmissive red filters were placed over the NVGs to reduce 
their sensitivity to tlie blue-green light.  Since the electroluminescent light emits essentially no energy 
in the infra-red, it makes an ideal light source for the NVG compatibility.  Figure 2 shows the emission 
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spectrum of the electroluminescent light used before filtering (upper curve) and after a blue-green filter 
»as used to "shape" its wavelength output. Similarly, Figure 3 shows the 
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Figure 2. Emission spectrum of the yellow-green      Figure 3. 
electroluminescent lights without blue-green 
filter (EL-upper curve) and with filter 
(EL-BB-lower curve). 

Relative sensitivity spectrum 
of the US Army second generation 
might vision goggles without 
filter {MVG2-upper curve) 
and with a red/infra-red 
transmissive filter (NVG2- 
AR-lower curve). 

sensitivity of the so-called second generation NVGs before (upper curve) and after wavelength filtering. The 
result (see Figure 4) is that the two wavelength distributions have very little overlap. 
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Figure 4. Comparison of emission 
and sensitivity spectra for 
the electroluminescent light with 
blue-green filter (EL-BB), the 
US Am^ second generation night 
vision goggles with red/infra- 
red filter (SVG2-AR) and the OS 
Army third generation night vision 
goggles without filters (KVG3). 
Note that the spectra for the 
filtered EL light and the 
filtered NtfG2s barely overlap. 

WAVELeiGTH tend 

This means that the NVGs can easily "see through" any spurious windscreen reflections that occur from 
the electroluminescent lighting. 

The PAVE LOW III cockpit has two 5" by 7" video displays for presenting infra-red imagery (see Figure 5). 

Figure 5. Front instrument panel and center 
console of the PAVE LOW III helicopter. 
Note the video displays located in front 
of the copilot seats. Light switches and 
instruments on the center console are 
a major source of windscreen reflections. 
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Figure 6. Comparison of the emission spectrum of 
the F-ii phosphor on the video displays 
and the sensitivity spectrum of the 
night vision goggles (NVG2). Note the 
considerable overlap of these two curves 
out to and including the red region of 
the spectrum (6OO-70Onra) used for con- 
ventional red light lighting. 

Figure 7.  Comparison of the some two 
spectra described in Figure 6 
but with appropriate filters 
placed over the display and 
the NVGs.  Note that there 
is very little overlap between 
the two distributions. 

described previously, it is possible to separate these two wavelength distributions as shown in 
Figure 7. 

There has been some concern expressed about using blue-green lighting and blue-green filters over the 
display from the standpoint of its effect on the dark adaptation state of the crew members. It should be 
noted that the crew members that are not wearing the goggles are focussing their attention on the displays 
and instruments inside the cockpit. It is, therefore, not necesaary for them to be absolutely dark adapted. 

Some instrument lights in the cockpit cannot be turned off. The incandescent infra-red light from several 
of these lights located in the center console (see Figure 5) resulted in direct reflections in the 
windscreens. To reduce this adverse effect, these lights were covered with an infra-red blocking material 
that transmitted most of the visible light. This thin plastic material was originally developed for laser 
safety goggles but worked very well for this application. 

2.2 Geometric Control Techniques 

s accomplished by simply devising means to direct the instrument lighting in desired 
ing it from going in undesired directions. 

Geometric control was 
directions and block 

Many instrument lights consist of an incandescent lamp with a diffusing (sometimes colored) filter over the 
top with a printed legend on it. This diffusing filter distributes the light in all directions, including 
toward the windscreen. This results in unwanted reflections of these lights in the windscreen. To combat 
this problem, a product developed by 3-M Corporation called micro-louvre was used to direct the light away 
from the windscreen. The micro-louvre is a relatively thin plastic material with extremely small slats or 
louvres imbedded within. It is available with different slat spacing and orientation. It acts very 
similarly to a miniature Venetian blind. 

By selecting the appropriate angle of micro-louvre, it is possible to direct the instrument lights toward 
the aircrew members and away from the windscreen. This allows full viewability of the instruments and 
displays by the aircrew members but prevents the light from reaching the windscreen and causing a 
reflection. Figure 8 shows a laboratory example of this effect for visible light. A back illuminated 
lettered text in the lower portion of Figure 8 was positioned so that a reflection of it could be seen in 
a thin piece of clear plastic (windscreen) in the upper portion of Figure 8. A small section of micro-louvre 
set for a 30 angle was placed on the lettered text so that it directs the light toward the louvres and 
away from the windscreen. Note that it is difficult to see through the windscreen in the area of the 
reflection except for the rectangular area covered by the micro-louvre. This technique was used 
considerably throughout the PAVE LOW III cockpit. 
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Figure 8. Laboratory example of the effectiveness of 
the 3^ Corporation micro-louvre in directing the 
light frcm display screens. The lower part of the 
photograph shows a back illuminated screen with a 
rectangular piece of micro-louvre placed over the 
center of the text. The upper part of the photograph 
shoss the reflection of the text in a sheet of plastic 
simulating a windscreen. A background scene consisting 
of buildings and cars in a parking area is easily visible 
except for \rtiere the display reflection washes it out. 
But the area of the text display covered by the micro- 
louvre does not reflect in the windscreen, permitting 
easy visibility of the outside scene. Mote also that 
there is no detrimental effect caused by the micro-louvre 
in reading the text display in the lower portion of the 
photograph. 

Figure 9. US Army second generation 
night vision goggles 
with anti-flare baffle 
(lower right). 

A second geometric control technique was to attach a small flare baffle to the objective lens housing of the 
night vision goggles. Tliese baffles (see Figure 9) reduced the flare produced in the objective lens caised 
by relatively bright light sources outside of the field of view of the goggles. The baffles also made a 
convenient mounting location for the red/infra-red filters previously mentioned. 

The final light control technique was a recoimsendation that the flight crews wear black or dark infra-red 
absorbing clothing and, to a maximum degree, the interior of the cockpit be painted with a black-matte 
finish. The geoiaetry of the cockpit was such that the pilot and copilot could see a reflection of their 
knees in the windscreen. In other cockpit configurations, i.e., C-130 aircraft, many of which have a cream 
colored control column, the light colored objects are clearly reflected in the windscreen at low (one 
quarter foot-Laafljert) OTibient light conditions. By reducing the stray light in the cockpit and minimizing 
the reflectance coefficient of the clothing, this reflection source was considerably reduced. 

3.0 EVALUATION OF LIGHT CONTROL TECHNIQUES IS THE PAVE LOW III HELICOPTER COCKPIT 

All of the previously discussed light control techniques were installed in the cockpit of a PAVE IXM III 
helicopter for evaluation. Several instructor pilots viewed the modified cockpit and provided a critical 
assessment. In general, the ccaraents concerning the modifications were extremely positive, teflections in 
the windscreen were greatly reduced, even for the visible spectrum, which improved outside visibility for 
both the copilot (without the goggles) and the pilot (with the goggles). It was not possible to make 
photometric sffiasurements of the improvements because of the relatively low light levels involved. However, 
photographs were taken to document the improvements. Figure 10 shows a picture taken through the night 
vision goggles of the forward field of view of an unmodified cockpit. The lower row of lights are runway 
lights seen outside. The collection of lights in the upper portion of the picture is from reflections 
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Photograph taken through the night vision 
goggles of the forward field of view seen 
from an unmodified PAVE LOW III cockpit. 
The lower row of lights are runway 
lights from a nearby airstrip 
The upper secton of lights are reflec- 
tions in the windscreen from the center 
console.  Note that some of the reflec- 
tions are as intense as some of the 
runway lights. 

Figure 10.  Photograph taken through the night vision  Figure 11. Photograph taken through the 
night vision goggles of the 
light control modified cockpit 
Note the absence of reflec- 
tions except for two minor 
light leaks reflected 
from the center console. The 
rectangular strips of light 
toward the lower part of the 
photograph are the electro- 
luminescent lights mounted 
under the glare shield to 
illuminate the forward 
instrument panel. 

of center console instruments in the windscreen. Note that the intensity of some of these reflections is 
comparable to the outside runway lights. For comparison. Figure 11 shows the forward view out of a 
helicopter cockpit that was modified with the light control techniques. Except for two small reflections 
caused by inadequately covered instrument lights, the view is clear of unwanted reflections. With the 
reflections gone, the night vision goggles' gain was increased to a level that it was possible to see the 
sky glow of a nearby city that was masked in the view from the unmodified cockpit. 

A.O CONCLUSIONS AND SEOHIMENDATIONS 

The light control concepts discussed in this paper were quite successful in providing lighting conditions 
compatible with the use of night vision goggles. However, several problems still exist in developing 
materials and installation techniques that will be suitable for aircraft retrofit. It is extremely 
difficult to locate electroluminescent floodlighting to adequately illuminate all areas requiring illumi- 
nation without involving expensive modifications to the cockpit lighting. It is considerably easier to 
provide for electroluminescent lighting when designing the original cockpit than to devise acceptable ways 
to retrofit this lighting in the cockpit. The micro-louvre does an excellent job of directing the light as 
desired but it is unfortunately cast in a relatively soft plastic that is susceptible to both warping from 
heat and loss of effectiveness from scratching and wear. It would be highly desirable to develop a tougher 
version of the micro-louvre, but as of this writing, there are no known efforts in effect to do this. The 
laser safety material used for blocking the infra-red radiation from critical incandescent instrument 
lights needs to be improved to pass more visible light in the red region (630nm) and to block the light 
better toward the far red and infra-red region (6S0nm to 900nm). Use of the material over red warning lights 
reduced the visible level to a degree which rendered them unsatisfactory for daytime use in the helicopter. 
With the indicated needed improvements, this problem should be alleviated. 

Even with these shortcomings from the materials standpoint, interest and work in this light control area for 
night vision goggle compatibility is progressing rapidly. Other USAF aircraft that have been modified and 
tested with these light control techniques are the UH-IN and HH-53C rotary wing aircraft for MAC/AARS (Air 
Rescue and Recovery Service) and two special mission C-130E/H fixed wing aircraft for TAC. In all cases, 
the wavelength separation and light control techniques were pursued, as appropriate to the individual 
cockpit configuration and aircraft mission, with very good to excellent results through ground evaluation 
and flight test. 

Yet to be tested is an all electroluminescent lighting system for the interior and exterior of six A-10 
single seat attack aircraft for TAC. NVG compatibility is not a requirement with these ten aircraft, 
rather, a complete emphasis on unaided night visibility inside the cockpit and through the transparencies 
and improved lighting for formation flying and night refueling is needed. 
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th* ItAVI low III aircraft b a modMad HH-S3H hclk^rtM- that 
has a lew attltvdc—b^ow 30.4* m {100 (t)—night/day rascw* 
mission, ■nia d^Ormi night flyhtg tenf^watlon Is tor Mi« pilot to 
woar night vision gogglM ^VGs) to Ify tho aircraft vriiilo M» 
cepNot, withewt NVGs, irfMorvos tho vIdMt dl^Moy and monitors 
tho aircraft InsM-umonts. tho pr^ttoms of NV6 hicompatlMllty 
In tho cockpit woro svccossfarfly countorad using sovoral light 
contral ta^nhivos. tho Hght control medMcatlons wmrm owirfvatod 
on tho ground In MM MOT LOW III holkeptor at KIrHand A« in 
Ap* 1»«0, by PAVI Um instaicter pBots. tho ovahmMon mults 
woro oxtrmn^ pesltlvo. 

'T'HE PAVE LOW III aircraft is a modified version 
A of the HH-53H helicopter. Its primary mission is 

day/night air rescue. The mission profile of this aircraft 
is to fly extremely low for day/night search and rescue 
of downed pilots. The original PAVE LOW HI modi- 
fications included a forward-looking infrared (FLIR) 
imaging sensor mounted on a moveable gimbal at the 
forwaixi SKrtion of the aircraft. This FLIR provided night, 
infrared imagery via two 5 X 7 in cathode ray tubes 
(CRTs) mounted in the instrument panel in front of the 
pilot and copilot. Additionally, to support night and 
Mlvei^ weather navigation, a radar altimeter and terrain 
avoidana/tenain following radar was installed. How- 
ever, as the PAVE LOW III aircraft was undergoing 
acceptance testing and required participation in Red 
Flag '79 tactical air combat exercise, the requirement 
for low-altitude flight was extended teyond the design 
capabilities of the radar. It was felt by those familiar 
with the helicopter that lower altitudes could be achieved 

The resrarch reported in this i»per was conducted by personnel of 
the Air Force Aerospace Medical Research Laboratory. Reprints of 
this article are identified by Air Force Aerospaw Medical Research 
Laboratory as AFAMRL-TR-82-3. 

at night if the pilot used the U.S. Army developed, sec- 
ond-generation night vision goggles (NVGs). 

In initial tests with the night vision goggles, it was 
determined that the interior lighting for night flight in- 
terfered severely with their useful operation. The night 
illumination, even adjusted to a low level, emits con- 
siderable energy in the near infrared, where the NVGs 
are most ^nsitive. A fii^t attempt to redure this problem 
was conducted by the PRAM (Productibility, RcliabiUty, 
Availability, Maintainability) TO (Program Offire) at 
Wright-Pattereon AFB in cooperation with the Military 
Airlift Command (MAQ and the Air Rescue and Re- 
covery Service (ARRS). This initial test involv«i turning 
olfall possible interior lights and floodlighting the in- 
strument panel with yellow-green electro-luminescent 
lighting. Electro-luminescent (E-L) light emits almost 
all of its energy in the visible region and, essentially, 
none in the infrared. This "cold light" effect makes the 
E-L light much more compatible with the use of NVGs 
than the traditional incandescent lighting. 

At a meeting late in 1979, the authore were asked by 
PRAM and MAC to address the problem of making the 
interior lighting of the PAVE LOW III hehcopter com- 
patible with the u^ of the NVGs. The desired operating 
condition was for the pilot to wear the NVGs to fly the 
helicopter while observing the outside world, and for 
the copilot to monitor the FLIR video display and the 
aircraft instruments. Thus the fundamental problem was 
to design a means of lighting such that the copilot had 
suflicient light to monitor the cockpit instruments but 
insure that the lighting did not interfere with the pilot's 
NVGs. A review of the aircraft interior lighting and the 
windscreen/instrument geometry revealed two sources 
of lighting difficulty. First, several illuminated instru- 
ments on the center and overhead console reflected di- 
rectly in the windscreen from the pilot's and copilot's 

213 



eye positions as well as the flight engineer's nominal eye 
position. This problem makes night flight, even without 
the NVGs, difficult and distracting and almost totally 
disallowed the use of NVGs. Second, the stray light in 
the cockpit illuminated other surfaces (like the pilot's 
knees and hands) such that their reflections in the wind- 
screen were highly visible and distracting when using 
the NVGs. To improve the NVG utility, it was necessary 
to eliminate the direct reflecting sources and reduce or 
control the scattered light. 

APPROACH 
Several lighting and light control techniques were rec- 

ommended to alleviate the NVG incompatibility prob- 
lem: 

1. Use blue-green E-L flood-lighting and turn ofl°aIl 
possible incandescent lamp sources. 

2. Use blue filters, instead of red, over the CRT dis- 
play and place a red filter over the NVGs. 

3. Use light baflles to control stray light. 
4. Use anti-flare baflles on NVGs to reduce flare. 
5. Use flat-black flight clothing and helmets to reduce 

stray light and reflections. 
As a result of the meeting with MAC and PRAM, the 

authors were requested to implement the above rec- 
ommendations on a PAVE LOW III helicopter for a 
full-up ground evaluation. The following sections de- 
scribe each of these recommendations in detail. 

Electro-Luminescent Flood Lighting: The main reason 
for using E-L light is that, unlike incandescent lighting, 
it emits little or no light in the near infrared region (4). 
The NVGs are highly sensitive to light from about 450- 
850 mm wavelength (1,2). By limiting the interior light- 
ing to blue-green visible wavelengths only, considerable 
adverse interaction between the lighting system and the 
NVGs was eliminated. 
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tamp without flitar (E-L) and with a bhw filt*r (U). 

Fig. 1 shows the emission spectrum of the E-L lamps 
used. The upper curve is the E-L lamp without fiJter 
and the lower curve shows the lamp with a blue filter 
(BB) used to shift the peak of the emission spectrum 
further into the blue region. 

The E-L lamps were placed under the glare shield to 
illuminate the front instrument panel and center console. 
They were also placed on the backs of the pilot's and 

copilot's seats, directed upwards, to ifluminate the over- 
head panels. It was not possible under the constraints 
placed on this retrofit (no holes drilled or permanent 
modifications allowed) to properly illuminate the far 
forward section of the overhead panels or the rear section 
of the center console. Thus to provide a means of "port- 
able" illumination, and E-L light wand was provided 
that the copilot could use for map reading or close-up 
instrument tasks, such as setting radio fi^quencies. In 
an ideal situation, these areas would be locally illumi- 
nated with E-L light built into the instrument or its 
immediate surround. 

Blue/Red Filters: The CRT FLIR displays on the hel- 
icopter use a P-4 white phosphor. Although this emits 
no infrared light, it does emit over the full visible region. 
The standard night operation required the white CRT 
screen to be covered with a red filter. This left a display 
emission spectrum in the visible region from about 600- 
650 nm. This spectrum is in the center of the sensitivity 
region of the NVGs. Fig. 2 shows the relative sensitivity 
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Fig. 2. CompasHlon of tho disptay P-4 phoiphor ipoctrum and 
the night vision gogglo (NVG 2) samltlvity curvos. 

of the second generation night visions goggles (NVG2) 
compared with the emission spectrum of the P-4 phos- 
phor. 

By using a blue filter (BB) over the P-4 phosphur 
screen, it is possible to shift the peak of the emission 
spectrum toward the blue, where the NVG is not quite 
as sensitive. This still results in considerable overlap. 
To reduce the overlap still fiirther, a red plastic filter 
that was also highly transmissive in the near infira-red 
was placed over the NVGs. This resulted in the curves 
shown in Fig. 3. Under these conditions, the emission 
of the display and the sensitivity of the NVG have almost 
no overlap, thus effectively eliminating the interference 
of the display with proper operation of the NVGs (3). 
The red/infrared filter over the NVGs also significantly 
reduced the sensitivity of the NVG to the blue-green 
E-L, thereby eliminating that source of interference. 

The red/infiared filter reduces the overall sensitivity 
of the NVGs. However, since most of the natural night 
illumination is in the near infrared i.e. 800-1000 nm, 
the effective reduction in night sensitivity is relatively 
small. 

Baffles for Light Control: It is not possible to turn off" 
all incandescent lights in the cockpit since some are 
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required instrument status lights. Several such lights 
were, unfortunately, located in the center console. Most 
of the renter console was directly visible in the wind- 
scr^n due to the reflection geometry. To control these 
reflections, a material developed by 3-M Corp, was ap- 
plied wherever po^ible. This material, called Micro- 
Ixjuver (ML), is like a miniature Venetian blind ^st in 
a thin plastic layer. It is about 1/16-in. thick and can 
be obtained in various configurations. By varying the 
"slat" spacing and tilt, the fen of li^t that is allowed 
through the material can be controlled. The material 
comes in three "fen widths" of 48*, 60% and 90*; and 
several tilt angles: 0*, 18*, 30% and 45*. The tilt angle 
refers to the direction with respect to the vertical. Thus 
a 48* fan at 0* tilt results in a 48* light distribution spread 
that is emitted vertically, with resp«:t to surfere of ma- 
terial. 

By placing appropriately chosen ML s^aions over the 
lights and displays, the li^t ran be directed away from 
the windscr^n toward the pilot, copilot, and flight en- 
gineer. This reduces or eliminates the direct reflection 
of instruments in the windscrt«n. Fig. 4 shows a section 
of ML that is a 48* fen, 0* tilt mounted over a vugraph. 
Note the clarity of the vugraph beneath the ML. Fig. 5 
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shows this same vugraph and material, but from a dif- 
ferent angle. The vugraph light has besn dii«:tol in a 
fan upward. 

This technique of using ML teflles was successfiilly 
employed over several indicator lamiK and displays in- 
cluding the incande^ent lamp illuminated moving map 
display located in the center console. The ML was ori- 
ented to provide a horizontal fen of light dirw:toi away 
from the forward windscreen toward the pilot, copilot, 
and flight engineer petitions. 

Although this to:hnique was highly sucressiiil for the 
visible li^t reflections, it was not totally sure^fid with 
the IR reflections. The ML plastic was i»rtially trans- 
missive in the IR, and IR from the lamps vras so strong 
that it <aused scattering within the ML material. To 
combat this problem, a thin, plastic material was bor- 
lowed from the laser safety industry. The original piff- 
poK of this material was to provide laser safety and 
protection at the near IR vravelengths, Tlus the material 
passed a large portion of the visible sp^Snim but ab- 
^rbed light in the near IR. This IR-blocking material 
(IRBM) was UKd in conjunction with the ML material 
to provide fairly eff^tive control of both visible and IR 
radiation. The IRBM was a "Glendale Green" filter ma- 
terial obtained fitjm Glendale Optical Cto. The publuhed 
photopic transmissivity of the IRBM is about 45%. It 
does have a definite gi^n tint and affects the i^ end 
of the visible radiation much more severely than tire 
green. 

Anti-Flare Baffles on NVG: Another sourre of stray 
light that can affect the NVG operation is cau^d by 
flare. The NVGs have a 40* field of view (FOV), 1:1 
optical imaging system. However, bright light sounds 
jiBt outside of this FOV can still illuminate the olgaaive 
lens of the NVG. Although this iUumination is not im- 
aged through the optiral system, since it is outside the 
FOV, it still scatters in the lens causing a veiling hi- 
minmce at the ima^ plane that r^uces contrast Tlhis 
condition can be partly alleviat&l 1^ providing an an- 
tiflare bafile outside of the obJKrtive lois. The teffle 
"shades" the obj«:tive lens fiom bright li^t ^urces 
outside the FOV and provide a housing to mount the 
red/IR filters to the NVGs. 

Black Flight Clothing: To fiirther t^txe stray li^t. 
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it was recommended that the flight crew wear dark 
clothing to absorb any stray light instead of reemitting 
it. Due to the geometry of the windscreen and pilot/ 
copilot seats, the knees and hands of the pilot/copilot 
were reflected and highly visible in the windscreen to 
the NVG wearer. By wearing dark clothing, the intensity 
of the reflections was greatly reduced. 

GROUND EVALUATION RESULTS 
All of the light control techniques herein described 

were applied to the PAVE LOW III aircraft and eval- 
uated by several instructor pilots during a day/night 
ground evaluation. Overall, the evaluation results were 
extremely good. The copilot had sufficient light to do 
his job, but the lighting did not adversely aflTect the 
pilot's NVGs. Several specific problems were identified 
by the evaluating instructor pilots. 

In general, the use of the IRBM tended to make some 
of the indicator lights too dim to the unaided eye in 
daytime. In particular, the moving navigation map dis- 
play was only marginally acceptable in daytime when 
sufficient IRBM was applied to block the IR emissions 
for night use. During the night evaluation, several other 
sources of incandescent or neon light IR emissions were 
identified as requiring applications of the light control 
techniques. These sources were not identified originally 
because the other sources totally masked their Ught. 
However, with the original problem lights effectively 
controlled, these "secondary" sources of light control 
problems became evident. 

What need to be solved before these techniques can 
be applied are the long-term materials problems asso- 
ciated with the ML and the IRBM. The ML is a soft 
plastic; it is susceptible to scratching and can be warped 
by the heat of incandescent lamps. These same concerns 
apply to the IRBM as well. 

If an aircraft cockpit used E-L panel lighting instead 
of incandescent, then the heat problem associated with 

the ML application would be solved. Also, this would 
eliminate the need for the IRBM since the E-L emits 
no IR. 

An additional bonus of an all E-L cockpit light system 
or application of the techniques described is that the 
emission of IR from the cockpit is greatly reduced or 
eliminated. This should make the craft less visible and 
vulnerable to IR sensing and seeking devices. 

CONCLUSIONS 
The light control techniques described were success- 

fully applied to the PAVE LOW III helicopter to make 
the interior lighting system compatible with the use of 
night vision goggles. From the ground evaluation, it is 
evident that these techniques provide a simple, inex- 
pensive, and useful means to improve night visibility 
looking out of the cockpit with or without night vision 
goggles. The materials problems encountered should be 
addressed, and these techniques should be considered 
in the design of new cockpit layouts for interior night 
lighting. 

Since this effort, similar efforts have begun for light 
control of the C-130 and UH-1 aircrafts. 
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SUMMARY 

The purposes of this study were to determine the effects of various 
preadapting luminance conditions on the setting of instrument lighting 
levels and to determine minimum luminance levels required for the 
readability of instruments when preadapted to the AN/AVS-6 Aviator's Night 
Vision Imaging System (ANVIS) display luminance. The approach to answering 
these questions consisted of two separate efforts: 

A laboratory study investigated the effect of the ANVIS display luminance on 
instrument lighting levels required to read aircraft instruments. Eight 
subjects adjusted lighting levels to what they judged to be the minimum 
required for safe readability of instruments. Prior to adjusting the 
luminance levels, the subjects were preadapted to various ambient lighting 
conditions, including a simulated ground luminance of a full moonlit night 
and two simulated ANVIS luminances. All three of the preadapting lighting 
conditions were considered representative of actual operational conditions. 
Instrument lighting levels, set by the subjects after preadaptation to the 
ANVIS test conditions, were generally higher than lighting levels set after 
preadaptation to the ground luminance test condition. Increasing the 
preadapting luminance by roughly a factor of 300 (0.00065 ft-L ground 
luminance condition to a 0.2 ft-L ANVIS condition) resulted in an increase 
of instrument lighting levels by a factor of approximately 1.5. 

A field study was performed on board operational aircraft to determine 
instrument lighting levels that are currently used with ANVIS. 
Photanetric measuranents were made at various locations on the front 
instrument panel of a C-141, C-130, and HH-53 Air Force aircraft. 
Additional lighting measurements were made on board an OH-6 National Guard 
aircraft. Pilots set instrument lighting levels in flight or on the ground, 
following adaptation to an ANVIS display luminance. No specific 
instructions describing how to set instrument lighting levels were given. 
Instrument luminance levels were in the 0.003 to 0.086 ft-L range. The 
average luminance of a single front instrument panel remained below 
0.06 ft-L. 

This report dociments the methods and results of each study in separate 
sections. A single section will be used for discussion of the results of 
both the laboratory and field studies. 
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INTRODUCTION 

GENERAL BACKGROUND 

In recent years the military aviator's night operation capability has been 
enhanced by the use of Night Vision Goggles (NVGs).    This device is used 
primarily for visual navigation in low level flight.   NVGs are orployed for 
terrain avoidance, terrain identification,  landings, and takeoffs.    The 
proven effectiveness of NVGs as a visual aid to the aviator has resulted 
in a plan for increased military use. 

The AN/AVS-6 Aviator's Night Vision Imaging System (ANVIS)  is an NVG 
currently being procured by the military for use on board aircraft.    This 
electro-optical device (Figure 1) weighs approximately 16 ounces and is 
mounted on the front of a pilot's flight helmet.    A battery power supply is 
mounted on the back of the helmet.   ANVIS functions as an image intensifer 
by amplification of red and near-infrared components  of moonlight and 
starlight.    Looking through the eyepieces,  the user views a binocular image 
of the real world on green monochrome displays.    The "look under" design 
feature of ANVIS allows the pilot to view cockpit instruments with the 
unaided eye and to obtain an intensified nighttime image of the world 
external to the aircraft without a mechanical adjustment of focus. 

Basic changes to the design of aircraft interior lighting are required to 
accoitinodate the use of ANVIS in the cockpit.    Aircraft lighting traditionally 
consists of multicolor incandescent sources with spectral anissions in the 
infrared and visible wavelength region.   Because ANVIS is extranely 
sensitive to the near-infrared and visible-red components of these lights, 
traditional aircraft lighting causes severe interference with the operation 
of ANVIS.    To use ANVIS, all of the interior lighting must be redesigned. 
The white incandescent sources,  typically located throughout the cockpit, 
must be replaced with "cold" green lighting that contains very little or no 
red and near-infrared.    Additional changes in warning, caution, and advisory 
lighting are also required.    These changes restrict the use of color coding. 
Geometrical considerations also play an importantnrole in the design of 
ANVIS-coirpatible lighting.    Location of light sources, with respect to ANVIS 
and the windscreen, must be such as to minimize interference with ANVIS. 

The procuranent of ANVIS-compatible lighting is currently a problem. 
Both the design and specification must be based upon research and technical 
data, yet many human engineering questions regarding these basic changes in 
lighting design remain unanswered.   The general purpose of this work is to 
provide technical data from which the accurate specification of ANVIS 
conpatible interior lighting may be formulated. 

In October 1984, AAMRL was tasked by the Joint Logistics Commanders   (JLC)  AD 
HOC group to perform night lighting and night vision research.      Specific 
areas of study, as well as the scope of various efforts, were outlined 
initially by this group.    Data provided by AAMRL are intended to be used as a 
basis for a Tri-Service specification of ANVIS-compatible interior  lighting. 
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Figure 1, Pilot Wearing ANVIS. 

RESE3UCH CXJESTION 

The present research question investigates the use of ANVIS on aircraft ar^ 
tte effect of the ANVIS display luminance on visual adaptation and the 
setting of instriment lighting levels. Nighttime airibient lighting 
corrfitions (i.e. starlight, moonlight) rar^e in luminance from 0.000001 to 
0.001 ft-L. The output display luminance of ANVIS is within a range of 0.02 
to 2.1 ft-L (reference 1). This "large" differential in preadapting 
luminance that occurs as a result of using ANVIS was expected to have sane 
effect on the pilot's setting of instrunent lighting levels. The specific 
objectives of this work were as follows: 

1- To determine the effect of preadapting ANVIS luminances on the 
setting of instrunent lighting levels by ANVIS users. 

2- To define lightii^ levels required for readir^ aircraft instruments 
vrtien adapts to ANVIS display luminance. 

The specification of ANVIS-caipatible lighting must use operating levels 
that are representative of an aviator's requirei^nts for readability of 
instrtments when adapted to ANVIS display Ivraiinances. 
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RELATED RESEARCH 

A great deal of experimentation has been performed in the laboratory to 
quantify visual performance under conditions of low ambient lighting. A 
number of investigators have studied threshold luminances required for the 
discrimination of visual detail. 

Kinney and Connors (reference 2) investigated the recovery of foveal acuity 
following exposure to various intensities and durations of light. The test 
stimulus was a circular grid 1 degree in diameter. Bars of the grid were 
alternately opaque and transparent and subtended 6 minutes of visual angle, 
corresponding to a visual acuity requirement of 20A20. Data collected with 
two subjects showed that, following cottplete foveal dark adaptation, the 
average luminance required to resolve the grating was 0.01 ft-L. 
Preadaptation to a 3.6 ft-L light source (45 second duration) resulted in a 
20 second recovery time to resolve the 6 minute target. Preadaptation to a 
0.36 ft-L light source showed no effect on foveal acuity (6 minute target) 
for any adaptation time period (1 to 45 second duration). 

Brown (reference 3) examined the effect of preadapting luminance on the 
resolution of visual detail during dark adaptation. In the experiment, the 
subject was required to identify the orientation of a grating pattern. 
Luminance thresholds of two subjects were 0.3 mL (0.28 ft-L) and 0.03 inL 
(0.028 ft-L) for targets of 1.6 minute angle (20/32) and 4.0 minute 
angle (20/80) respectively. Results also indicated that a return to 
threshold luminance for the resolution of the 1.6 minute target following a 
5 minute preadaptation to a 0.98 mL (0.91 ft-L) light source requires 2-4_ 
minutes. Studies by Graham and Cook (reference 4), Brown, Graham, Leibowitz 
and Ranken (reference 5), and Diamond and Gilinsky (reference 6) showed 
similiar results regarding luminance thresholds for various acuities. 

In each of the studies described above, the subject was presented with a 
grid pattern using a light flash of short duration. The stimulus was 
repeated at a constant interval until the subject could discern target 
orientation or striations. Note that these experimental presentations do not 
closely resarible those of a pilot's actual reading task. 

Character size on aircraft instruments is designed for the maxirnisn 
legibility permitted by space restrictions and range of illumination 
(reference 7). No minimum character size is defined by standards, however 
character sizes of instrument dials are designed typically for 2.0 (20/40) 
to 2.5 (20/50) minutes of arc visual angle as estimated for these non- 
Snellen characters. 

In more current research that specifically deals with the readability of 
aircraft instrument dials, Bauer (reference 8) reports that instruments 2.8 
inches in diameter are legible in the 0.02 mL (0.019 ft-L) to 0.05 mL (0.046 
ft-L) range. It was also shown that pilot performance improved as display 
luminance increased from 0.01 mL (0.009 ft-L) to 0.1mL (0.09 ft-L).  Bauer 
concluiSed that minimum luminance levels required for efficient pilot 
performance within the cockpit lie in the one log unit range of 0.01 to 0.1 
mL (0.009 to 0.09 ft-L). 

224 



Results of a field study of operational instrument lighting levels ty Dohrn 
(reference 9) differed fran those of Bauer, With red area white instrument 
panel lighting, Dohrn found that luminance levels required for the legibility 
of instrunents are in a 0.01 to 0.3 ft-L range. The minimum operational 
level for safe flight was observed to be in tte 0.001 to 0.01 ft-L range. 
These values are based on the pilots' setting of instriment lightir^ levels 
in flight when preadapted to natural ambient lighting conditions. These 
studies did not involve the effects of preadaptir^ Ixminances on the setting 
of instriatent lighting levels. 
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LABORATORY STUDY METHODOLOGY 

DESIGN VARIABLES 

In the present study the effect of the ANVIS display and ambient luminance 
on the setting of instrument lighting levels was investigated by exposing 
the subject to various preadaptive lighting conditions.    Before performing 
an instrument reading task, the subject preadapted to a lighting condition 
that was representative of a nighttime full moon ambient luminance or an 
ANVIS display luminance.    The individual test conditions included a 0.00065 
ft-L moonlight condition,  a 0.2 ft-L ANVIS condition,  and a 1.0 ft-L ANVIS 
condition. 

The subject adjusted a single airspeed instrument light or a cottposite panel 
of instrument lights.    The ccxnposite panel of instrument lights included 
primary instrument bezel lights, edge-lit panel  lights, and glare shield flood 
lights. 

This combination of three adaptation conditions and two instrument 
adjustment conditions resulted in a total of six treatment conditions  (3 X 2). 

SUBJECTS 

Seven Air National Guard A-7 pilots and an Air Force C-130 pilot 
participated in the experiment. Subjects were administered refractive 
visual examinations and all had normal or corrected acuity of 20/25 or 
better. An AAMRL Night Vision Test (Appendix A) was also administered to 
evaluate the subject's visual performance under low light level conditions. 
All subjects were considered normal and "experienced" as pilots by their 
qualification to fly night missions. 

TASK 

The task was designed to emulate actual instrument reading tasks that a 
pilot performs when using ANVIS. This consisted of adjusting instrument 
lighting levels to read an airspeed instrument. The subject was required to 
glance down from the ANVIS display or ambient moonlight condition (screen 
external to the subject station) and read the instrument after adjusting 
instrument lighting. 

The barrel readout and the pointer on the airspeed instrument (Figure 2) 
were read. The airspeed was recited by the subject with an accuracy of two 
knots. 

APPARATUS 

The major hardware conponents were:  a subject's station,  an experimenter's 
station, an ANVIS simulator, and an ambient light simulator. 
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SOBJICT'S STATION 

The subject's station (Figure 3) was a night lighting mockup of an 
A-10 front instrim^nt panel, containing four simulator instrianents for the 
representation of primary flight instruments; Attitude Direction Indicator, 
Horizontal Situation Irwaicator, Airspeed Indicator, ar^ Barometric Altitude 
Indicator,   All other imtruments were presented as flat pictures of 
instrOTients. WBiite painted indicia elsnents on the pictures h^ the 
approximate reflectance characteristics of real  instrument iraJicia. 

Front instr\itent panel lighting was ccraposed of three separate groups; 
primary instrument bezel lights, glare shield flood lights, and edge-lit 
panel lights.    Bach of the three lighting groups was separately adjusted by 
the subject. 

Lighting for airspeed and altimeter instruments used full circular ring 
bezel lights.    Lumicon(R) wedge lights were used for illimination of the 
attitude direction indicator and horizontal situation indicator instrutnents. 
General illumination of the front instrument panel was provided by flood 
lighting located beneath the instru^nt panel glare shield. Six edge-lit 
panel lights provided markings for the identification of front instriment 
panel controls araJ switches.   Color coordinates of all of the lighting 
ccnponents were modified to meet the preliminary proposed ANVIS-ccxipatible 
lighting specification (reference 10),    Additional information concerning tte 
front instranent panel  lightir^ is included in Appendix B. 

EXPERIMENTER'S STATION 

The experitienter's station contair^d controls for presenting siiraalator 
instrutent itxJicia and digital voltage displays for monitoring the luminance 
level of the three lighting groups and individual Instrument bezel lights. 

Controls for the selection of a single airsp^ bezel light were also 
included at the ejqjerimenter's station.   When a single bezel light was 
selected ly the experimenter, the subject's potentlcsmeter controlled only 
the alrspe«3 instruiMnt bezel light, while all other bezel lights were off, 

MJVIS SIMULATOR 

An ANVIS sinulator (Figure 4) was used to adapt the subject to a display 
luminance of 1.0 or 0,2 ft-L,  as determined by the tsst condition.  This 
(tevice provided the subject with a diffuse light source of uniform 
brightness (no image) ar^ color over the display's entire 40-degree field 
of view.    Light with chrcwtiaticity coordinates of a P-20 phosphor was 
obtained by filterii^ a tur^sten source.   The display linninance was 
adjusted with neutral density filters to within 15% of the desired test 
condition luminance. 

AMBIENT LIGHT SIMULATOR 

A projection screen in front of the subject was illtmlnated to slnulate a 
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condition of ground luminance on a full moonlit night (reference 11).  The 
average 0.00065 ft-L (standard deviation of 1.9 for 9 measurements) 
luminance provided an ambient lighting condition to which the subject 
visually adapted. The light source consisted of a GE-7C7 incandescent light 
bulb, recessed in a cylindrical housing (2 inch diameter). A neutral density 
filter (ND=2.0) placed over the light source provided the desired luminance 
condition. The angular subtense or viewing angle of the screen was 34 
degrees horizontally and 20 degrees vertically. 

PROCEDURE 

A set of instructions was read to each subject (Appendix C). They included 
the procedure for the experimental session and the events that would occur 
within a given trial. 

A hypothetical mission segment of night-time low level navigation was 
described in which ANVIS would be used for visibility outside of the 
aircraft. It was etphasized that the subject should adjust instrument 
lighting to a minimum-safe level to avoid detection by adversaries. 

The subject was seated 27 inches from the instrument panel. Features of the 
instrument panel lighting were pointed out. The function of the three 
lighting groups and corresponding dimmer controls was denonstrated. 

The subject was dark adapted for 30 minutes prior to the start of the trial 
sequence. All other lights ronained off during this period. 

Preceding each trial the subject was exposed to a preadapting lighting 
condition for 1.5 minutes. The subject was required to look directly at the 
simulated ANVIS display or the simulated moonlight condition. The subject 
then adjusted the instrument lighting to a minimum level that he felt was 
necessary for readability of the airspeed instrument. In the first trial 
the subject adjusted the airspeed instrument bezel light to a level that he 
felt was necessary to read the pointer and barrel indicia. All other front 
instrument panel lights ranained off. The subject was instructed to slowly 
increase the instrument lighting level until the instrument could be read 
following a brief glance down from the ANVIS display or the simulated 
moonlight conditioa The subject was informed that reading the instrument 
should not require more than 2 seconds. 

In the second trial the subject adjusted the luminance of three groups of 
the front instrument panel lighting. The subject performed the following 
sequence: 1- increased the primary instrument cluster lights until the 
airspeed instrument could be read by the method described above. 2- 
increased the edge-lit panel lights until the location of switches and knobs 
was referenced. 3- increased the flood lighting until the engine 
instrument cluster was adequately illuminated for the reading of gauge 
pointer positions. 4- made any necessary adjustments to the primary 
instrument cluster lights to compensate for the effects of the other two 
lighting groups. 

The two trial sequences described above were performed in succession. All 
trials for a given preadapting lighting condition were performed 
consecutively. Five trials were given for each of the 6 experimental 
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conditions. A total of 30 trials were given within the experitiental 
session. One experimental session lasted approximately 2.25 hours ara3 
contained no rest breaks. 

The three preadapting lighting conditions were counter-balanc^a to equalize 
the effects of fatigue and learning. For trials that followed a condition 
of higher preadapting Iminance, an additional 10 minute dark adaptation 
period was given before testing under the Icwer luminance condition. 

AIRSPEED BARREL 
READOUT 

AIRSPEED POINTER 
READOUT 

NOT TO EXCEED 
AIRSPEED POINTER 
READOUT 

Figure 2. Diagram of Airspeed Simulator Instrument. 
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Figure 3.  Subject's Station, consisting of an A-10 Front Instrument Panel 
Night Lighting Mockup. The Ambient Light Simulator is not 
present in the picture. 

Figure 4. ANVIS Simulator with Helmet. 
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LAK)BATORY STUDY RESULTS 

Tables 1 to 3 and Figures 5 to 7 summarize the results of the laboratory 
study. Tables 1 and 2 contain the mean luminance level setting and 
corresporKaing standard deviation for all 8 subjects ccntoined, with 5 trials 
for each test coro3ition. Measuranent points for each lighting group are 
described in Appendix B, 

Table 3 shows the mean Itminance settings for the adjustitent of the 
airspeed indicator light alone for iraaividual subjects. All other lights 
remained off during this trial. Each luminance listed for an individual 
subject is an average of the 3 lightii^ corwaitions arai the 5 trials of each 
condition. Substantial variability in individual subject's luminance 
settings are apparent. The nean values for subjects raided fran 0,0016 ft-L 
to 0.0109 ft-L. The subject's age, night flying time in hours, and neasured 
visual acuity are also included in this table. 

An analysis of variance (ANOVA) was perforned on the luminance data usii^ 
the three adaptation corriitions as factors. Results, shown in Tables 4 to 
6, indicated that there was a significant difference in the adjustnent of 
primary instrument lightir^ as a function of lighting condition (p<,01), 
A Tukey's test indicated that lighting levels set by the subject to read the 
airspeed instrument, after adapting to the iwo ANVIS corKaitions, were 
significantly higher than those after adapting to tiie nwonlight condition, 
Hcwrever, caiparison of the subject's setting of lighting levels followii^ 
exposure to the two ANVIS cor*3itions (1,0 ft-L and the 0.2 ft-L ANVIS) 
showed no significant differences. General results of the ANOVA were the 
same for trials involving the adjustment of the single airspeed instrument 
arri for trials involving the cssnposite panel of instrument lighting (primary 
lights, edge-lit panel lights, arwa flood lights), 

A second and third ANOVA indicated that tte subjects made no significant 
changes in edge-lit panel lighting or flood lighting levels as a result of 
preadaptation to the three lighting conditions. Tables 7 to 8 list results 
of these ANOVA. 

Figure 5 illustrates the light level settings (nean of all subjects) for the 
three preadapting lightir^ conditions. It also caipares airspeed instrun^nt 
lighting levels for adjustment of the airsp^sj instrunent light alone with 
that for the three lighting groups, Tte subjects' light level settings for 
trials involving the adjustment of a single airspeed instrunent are 
approximately the sanie as those for trials involving the adjustnent of the 
three lighting groi^js. 

Mean liminance level settings as a function of subject age are sh«m in 
Figure 6, The product mtatent correlation coefficient, r, sras - 0.41, 
which, for n=8 at the p=0.1 level is not statistically significant. A 
general tretri for instrument lightii^ levels to decrease with increase in 
subject age is therefore not established statistically. Figure 6 also 

, illustrates the scnievrtiat broad range of luminance values set by iraJividual 
subjects. 
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Figure 7 plots the subjects' mean airspeed luminance level settings 
(averaged for all three lighting conditions) against the subjects' night 
flying time. Six of the eight subjects had less than 500 hours of night 
flying time. For the eight subjects the product moment correlation 
coefficient between luminance settings and flight time was r=-0.19, which 
for p>0.1 is not statistically significant. Thus the apparent relationship of 
decreasing mean luminance levels with an increase in night flying experience 
is not established. 

TABLE 1.  MEAN LUMINANCE LEVEL SETTING FOR A SINGLE INSTRUMENT AND FOR A 
CLUSTER OF PRIMARY INSTRUMENTS WHEN PREADAPTED TO VARIOUS AMBIENT 
LIGHTING CONDITIONS. 

0.00065ft-L 
MOON     S 

0.2ft-L 
ANVIS 

1.0ft-L 
ANVIS 

AIRSPEED 
AIRSPEED 

ALONE      0.0043 (0.0029)* 
WITH CLUSTER 0.0044 (0.0028) 

0.0058 
0.0064 

(0.0034) 
(0.0037) 

0.0062 
0.0073 

(0.0036) 
(0.0042) 

*STANDARD DEVIATION IN PARENTHESIS 

TABLE 2. MEAN LUMINANCE LEVEL SKITING FOR THREE LIGHTING GROUPS WHEN 
PREADAPTED TO VARIOUS AMBIENT LIGHTING CONDITIONS. 

0.00065ft-L 
MOON    S 

0.2ft-L 
ANVIS S 

1.0ft-L 
ANVIS S 

AIRSPEED-COMPENSATED 0.0040 (0.0026)  0.0061 (0.0034) 
FLOODS 0.0138 (0.0175)  0.0155 (0.0156) 
EDGE-LIT PANELS     0.0107 (0.0122)  0.0163 (0.0160) 

0.0065 (0.0039) 
0.0202 (0.0160) 
0.0193 (0.0179) 

♦STANDARD DEVIATION IN PARENTHESIS 

TABLE 3.  MEAN LUMINANCE LEVEL SETTING ACROSS ALL THREE LIGHTING CONDITIONS 
FOR INDIVIDUAL SUBJECTS IN DBCENDING ORDER OF LUMINANCE 

SUBJECT 
NUMBER 

LUMINANCE 
(ft-L) 

AGE NIGHT FLIGHT SNELLEN ACUITY 
TIME (HOURS) RIGHT LEFT 

26 70 20/20 20/20 
34 100 20/25 20/25 
25 50 20/25 20/25 
36 350 20/15 20A5 
38 4700 20/20 20/15 
29 90 20/25 20/15 
34 1000 20/25 20/20 
34 270 20/20 20/20 

7 
1 
6 
5 
8 
4 
2 
3 

0.0109 
0.0086 
0.0066 
0.0060 
0.0048 
0.0032 
0.0020 
0.0016 
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TABLE 4.    ANOVA FOR SINGLE AIRSPliD INSTRUMENT SBTTINGS WEN PREADAPTED TO 
VARIOUS AMBIEMT LICTTIM3 CXWDITIONS. 

SOUKE DF MEAN SQUARE F p 

SUBJECT 7 0.001543 42,0 ~0~0001 
CONDITION 2 0.000443 12.0 0.0009 
ERTOR 14 0.000037 

TABLE 5.    ANOVA FOR PRIMARY INSTRUMENT CLUSTER SETTINGS WEN PREADAPTED TO 
VARIOUS AMBIENT OMDITIOSS. 

SOURCE DP MEAN SCXJARE P p 

SUBJECT 7 0.001710 34.2 I'lmi 
CCWITION 2 0,000787 15.8 0.0003 
ERROR 14 0.000050 

TABLE 6.    ANOVA FOR COMPENSATH) PRIMARY INSTRUMENT CLUSTER SEPTINGS WHEN 
PREADAPTED TO VARIOUS AMBIENT CCM5ITI0NS. 

SOTRCE DF MEAN SfflJARE P p 

SUBJECT 7 0.001859 38.8 0.0001 ' 
CONDITION 2 0.000773 16.1 0,0002 
ERROR 14 0.000048 

TABLE 7,     ANOVA TOR EECE-LIT PANEL LIGHTS WHIN PREADAPTED TO VARIOUS AMBIEOT 
LIGHTING CONDITIONS. 

SOUICE DF MEAN SgJARE P p 

SUBJECT 7 0.000640 15.4 0.0001 
CONDITKW 2 0.000152 3.6 0.0551 
ERROR 14 0.000042 

TABLE 8.    ANOVA TOR FIXWDLIGHTS «#ffiN PREADAPTED TO VARIOUS AMBIENT LIGHTING 
CONDITIONS. 

SOUKS DP MEAN SC^JARE F P 

SUBJKTT 7 0.010626 13.3 0,0001~ 
OJNDITION 2 0.002550 3.2 0.0724 
ERROR 14 0.000800 
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FIELD STUDY MOTHOTOKXH 

DESIGN VARIABLES 

In the operational environrtent, many factors influence the pilot's setting 
of instrument lighting levels.    The follcwing variables are "independent 
variables" in the broad sense that each may influence the pilot's setting of 
instrument lighting levels.    These variables are summarized as follows; 

* Level of Dark Adaptation- Ambient light level  {i.e. moonlight, 
starlight, ground light,  etc.) 
determines the ANVIS display brightness, 
which in turn, is responsible for the 
human visual adaptation state. 

* Individual Night Vision- Differences in an irriividual's night 
vision contribute to the setting of 
instrument lighting levels. Presently, 
pilot visual screening tests do not 
consider deficiencies in human night 
vision. 

* Interference with NVGs- Current special operations lighting 
designs are,  in some instances, reporteS 
to be only partially coi^atible with 
night vision goggles.    As a result, 
pilots set instriment lightir^ levels 
to reduce or eliminate interference 
with the ANVIS displayed iiragery 
(particularly reflections in the 
windscreen). 

* Lighting/Crew Station Design- Many differences exist in lighting and 
crew stations for various operational 
aircraft,  including the types of 
instruments, iraaicia,  gecxnetries, 
lighting componenets, etc.    All in- 
fluence instrument lighting levels. 

* Training/Type of Mission- Special operations training requires 
that instrument lighting levels be set 
for mlninwrn readability to reduce 
visibility frcm outside.    This trainir^ 
can be related to a particular mission 
type. 

The dependent variable in the field study was the luminance level of the 
instrument indicia set by the pilot. 
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AIRCRAFT AND EQUIPMENT 

Lighting measurements were made on board three Air Force special operations 
aircraft: C-141, C-i30, and HH-53. Each of these aircraft is equipped with 
lighting systems that are compatible with NVGs. The designs consist 
primarily of flood lighting located beneath the front instrument panel glare 
Shield (reference 11). Additional measurements were made onboard a National 
Guard OH-6 aircraft. The lighting design for this aircraft consisted 
primarily of ring bezel lights or post lights located on individual 
instruments. 

Measurements were made with a Pritchard 1980 photometer with close-up lens 
a Spectra RS-1 barium sulfate plaque, and a tripod. ' 

PROCEDURE 

A verbal description of the lighting field study was given to crew members 
m the preflight briefing. This description included the purpose of the 
study, the time required for measurements, and the procedure for data 
collection. No specific instructions describing how to set instrument 
lighting levels were given. An alternate method of data collection was used 
when the method described conflicted with other mission requirements  The 
data collection sequence was performed as follows: 

1- The aircraft landed at an austere airstrip and the pilot was 
instructed to remove his ANVIS. 

2- After adapting to ambient lighting conditions, the pilot was 
instructed to adjust lighting levels to make aircraft instruments 
readable without ANVIS. 

3- Photometric measurements of the front instrument panel were taken. 
4- The pilot was instructed to put on ANVIS. 
5- After visually adapting to the ANVIS display field, the pilot was 

instructed to adjust lighting levels to make aircraft instruments 
legible while utilizing the ANVIS look-under design. 

6- Photometric measurements of the front instrument panel were taken. 

The alternate method of data collection was as follows: 

1- Lighting levels were set by the pilot in flight during a mission 
segment that typified ANVIS usage. 

2- Photometric measurements of the front instrument panel were taken 
after the flight. Lighting levels set in flight were unchanged. 
Tarps were placed over the windscreens to block out parking area 
lights. 

Because no additional instrument bezel lights were present on each of the 
three Air Force front instrument panel designs, illuminance measurements 
were the primary method of data collection. Direct luminance measurements 
were the method used for data collection on board the OH-6 aircraft. 
Lighting measurenent techniques are described in Appendix D. 
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FIELD STUDY RESULTS 

^''LST?^ 'r^t/^^^lt^^ are results of lightir^ measuranents taken 
on board C-141, C-130, and the HH-53 special operations aircraft. 

The tabular form of the illuminance data indicates the aEproximate physical 
location th|^ measurenents were made on the front instrurrent mnel  The 
gradation of lighting, shown by measurements of the high, middle, and low 
5^i*^S"4.°" ^  ^f?"u instrument panel, is typical of a flood lighting 
distribution for lights mounted beneath the instrument panel glare shield. 
Illuminance data m Tables 9 to 11 indicate a rather broad range of 
lighting Uvels across each of the front Instrument panels measured. 
Illumina^ levels at the bottan of the panel (low position) ranged from 
16% to 33% of the luminance levels at the top (high position) of the panel 
for any giv^ crew position. fc«"«B^ 

For data show in Tables 9 and 10, the pilot adjusted instrument lighting 
l^^rfos^' ^* **^" adapted to an ambient lighting condition (not wearing 
ANVIS) and a^am after adapting to the ANVIS display luminance. Table 11 
lists lighting levels set by the pilot during a mission sentient using ANVIS. 
Each Illuminance measuranent was taken in a position directly over the 

r,«il ^ a^*^^  ''^f'^^? °^. lighting measursients taken onboard a National 
f S «ff'lV*^''jf** .^'"'ninan^ of the ^lite indicia ranged fran 0.030 
to 0.086 ft-L. The minimum neasured instrument luminance was 35% of the 
maxinRin meaiyred mstriment luminance. 

Soil^ ^^u^^ ^Jf ^^^ approximate luminances of v*iite instrument indicia 
^f^, IJ^PT' ^^flectance characteristics of indicia paint. This data was 
calculate from Illuminance data of Tables 9 to 11. MIL-L-2716K: (reference 
13) .pacifies white 37875, black 37038, and gray 36440 as the indicia 

^^^%'^^ 'Cf^//^"'^^ °^ ^^^^ ^i"t^ ^s n^sured in the laboratory, were 
8i.3%, 5.5% tnd 46.8% respectively. Paint chips *^re provided in FHJ-STO- 
it 1 ""^^^J-V' .^°^ ^^ calculated lighting data shown in Tables 13 to 
tl naol^^^r 1™^"^"=^ levels, set by pilots when usir^ ANVIS, was 0.004 
to II.I900 rt—L, 

?f^J""^"^!lff^ calculated for various instrument panel lighting data are 
listed m Tible 16.  A description of the data points used in the 
^lcul3tio» M well as standard deviations are included in the table. 
n» grading fffect of flood lighting resulted In high standard deviations. 

^*f* L^^^^'^^^'f^ *^! ^^^^^ °^ ^VIS use on instrun^t lighting levels 
£Li^!i .'^ collected onboard the C-130 and C-141 aircraft. The graph 
^latm  that 1*p pilots' setting of instrument lighting levels was higher 
i*OT using AJIVIS. Figure 8 also conpares the pilot's ANVIS lightira levels 
!j^ 1^? ""Str^^^ non-^VIS settings. It can be observed that the non-ANVIS 
^ltAi^'l^^^^\'^u^''^^f ^^^ ^* aK>roximately the s^ luminance level 39 tm pilot's ANVIS lighting levels. 
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TABLE 9. PHOTOMETRIC MEASUREMENTS OF THE C-141 FRONT INSTRUMENT PANEL 
FOR PILOT WITH/WITHOUT ANVIS. 

FLOOD LIGHT MEASUREMENTS, IN ft-C, NOT USING ANVIS 

panel        pilot console 
position 

high 
middle 
low 

center console 

0.005 
0.002 
0.001 

0.024 
0.015 
0.008 

copilot console 

0.044 
0.028 
0.009 

FLOOD LIGHT MEASUREMENTS, IN ft-C, USING ANVIS 

panel pilot console 
position 

high 
middle 
low 

0.100 
0.050 
0.025 

(center and copilot level were unchanged) 

API LUMINANCE LEVEL, IN ft-L, USING ANVIS 

panel pilot console 
position 

above horizon line 
below horizon line 

0.050 
0.006 

copilot console 

0.053 
0.005 

HSI LUMINANCE LEVEL, IN ft-L, USING ANVIS 

panel 
position 

pilot console copilot console 

pointer at 6 o'clock    0.021 
black background      0.006 

0.011 
0.001 

Notes: -Date Collected: 6/27/84 
-Airplane:  tail# 0131, Electroluminescent lighting 
-Conditions: hazy, starlight, no ground lights 
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TABLE 10. PHCnOMETRIC MEASUREMENTS OF THE C-130E (AWADS) FRONT INSTRUMENT 
PANEL TOR PILCXT WITH/WITHOUT ANVIS. 

FLOOD LIGHT MEASUREMENTS, IN ft-C, NOT USING ANVIS 

panel     pilot console  center console  copilot console 
position 

0.002 0.082 
0.002 0.034 
0.020 0,014 

ETjDOD LIGHT MEASUREMENTS > IN ft-C, USING ANVIS 

panel pilot console 
position 

high 0.012 

'"i'^'^ls 0.007 (center and copilot levels were unchanqed) 
low 0.004 

high 0.002 
middle 0.001 
lew 0.001 

API LUMINANCE LEVEL, IN ft-L, USING ANVIS 

Pansl pilot console copilot console 
position 

above horizon line     0.002 0,002 
below horizon line     0.0003 0.0004 

Notes: -Date Collect^: 8/14/84 

-Airplane: Tail# 1276, Electroluminescent lighting 
-Location: Pope AEB, no ground lights 
-Conditions: approximately 80% full moon 
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TABLE 11. PHOTOMETRIC MEASUREMENTS OF THE HH-53 (PAVELOW) FRONT INSTRUMENT 
PANEL WITH ANVIS. 

FLOOD LIGHT MEASUREMENTS, IN ft-C, USING ANVIS 

panel    pilot console      center console 
position 

high     Radar ALt 0.074 
middle   ADI     0.052 

WI     0.050 
low      Rotor RPM 0.022 clock   0.005 

eng temp 0.009 

copilot console 

Airspeed 0.064 
Radar Alt 0.018 
ADI 0.032 
WI 0.018 
Rotor RPM 0.014 

ADI LUMINANCE, IN ft-L, USING ANVIS  • 

panel pilot console 
position 

above horizon line 
below horizon line 

0.011 
0.004 

HSI LUMINANCE, IN ft-L, USING ANVIS 

panel 
position 

bearing pointer 

pilot console 

0.003 

Notes: -Date Collected: 11/1/84 
-Airplane: Tail# 1650, filtered incandescent flood lighting 
-Location: parking area with tarps covering windscreens 
-Conditions: 50% moon, clear 
-lighting levels were set during mission segments using NVGs 
-both pilot and copilot were using ANVIS 
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TABLl 12. PHOTOMETRIC MEASUREMENTS OF THE 0H-6A FRONT INSTRUMENT PANEL 
WITH MVIS. 

Instrisnent White Pointer Adjacent Black 
Luminance (ft-L) Luminance (ft-L) 

 ^_============= ======s==== !=============: ==================== 
Altinteter 0.063 0.006 
Clock 0.031 0.002 
rail 0.086 0.003 
Attitude Indicator 0.045 0.007 
Rotor Tach 0.082 0.006 
Airspeed 0.047 0,021 
Torque 0.057 0.005 
N. Tach 0.030 0.013 

Notes: -Date Collected: 4/2/85 

-Airplane: Tail# 15188, incandescent bezel lights by Aerospace Optics 
-Location; in hangar with tarps covering wireJscreens 
K:onditions: full moon, clear 

-Lighting levels ^re set in flight during a Im level flight 
-Only direct instrument neasuranents of instrument jKiinters 
were nade (ft-L) 

-Measuranent data in the table is not ordered by position on the 
front instrument panel 
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TABLE 13. C-141 CALCULATED LUMINANCE, IN ft-L, FOR WHITE PAINTED INDICIA. 

NOT USING ANVIS 

panel   pilot console 
position 

center console   copilot consolfc 

high 
middle 
low 

0.004 
0.002 
0.001 

0.021 
0.013 
0.007 

0.038 
0.024 
0.008 

USING ANVIS 

panel 
position 

high 
middle 
low 

pilot console 

0.086 

0.043 (center and copilot levels were unchanged) 
0.022 

TABLE 14. C-130 CALCULATED LUMINANCE, IN ft-L, FOR WHITE PAINTED INDICIA. 

NOT USING ANVIS 

panel     pilot console   center console  copilot cofjsole 
position 

high 
middle 
low 

0.002 
0.001 
0.001 

0.002 
0.002 
0.017 

0.071 
0.029 
0.012 

~A. ^. 

USING ANVIS 

panel 
position 

high 
middle 
low 

pilot console 

0.010 
0.006        (center and copilot levels were uocllangtd) 
0.003 
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TABLE  15.   HH-53 CAIXMMATED LUMINAK3!,  IN ft-L, TOR miTE PAINTED  INDICIA. 

USING MVIS 

panel 
position 

pilot console  center console    copilot console 

high 
middle 
low 

Radar Alt 0.064 Airspeed 0.055 
ADI      0.045 Radar Alt 0.016 
WI      0.043 ADi     0,028 
Rotor RPM 0,019  clock  0.004 WI     0.016 

eng taip 0.008 Rotor RWi 0.012 

TABLE 16. AVERAGE LUMINANCES CALCULATED TOR MEASUREMENTS ON AITCRAFT. 

Aircraft Location/Condition 

C-141 all of panel/no ANVIS 
C-141 pilot station/no ANVIS 
C-141 pilot station/with ANVIS 
C-130 all of panel/no ANVIS 
C-130 pilot station/no ANVIS 
C-130 pilots station/with ANVIS 
HH-53 pilot station/with MIVIS 
HH-53 copilot station/with ANVIS 
OH-6 pilot station/with ANVIS 

# of Measurements ftean(ft-L) S 

9 0.013 (0.012)* 
3 0.002 (0.002) 
3 0.050 (0.033) 
9 0.015 (0.023) 
3 0.001 (0.001) 
3 0.006 (0.004) 
4 0.043 (0.018) 
5 0.025 (0.018) 
8 0.055 (0.021) 

♦STANDARD DEVIATION IN PARENTHESIS 
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DISCUSSION 

As indicated previously, one of the objectives of this work is to determine 
luminance levels required for instrment legibility v*en the visual system 
IS adapted to ANVIS display luminance. The data derived from these studies 
can then be used to define an accurate test luminance for acceptance 
procedures of ANVIS catpatible lighting cc«HK>nents. 

In the currently proposed specification, various lighting characteristics 
(i.e. chromaticity atxa spectral anissions} are tested for acceptance at 
luminance levels that are estimated to be representative of a pilot's actual 
operational levels. For the spectral emission acceptance procedure (t^ 
MVIS radiance units, paragraph 3.2.5.1), the test condition lianinance is 0.1 
ft-L. For the color acceptance proceSure (by c,I.E. chroiraticity 
coordinates, paragraph 3.2.4.1) the test condition luminance is 0.05 ft-L. 
The currently-estimated operational luminance levels do not consider 
potential effects of the preadapting ANVIS display luminance. 

The laboratory results show that preadaptation to light sources of higher 
luminance (1.0 ft-L or 0.2 ft-L ANVIS condition conpared to the 0.00065 ft-L 
anftjient condition) result in a correspondii^ increase in the lighting levels 
needed for readability of instruments. A closer examination of the data 
reveals that actual increases in instriment lighting levels, although 
significant, were snail when cortpared to the corresporK3ing change in 
preadapting luminance conditon. increasing the preadaptir^ luminance by 
roughly a factor of 300 (0.00065 ft-L to the 0,2 ft-L coreJition in Table 2), 
resulted m an increase in the airspeed instrunent lighting levels by a 
factor of 1.5 (0.0040 ft-L to 0.0061 ft-L). Similarly, an increase in 
preadapting luminance by a factor of 1500 (0.00065 ft-L to 1.0 ft-L 
condition in Table 2),  results in an increase in the airspeed instrument 
lighting levels by a factor of 1.6 (0.004 ft-L to 0.00065 ft-L). This 
result indicates that this broad range of preadapting luminance has very 
little affect on pilot adjusts instrun^nt lighting levels. In fact the 
increase in instrument lighting level, resulting from the 1.0 ft-L lighting 
corriition, is less than the range of mean lighting levels set b/ individual 
subjects. 

Laboratory results also show luminance levels of the three lighting groins 
to be Imex  than the 0.1 ft-L test luminance condition described in the draft 
specification. For the 1.0 ft-L ANVIS condition, the mean luminance levels 
for the three front mstruitent panel lighting groups were as follows: 0.0065 
ft-L for primary instrument cluster, 0.0193 ft-L for the edge-lit panel 
lights and 0.0202 ft-L for the flood lights. Each of these luminance values 
represents a single measursnent point on the front instrisnent panel. 
For each lightir^ group, a rar^e of luminance is actually defined, for 
various locations on the front instrument panel, it is notable that these 
luminance values are very much dependent on lightir^ design (i.e. luminance 
distribution), the gecmetry of the front instrument panel, and the 
instructions provided to the subject. Instructions requiring tte subject to 
"set instrument lighting to a minimum level" are believed to have resulted 
in» these low luminance values. 

The setting of the airspeed instrument lighting level was based on the 
subject's ne«3 to identify irrficia on the instrumait barrel readout. The 
character size of the barrel readout numbers is a significant factor in the 
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luminance required for the subject to read the airspeed instrument.    These 
are estimated to be 3.0 minute (20/60) targets  (appendix E).    This character 
size is therefore slightly larger than the 2.0  (20/40)  to 2.5  (20/50) minute 
target size range,  defined as typical for most aircraft indicia design. 
Direct conparison of the results of this experiment with threshold acuity 
studies found in the literature is not possible though due to the cotrpletely 
different methodologies estiployed in the experiments. 

The most obvious finding of the field study was that instrument lighting 
levels were,   in all cases,  lower than the currently proposed 0.1 ft-L test 
condition.    For the pilots' settings of instrument lighting levels when using 
ANVIS,   luminance values ranged from 0.003 to 0.086 ft-L for the C-141, C- 
130, HH-53, and OH-6 aircraft.   The data collected on board these aircraft 
seem to indicate that a test condition luminance less than 0.1 ft-L would 
more accurately describe a condition of operational usage.    Using the mean 
luminance data of Table 16, the operational  levels were in the 0.006 to 
0.055 ft-L range.    This range of values is probably more "typical" of the 
operational   luminances used than the specified 0.1 ft-L test condition. 
These calculated mean values, however, are dependent upon the location of 
measurement on the front instrument panel.    Interpretation of these values 
must be considered, with individual data points used in the calculations. 

Luminance uniformity requirements of the currently proposed specification 
are expected, generally, to contribute to lower luminance level settings 
than are present with instrument panels of broader luminance distribution. 
The specification  (paragraph 3.3.5.2)  states that the  luminance ratio 
between lighted instruments shall be no greater than 1.75 to 1.    It is 
notable that the OH-6 aircraft instrument lighting does not meet this 
requirement.      For the 0.030 ft-L and 0.086 ft-L  (Table 12) measurements, 
the luminance ratio is 2.87 to 1.    Similarly,  the C-141, C-130,  and HH-53 
aircraft do not meet this requirement. 

CONCLUSIONS 

The effect of a preadapting ANVIS display luminance results in a significant 
increase in primary instrument lighting levels set by pilots; however, this 
increase is small when conpared to the change in preadapting luminance. 
When preadapted to the ANVIS display luminance (1.0 ft-L) an increase in 
instrument lighting levels, by a factor of 1.6 may be expected when conpared 
to instrument lighting levels set following a preadaption condition of 
moonlight  (0.00065 ft-L ambient). 

There seems to he reasonable evidence to indicate that the current luminance 
test condition of 0.1 ft-L is higher than instrument lighting levels that 
are typically encountered in the field.    Luminance measurements made on board 
the C-141, C-130, HH-53, and OH-6 aircraft show lighting levels to be 
generally less than 0.06 ft-L and to contain luminances in the 0.003 to 
0.086 ft-L range. 

248 



APPEMDIX A 
NIGHT VISION TEST 

The current MMRL Night Vision Test (NVT) determined luminances required for 
the threshold acuity of Snellen characters. The subject was required to 
identify the orientation (up, dt»?n, right, left) of characters presented 
after adjusting luminance to a required level. 

The threshold luminance required for the recognition of a target of 2.5 
minute visual angle (20/50) is shewn in Table A.1 for each of the eight 
subjects. The luminance level, as set for the legibility of the airspeed 
mstrunent is also included in this table. The calculated nean Is 0.016 ft-L 
with a standard deviation of 0.005 for the eight subject values. All 
iraaividual subject data is within two standard deviations of the subject 
popwlation mean. 

No statistical correlation between the AAMRL Night Vision Test data and the 
laboratory study data was foureS (r=0,07, p=0.8631). 

TABLE A.1 NIGHT VISION TEST DATA FOR TARGET OF 2.5 MINUTE VISUAL ANGLE AND 
LABORATORY LUMINAICE DATA TOR SUBJECT'S SEITING OP TOE AIRSPEED 
INDICATOR LIGHT ALONE. 

SUBJECT NVT LUMINANCE 
NIMBER (ft-L) 

=========================== 
1 0.019 
2 0.021 
3 0.013 
4 0.006 
5 0.013 
6 0.016 
7 0.015 
8 0.021 

AIRSPEED LUMINANCE ALONE NIMBER 
FOR 0.00065 ft-L A^©IENT (ft-L) 

0.0075 
0.0011 
0.0011 
0.0024 
0.0052 
0.0045 
0.0091 
0.003 
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APPENDIX B 
SUBJECT STATION INSTRUMENT PANEL LIGHTING 

All of the front instrument panel utilized electroluminescent lighting. 
Individual conponents used to illuminate the simulator instruments are 
described in Table B.l. 

Luminance measuranents of edge-lit panel lights were made at rated coitponent 
voltage. These data, listed in Table B.2, describe the luminance uniformity 
of various edge-lit panels. The Weapons Panel knob was used to describe the 
luminance of the edge-lit panel lighting group for subject data listed in 
the laboratory results section. Luminance measuronents at other locations 
are also shown in this table. Each table entry is the average of 3 
measurements. 

Luminance measurements of the 12 engine instrument gauges (photographic 
pictures) were made with flood lighting at rated voltage. Each value listed 
in Table B.3 represents a luminance measurement of a single instrument 
pointer in the engine instrument cluster. The Fuel Flow engine instrument 
pointer (row 2, column 3 in the table below) was used to describe the flood 
lighting luminance for subject data given in the results section of this 
report. 

Luminance measurements of the individual primary instruments are shown in 
Table B.4. The index marker of the barrel readout was used as the 
measurement point for the airpeed instrument. All other primary instrument 
lighting levels may be expressed relative to this measurement location. 
Contrast was calculated by the formula provided in MIL-L-27160C (USAF): 
C=(B2-B1)/B1, where: B2 is the luminance of the white or gray area and Bl is 
the luminance of the black area. A loss of contrast, seen as cloudiness on 
the instrument face, is measured for instruments using the Lumicon Wedge 
lighting conponent. The contrast of the Attitude Direction Indicator 
Instrument indicia is notably poor. 

The chromaticity coordinates of all individual lighting conponents were 
modified to comply with the proposed AN/AVS-6 lighting compatibility 
specification. Color coordinates of the modified lighting catponents are 
shown in Table B.5. A graph of the modified C.I.E. chromaticity coordinates 
is shown in Figure B.l. 

All luminance data described in the laboratory results section of this 
report were calculated frcxn voltages, using the digital voltage readout 
located at the experimenter's station.  Figure B.2 shows the relationship 
between voltage and luminance for various lighting groups. These curves 
show that measurement of voltage input to a lighting circuit does accurately 
and precisely track luminance. The luminance range containing the least 
accuracy is the region of the curve with the largest slope. For Figure B.2, 
showing the voltage to luminance relationship for measurement of the 
Airspeed Instrument barrel readout, the largest slope is in the 80.0 to 
115.0 volt range. The corresponding luminance is in the 0.006 to 0.012 ft-L 
range. For a change of .1 volts (accuracy of voltage readout at the 
experimenters station) the change in luminance is 0.00002 ft-L. This 
accuracy is an order of magnitude better than needed for purposes of this 
experiment. 
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Photometric measuranents were made to ensure that the lighting coiponents 
and their corresponding power supplies were stable with time. It was 
also determined that power supply loading effects, created by the use of 
various lighting groups, %rare negligible. 

Reflectance characteristics of the photographic pictures were measured. 
The reflectance of white ir«3icia elanents was 51%. The reflectance of black 
indicia elements was 16%. The resulting contrast was C=2.2. 

TABLE B.1 LIGHTING COMPCIIENTS USED TOR ILLUMINATION OF THE PRIMARY 
INSTRUMEMT CLUSTER. 

Description Manufacturer/Hodel Instrument Illuminated 

3 Inch Ring Bezel 
3 Inch Ring Bezel 
Lumicon Wedge 
Lumicon Wedge 

Midland Ross/t'N 20-0187-5 
Midland Ross/PN 2-00187-5 
Control Products/ -— 
Control Products/ —— 

Airspeed Iirf. 
Altimeter InA, 
Attitude Direction Ind. 
Horizontal Situation Ind. 

TABLE B.2 LOMINMTCB UNIR3RMITY OF EDGE-LIT PMIEL LIGHTING AT MEASUREMEOT 
TOINTS ON VARIOUS IDGE-LIT PANELS. 

Panel!   Indicia/tiocation Mean (ft-L) 

1 
2 
3 
4 
4 
5 

"J" of "JET" 
"H" of "HUD" 
"D" of "Dc»m Lock Override" 
"R" of "Release Mode" 
"Weapons Panel Knob" 
"S" of "Sys" 

0.073 
0.072 
0.106 
0.141 
0.307 
0,072 

(0.006)* 
(0.019) 
(0.014) 
(0.004) 
(0.027) 
(0.007) 

♦STANDARD DEVIATION IN PARENTHESIS 

TABLE B.3 LUMINAM::E UNITORMITY OF ENGINE INSTRUMENT ILLUSTRATICWS, IN ft-L 

Rc^/Column# 12 3 4 

1 
2 
3 

0.0075 0.0121 0.0112 0.0115 
0.0144 0.0110 0.0088 0.0089 
0.0075 0.0071 0.0034 0.0043 
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TABLE B.4    LUMINANCE UNIFORMITY AND CONTRAST CALCULATIONS FOR THE PRIMARY 
INSTRUMENT CLUSTER. 

Instrument Indicia/Location Luminance  (ft-L) 
white/gray black 

Contrast 

Attitude Ind. tick mark at 
~ 

3 oclock 0.0064 0.0048 0.3 
"0" at bottom 0.0052 (gray) 0.0045 0.3 
"M" near top 0.0092 (gray) 0.0089 0.03 

Hor. Sit. Ind. upper portion 0.0155 0.0031 4.1 
upper portion 0.0122 0.0026 3.6 
lower portion 0.0545 0.0206 15.3 
lower portion 0.0329 0.0022 14.3 

Airspeed Ind. 1 knot 0.00752 0.0004 19.9 
150 knots 0.0059 0.0004 15.5 
300 knots 0.0032 0.0004 6.8 
450 knots 0.0091 0.0006 15.3 
index mark 0.0142 

TABLE B.5 COLOR COORDINATES FOR INDIVIDUAL LIGHTING COMPONENTS AFTER 
MODIFICATIONS MADE TO COMPLY WITH THE AN/AVS-6 LIGHTING 
SPECIFICATION. 

Lighting Component CIE Coordinates 
X      y 

Graph Symbol 

Grimes Full Circular Bezels 
Lumicon Bezel 
Glare Shield Floods 
Edge Lit Panel 

0.251 
0.213 
0.277 
0.275 

0.544 
0.532 
0.529 
0.651 

D 
O 
o 
A 
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.3 

.2 

A .5 .6 .8 

Figure B.l. Modified Color Coordinates of Individual Lighting and the 
Color Limits Defined by the Proposed AN/AVS-6 Lighting 
Ccnpatibility Specification. 
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APPENDIX C 
INSTRUCTIONS TO SUBJECTS 

The foll(^ing instructions were read to each subject before the start of the 
experiment: 

"The purpose of this experiment is to determine the lighting levels that you 
require for reading aircraft instriments when using Night Vision Goggles. 

Consider the following mission scenario for the purpose of this experinent: 
You are flying at night, at low level, and you are using night vision goggles 
or unaided human vision to see groura3 terrain features outside of the 
aircraft. It is required that you read the airspeed instriment by glancing 
dc^n frran view of the hypothesized external scene. It is your intention to 
set instrurtent lighting to a minimtm level in order to avoid detection by 
adversaries. It is also required that you read the airsj»ed instrument 
within 2 seconds of the time that you glance down. 

Prior to testing, you will be dark adapted. To acccnplish this, you will be 
required to ranain in a darkened room for a period of 30 minutes. Following 
this period the data collection will begin. 

Before each trial you will be required to view a simulates moonlight 
condition or a simulated ANVIS display for a period of 1.5 minutes. Look 
directly at this preadapting light source. Following exposure to the 
lighting condition, you will make adjustments of the front instrunent panel 
lighting. 

In the first trial you will be asked to adjust the airspeed instrument light 
to a level that you feel is necessary to read the pointer and barrel readout. 
After reading the airspeed in knots the luminance will be recorded and the 
instrument dimmed to the off position. 

In the secorKS trial you will adjust three groupings of front instrument 
panel lighting. Start by slcwly increasing the primary instrument cluster 
lighting until you can read the airspeed instrument. Next, turn up the edge 
lit panel lighting until you can identify the location of switch^, knobs 
and other controls on the front instrun^nt panel. Next, adjust the 
instrunent panel flooa lightii^ until the pointer orientatiors of the ermine 
instrvHtient cluster are readable. Finally, make any adjustnents to the 
primary instrument lights that you feel are necessary to catpensate for 
effect of the other instrument lighting groups. You will then be asked to 
read airspeed in knots. The luminance of the lighting groins will be 
recorded and the lighting dimned to the off position. 

All subsequent trials will proceed in the sane manner as the ones that I 
have just described. Take time now to matiorize the location and function of 
the three lightir^ groups are! their corresporeSing dimmer potentianeters," 

After the subject becane familiar with the lighting the experimenter asked; 
"Are there any questions before we begin the dark adaptation period?" 
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APPENDIX D 
PHOTOMETRIC MEASUREMENT PROCEDURES 

LUMINANCE MEASUREMENTS 

The method used to measure photometric brightness (reference 15) of aircraft 
instruments is described as follows: 

1- A 22 inch focal length achromat lens was placed over the standard 
objective lens to decrease the measurement field size. 

2- A measuretient field size was selected that was about 1/2 the stroke 
width of the indicia. 

3- Luminance measurements were taken by orienting the optical head 
to place the measuring field within the instrument indicia. 

ILLUMINANCE MEASUREMENTS 

The method used to measure illuminance is based on the use of an external 
reflectance standard, which has a diffuse reflectance of nearly 100% (the 
RS-1 reflectance standard). The method is based on the fact that the 
luminance (in foot-Lamberts) of a perfectly Lambertian diffusing surface is 
numerically equal to the illuminance (in foot-candles) which falls on 
its surface. The procedure is as follows: 

1- The reflectance standard plaque was placed over the front instrument 
panel in the same plane as the instruments. 

2- The photometer optical head was oriented at approximately 45 degrees 
to the surface of the plaque. 

3- The luminance of the plaque was measured. 
4- The luminance reading (in foot-Lamberts) was converted to illuminance 

(in foot-candles) using the following formula: 

Illuminance (in foot-candles) = Luminance (in foot-Lamberts) /R 
where R=l and is defined as the absolute reflectance factor of the 
plaque 
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APPENDIX E 
AIRSPEED SIMULATOR INSTRUMENT CHARACTER SIZE 

The visual acuity required for legibility of characters on the cylinder 
readout was calculated to be a 3.0 (20/60) minute visual angle Iw using the 
stroke width of the character and a viewing distance of 27 inches. 

Because the character stroke width is not equivalent to 1/5 the character 
height and because the character width is not equal to character height (the 
requirsnent of a true Snellen character), this calculated value is only 
a rough estimate. ^ 

The size of various indicia for the airspeed simulator instrument, in 
inches, was neasured as follows; 

dial characters h=9/32, w=6/32, stroke width=3/64 
pointer (white portion) w=3/32, L=l 4/32 
cylinder digital readout w=l/32, h=5/32, stroke width=3/128 
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OSA 

SUMMARY 

Proper lighting of aircraft instruments, panels, controls, indicators, 
and displays is essential in high performance aircraft. The lighting must be 
useabXe over a large range o£ ambient conditions,- especially during dawn or 
dusk transitions and at night. It must be uniform, have low glare, and be 
continuously dimmable to very low luminance levels, so the pilot dan become 
partially dark adapted for good, out-of-the-cockpit vision. Various aspects 
of cockpit lighting such as intensity levels, contrast, luminance and color 
uniformity, red versus white versus blue-green general lighting, color 
coding, and other parameters are discussed. Daytime lighting requirements 
will be noted throughout the paper because they are an important part of the 
overall design of the lighting system. f f 

1 • u^* special area of interest is night vision goggle compatible cockpit 
J-ignting. As night missions evolve, night vision goggles (NVGs) are being 
used with greater frequency. The characteristics and usage of NVGs are over- 
viewed. Methods of achieving night vision goggle compatibility in the cockpit 
using filtered incandescent lamps, external bezels, floodlighting, llght- 
eraittmg diodes, electroluminescent lamps, microlouver material, and black 
flight suits are described. 

COCKPIT LIGHTING 

Instruments, panels, switches, controls, indicators, and displays must be visible 
i^nS^^/^ ,?fi®,'^*"9e of ambient lighting conditions.  Ambient illumination ranges 

„«»,„„*.„ . 4 tt, ^w       .   L-   .   .  ..-,-.  —^tput and good contrast to 
compete with the sun. Another demanding ambient condition occurs during dawn and dusk 
transitions. The cockpit can be In very dark shadcws while the pilot is still viewing 
a very bright outside scene. The human eye can adapt to scenes that have about a 100 
to 1 luminance range, while a dawn/dusk situation easily exceeds 1000 to 1. Depending 
on the sun angle, the pilot will turn the cockpit lighting to maximum, which is only 1 
to 2 foot Lamberts Cft-L) for instruments and panels. Fortunately, this condition is 
Of short duration. As the ambient illumination lowers, the pilot dims the cockpit 
J-ighting levels to reduce internal windscreen glare and Increase his out-of-the-cockpit 
vision. 

n^i-l^S^"^^-^! Circuits are required to compensate for variations in the ambient lllumi- 
3?™i?il;, '^.^^^«""t missions, individual pilot differences and preferences. Old style 
fiSlllv r"«J;^<„'!t*'' discrete position switches that usually resulted In poor contrll- 
JhB ii=^'„= continuously variable dimming Is now used in most modern aircraft. Since 
sub-i^^AJif h.lih?^ logarithmic changes in luminance as near linear-like changes In 
5« i*?iin. A If' the dimming circuits should vary luminance logarithmically. To 
lainirt ?r«™%hi? 1 /i'^r"* ***? *"H" ambient range, good controllability must be main- 
miP-i i^^rnx L!}~^ ^^^'■'^>i^^P.''°'^^*' ^''°"*^ "•''"I ft-L minimum before extinguishing 
is varltJ ti'Vho S.1 t'***** ^**^ dimming IS tracking. As Instrument and panel lighting 
ttr.H^i^L^ iu^ master control, individual units should appear close In brightness tS 
i? «„ f™S^;^=JV 4 IS especially critical in the very low luminance range. For example, 
mf«?». 5f»fo. „ fV""®J*.*, " dimmer than the others, a pilot will often turn up the 
thtl be StghtBx? SL'^I'^.^} iK.^^^^f^^f^^^'^''^ .^^^ «s? ?£ the instrument suite would 
en 
fi« 

contribute to the complexity of the cockpit. 

bv thl^ l«h«.ll.«r ^J%'\^y fiL^P^i lighting requirements, a field study was conducted 
rXlJ^i5 if „T„Hf ^- ^'^ EglinAPB, Florida. The study measured several qualities that 
5SiS^Ll%oi%,,,''*r?" anja liShting, Seven pilots served as subjects. Each pilot was 
2?JL* t?*";^,!*"^ ^%\%^^^. ^° minutes. He then put on red goggles and was taken to 
either an P-15 or P-16 aircraft that was located at a dark, remote section of the 
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field, away from lights. The pilot was seated in the aircraft, then instructed to 
remove his goggles and adjust the cockpit lighting to his normal nighttime settings. 
The windscreen was in the lowered position. The pilot then replaced his goggles and 
moved to a waiting area. Photometric equipment was then installed and luminance 
measurements of the pointers were taken on the airspeed, angle-of-attack, attitude 
direction indicator, horizontal situation indicator (KSI), altimeter, vertical velocity 
indicator, revolutions per minute (RPM), and temperature gauges. Mean instrument 
luminance readings (both aircraft) ranged from 0.04 to 0.023 ft-L. The lowest reading 
was   0.003   ft-L   and   the   highest   was   0.089   ft-L. 

The tests were followed up by a questionnaire on cockpit lighting. All of the 
pilots felt the dimmers for these two aircraft had good controllability in the low end 
and the instruments could be dimmed as low as needed. Most pilots adjusted the main 
instruments to slightly higher levels than the side consoles. They preferred to read 
important main instruments, but with other instruments (such as RPM), they looked at 
pointer position only and these were often set at lower levels. Variations in lumi- 
nance among instruments (balance) caused higher than desired setting. For example, the 
HSI had a poorly illuminated tumbler readout. Due to its importance, the pilots turned 
up the master dimmer so they could read the numbers, which in turn caused higher 
luminances and increased windscreen reflections. Maximum obtainable luminance settings 
were judged adequate. They were used for pre- and post-flight checks and dawn/dusk 
transitions. The side console panels created the most glare and reflections. Pilots 
often used small amounts of floodlighting to even out the cockpit illumination. As 
indicated by the data, dark adapted pilots set their instruments very low, thus 
verifying the minimum luminance, uniformity, and controllability requirements set forth 
in   MIL-L-87240. 

Contrast is as important a requirement as luminance and dimming. Except for color 
coding, instrument and panel surfaces are matte black with white markings, which yields 
the highest contrast over a large range of viewing conditions. Contrast is usually 
defined in military specifications as the difference between the scale and background 
luminances, divided by the background luminance. A contrast of 12 is typical for white 
markings and pointers on black backgrounds. A contrast of five is recommended for 
white on gray. Higher contrasts can be obtained by varying paints or using filters. 
However, very high contrast at night is not recommended since It can induce a visual 
illusion termed the autokinetic effect. Bright light sources (especially point 
sources) that have very dark surrounds may appear to be floating or moving when in fact 
they are stationary. Early lighting systems had luminescent paint markings on a black 
background and were floodlighted with ultraviolet light. Besides causing eye strain 
and Increasing the risk of cataracts, the instruments had extremely high contrast, 
which  had  the  undesirable  result of   inducing  the  autokinetic effect. 

Over the past 20 years, cockpit lighting colort. have changed from red, to white, 
and now most recently, blue-green for night vision goggle compatibility. Red was used 
to help maintain the pilot's partial dark adaptation because, at that time, out-of-the- 
cockpit vision was very important. There were several disadvantages which included eye 
strain and focusing problems that caused fatigue over time. Color coding of maps and 
instruments was also limited. As the pilots' eyes began to be supplemented by radar 
and other sensors, white lighting began to be employed. The main advantages of using 
white-lighted instrumentation were lower eye fatigue, higher visual resolution, and 
more effective use of color coding. For modern fighter aircraft, the US Air Force uses 
white lighting. Night vision goggle compatible lighting is blue-green because the red 
and Infrared components have been eliminated due to their interference with the 
goggles. 

When the pilot is looking out of the cockpit at night, the instrument and panel 
luminances act as an adapting field. Different average adapting luminances cause 
corresponding threshold changes, or levels of partial dark adaptation, for detecting a 
faint stimulus like a distant aircraft light. The color of any given field luminance 
also affects the eye's level of dark adaptation. Smith and Goddard (1967) measured the 
effect of cockpit lighting color on dark adaptation. The 50 percent probability of 
detection thresholds and 90 percent confidence limits were calculated. For a given 
adaptive luminance field, the probabilities of detecting the presence of a 200 micro 
ft-L stimulus were approximately 0.935 for red, 0.54 for white, and 0.3 for green 
lighting. The difference between thresholds after exposure to a green adaptive field 
versus the red field was statistically significant. Green versus white and white 
versus red comparisons showed no statistically significant differences between 
detection thresholds. It should be noted that the experimental setup used a flood- 
lighted Instrumentation panel which resulted in a large illuminance of the retina that 
would not be found in an edge-lighted suite. Also, the difference between the pure red 
and green conditions are a worst-case condition not usually found in a regular, color- 
coded (mixed colors) cockpit. Both of these factors caused larger threshold 
differences, than would be expected in a real cockpit. From an operational standpoint, 
it is unlikely that different colors cause a significant decrement in the pilot's 
ability to detect faint lights outside of the cockpit, especially when considering the 
variability among crew members" vision and the large amounts of light emitted from 
populated areas. Also, the broadband nature of white and blue-green lighting seems to 
contribute  to  the  reduction of  visual  fatigue over  long periods of use. 

Another Important factor to consider is the effect color has on visual resolution, 
which relates directly to the visibility of small details within the cockpit. Figure 1 
shows  the  smallest  resolvable  grating   (half  cycle   in  arc minutes)   as   0.55   for   red. 
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0.476   for   white,    and   0.466   for which 

would  be more visible under white and green illumination 
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Figure 1.    Visual acuity and llluminant wavelength. 

The specification of color has undergone numerous changes. An early color 
matching scheme was devised by Hunsell, which is still in use today. It consists of a 
large set of standardized color chips. Matching of a test sample to the chips was 
performed under the same illuminant. The drawbacks of this system were that matching 
varied from observer to observer and that it was.a slow process to be performed 
routinely. 

In 1931, the International Commission on Illumination, or Commission Inter- 
nationale de I'Eclairage (ClE), devised a method to specify color matching that used 
the actual physical measurement of the spectral energy distribution (SED) curve instead 
of through subjective visual methods such as that used by the Munsell system. The SED 
curve is the relative energy output of a filtered or unfiltered light source plotted as 
a function of wavelength. The CIE system is based on the trivarianoe of vision, which 
is the physiological fact that any monochromatic light, is equivalent to the algebraic 
sum of suitable amounts of three reference lights or primaries. The actual chromati- 
city is determined by calculating the amounts of the three primaries required by a 
standard observer  to obtain a  visual  match. 

Figure 2 shows the spectral tristimulus values for the 1931 standard observer. 
Note that the y curve is the photopic curve, which is the subjective human visual 
response to light as a function of wavelength, or color. The x and 1 primaries do not 
physically exist,   but were formulated  to avoid negative colors. 

WAVELENGTH, Xfrnn) 

Figure  2.     Spectral   tristimulus  values for  the  1931  standard observer. 

263 



To calculate the CIE color coordinates, each tristimulus curve (Figure 2) is 
individually multiplied by the measured SED curve of the sample under consideration, 
and then integrated over wavelength, the resultant values of which are denoted by Xr ^' 
and Z. Using these values. Equation 1 shows how the chromaticity coordinates x, y/ ^^° 
z are calculated. This procedure normalizes the chromaticity values so that x + y + ^ 
= 1. 

X + Y + Z 
y = 

X + Y + Z X + Y + Z 
(1) 

Figure 3 shows thfe 1931 CIE chromaticity diagram. There are several features that 
should be noted. Since the coordinates sum to one, typically, only the x and y values 
are plotted, the z value being determined by the others {two degrees of freedom). The 
upside down u-shaped part of the curve represents the 100% saturated, pure spectral 
colors, which are defined by a single wavelength, as labeled. This curved line is 
derived by taking the x, y, and z tristimulus values for each separate wavelength of 
the standard observer (Figure 2), and calculating the x, y, and z chromaticity coordi- 
nates using Equation 1, where x, y, and z are substituted for X, Y, and Z respec- 
tively. Another feature of the diagram is that the colors become pastel, or 
desaturate, toward the center until they are white. The 1931 CIE color space can only 
show if two colors match. Differences between two points are nonuniform with respect 
to human vision. Tolerances found about a point (e.g., the square box shown is x = 
0.25 + 0.05, y = 0.55 + 0.05), such as those found in some military specifications, are 
misleading  due   to the  nonuniformity of  the  1931 color   space. 
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Figure 3.  1931 CIE chromaticity diagram. 

The'nonuniformity of the 1931 color space was investigated by MacAdam (1942). He 
measured the adjustment precision for color matching (made by one observer) at 
relatively high luminances. Figure 4 shows the results, the best fit of the data being 
ellipses. A common error when interpreting the data from this figure is that the **®^ 
of the ellipses are typically drawn ten times the size of the standard deviation of the 
actual data. MacAdam estimated that the minimum detectable chromaticity difference is 
three t'imes the standard deviation. Note the nonuniformity among t'.e different color 
regions. 
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y       0.4 

Figure  4,     MacAaam's ellipses on 1931 CIE diagram. 
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Figure 5.  1960 UCS diagram. 
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Figure   6.     MaeAdam's ellipses  plotted on  1960  UCS  diagram. 
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In 1960, the Uniform Chromaticity Spacing (OCS), as shown in Figure 5, was adopted 
in an attempt to make the color space more homogeneous with respect to human visual 
perception. The chromaticity coordinates were designated u and v. Note the square box 
from Figure 3 has been plotted on the OCS diagram and it now appears quite different. 
Figure 6 shows MacAdam's ellipses plotted on the UCS diagram, where again the ellipses 
are ten times the standard deviation of the actual data. It can be seen that, although 
it is nonuniform in some regions, it is very good in view of color sensitivity varia- 
tions among individuals and is a good compromise between accuracy and simplicity. 
Tolerances about a point would be specified as either a circle or an amorphous area 
that would  be  empirically derived. 

The mathematical relationship between the CIE and UCS color spaces is defined by 
Equation 2. The x and y CIE coordinates can be directly converted to u and v UCS 
coordinates. Modern color measurement equipment already performs these computations. 
Equation 3 shows how to convert u and v to x and y coordinates,  respectively. 

4x 6y 

-2-x. -vva"! -v^ -!■». ■vv^1 -v ^ 
(2) 

3u 

2(u  +   2   -   4v) u +   2  -  4v 
(3) 

In 1976, the UCS diagram was further refined and designated CIE 1976 (u',v') UCS 
diagram, using u' and v' coordinates. It is shown in Figure 7 with the accompanying 
equations to convert from 1960 to 1976 space. The mathematical relationship between 
the 1976 and the 1960 spaces is u' = u and v' = 1.5v. Again, note the change of the 
tolerance box  shape as  replotted  in  the 1976  space. 

--520540    560 

V' 

Figure 7.    CIE 1976   (u',v*)  UCS diagram. 

qiven this background, practical applications using the CIE 1976 (u',v') UCS 
diagram can now be discussed in some detail. Figure 8 shows the 1931 CIE space with 
points of blue-green, green, and yellow-green light sources that represent candidates 
for night vision goggle compatible lighting applications. The distances among the 
points have little meaning due to the nonuniformity of the space and may be erroneously 
interpreted as having large perceived color differences. Figure 9 shows the same 
points plotted in 1976 space. Distances among points are now meaningful with respect 
to visual  perception.     The  perceived  color differences can be  predicted   to  be   small. 
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Figure 8.  Various greenish colors plotted in CIE space. 
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Figure 9.     Same colors ol Figure B replotted on the CIE 1976 {u',y') UCS diagram. 

Color specification for aircraft should be defined in the 1976 space, not the 1931 
space. The defined chromaticity areas should be based on performance criteria, not 
arbitrary tolerances or wholly aesthetic qualities. The limits should be empirically 
derived, if possible. For eKample, many specifications require one ft-L maximum lumi- 
nance ^with chromaticity tolerances in 1931 CIE space. However, as was shown earlier, ._....     ^ ,...--.,...       _   ^ _ ^^ 

53} 

variously colored  lights at 314  ft-t.    As the  lumlnanceVoFthe'iTghTs"" »eri*reducfd 

im.n.e wiEB cnromaricity tolerances m 1931 CIE space. However, as was shown earlier, 
operational instrument luminances typically range from 0,1 to 0.001 ft-L. Figure IC 
shows the perceived desaturation of hue (color) as a function of luminance {Hunt, 1953) 
m  1976  space.     The outermost  points   (#1)   are   the   actual   measured  chromaticity o£ 
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(points #2 through #5 were 19, 2.4, 0.8 and 0.09 ft-L, respectively), their perceived 
hue desaturated. While these colors appeared very different at the higher luminances, 
at operational levels they desaturated and appeared more similar. An additional factor 
is that many basic color experiments, such as the one constructed to derive the data in 
Figure 10, use standard and test color patches that are visually adjacent. Very small 
color differences are easily detected using this method. Lights in aircraft are 
usually separated by some small distance, which also makes the detection of the 
(perceived) desaturated light's color differences even more difficult. Given the low 
operational luminances and physically separated signals found in cockpits, some 
specified color   tolerences may be   too  restrictive. 
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Figure   10.     Perceived  desaturation  of  hue  as  a   function  of   luminance. 

There are other performance criteria to be considered when specifying color 
tolerances. Variables that affect performance include: operational luminances, proxi- 
mity of light signals, ambient lighting, chromaticity, and color coding. For empirical 
investigations, error rates, response times, fatigue, and workload may be used as 
evaluation  criteria. 

It has been shown that the 1931 CIE space is for matching colors only. The CIE 
1976 (u',v') UCS diagram is more appropriate when specifying color tolerances. Color 
specifications and tolerances should be based on performance criteria, whenever 
possible. 

Returning to other subsystem lighting requirements, illuminated pushbuttons have 
to be visible in high ambient illumination, as do warning, caution, and advisory 
signals. Several years ago, one hundred ft-L was common. Two to three hundred ft-L 
are required to be clearly visible. These signal lights are typically dimmed to 15±5 
ft-L, which is still quite bright in a darkened cockpit. At night, the F-15 maintains 
the master warning and master caution lights at about 10 ft-L but employs continuous 
dimming for all other annunciator lights, down to an absolute minimum of 0.05 ft-L. 
The annunciator lights cannot be dimmed to extinction. Pilots report that this system 
works very well at night, especially when some of the signals (e.g., landing gear down) 
remain  lit for  relatively long periods of  time. 

Floodlights are used for pre- and post-flight checks, as an emergency backup 
system in case of a primary lighting system failure, as supplemental or fill lighting 
to the primary lighting, and during lightning storms to diminish the deleterious visual 
effect^ of the bright flashes of light. Aircraft that may be exposed to nuclear 
flashes have the floodlight system coupled to the automatic thermal protective closure 
systems for anti-dazzle. The highest floodlight illumination on the main instrument 
panel should be at least 100 ft candles and 150 ft candles for nuclear flashblindness 
protected pilots. The higher illumination is needed because, even though the protec- 
tive closure system (PLZT) has been activated, it is not instantaneous and the pilot 
may still be exposed to a very bright flash. The higher cockpit illumination is needed 
to maintain instrument readability. Floodlighting must be continuously dimmable to 
very low levels before extinguishing. They must also have good, uniform coverage of 
the entire suite with a minimization of direct or reflected windscreen glare and few 
shadows on  or  within   the   instruments. 

Head-up displays (HUDs) are specialized pieces of equipment, designed for specific 
aircraft and missions. To that extent, only the F-16 A/B and C/D HUDs will be over- 
viewed. The F-16 A/B HUD has a total field of view (FOV) of 20 degrees. The stroke- 
written   images  must  be   visible   against   a   background   illumination   of   10,000   ft   candles 
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and have an average luminance of the symbol lines of 1,600 ft-L minimum. Contrast 
ratio is a minimum of 1,2:1 which is a 0.2 contrast. Note that achievable contrast for 
this display is much lower than that of painted instruments. Dimming is controlled by 
the cathode-ray tube (CRT) brightness control which is continuously variable. The 
control of the luminance is logarithmic so the subjective impression of the brightness 
changes is linear, A broad range of luminances Is achieved by the insertion of a night 
filter   into  the optical  path of  the HDD.     The  CRT  utilizes  a green P-1  phosphor. 

The P-16 C/D HUD differs from the A/B in that it has 25 degrees FOV, and it can 
display a raster generated Image, like a television, with simultaneously displayed 
stroke-written symbology. The raster mode is used to display sensor imagery such as 
forward-looking Infrared. The luminance and contrast for the stroke-written symbology 
is the same as the A/B HUD. In the raster mode, the HUD is capable of six shades of 
gray against a 30 ft-L background. Since this HUD has a raster capability, its night 
brightness mode is snore difficult to achieve. It must be able to clearly and uniformly 
display information while not obscuring outside vision of a dimly lit sceije such as a 
horizon lighted only by moonlight. The veiling, blank areas of the raster, cannot 
exceed  0,02  ft-L,     This HUD also  uses  a green P-1 phosphor. 

The F-16 C/D also utilizes a CRT multifunction display (MFD) that can display both 
525 and 675 line vertical resolution. It is capable of 3,000 ft-L output, but is 
attenuated to 1,000 ft-L by the contrast enhancement filter. Brightness and contrast 
compensation are automatically changed as a function of ambient illumination down to 15 
ft candles. The unit also has manual brightness and contrast controls that provide the 
pilot additional control over the display. Symbology brightness has a separate, 
continuous control. The F-16 A/B uses a radar/electro-optical CRT display that has a 
similar Image display capability as the MFD described above, with the exception that 
its peak  output  luminance   is 2,000   ft-L.     Both displays  utilize  a P-43   phosphor. 

NIGHT  VISION GOGGLE  COMPATIBLE  LIGHTING 

To this point, general and specific cockpit lighting characteristics and require- 
ments for high performance aircraft have been described. A special area within this 
subject is night vision goggle compatible (NVGC) lighting. Night vision goggles (NVGs) 
are being used with greater frequency for night missions. NVGs amplify near infrared 
(IR) energy in order to enable the pilot to see at night. However, the standard 
lighting in aircraft emits large amounts of IR which Interferes with the proper 
functioning of the goggles. The remainder of this paper will describe the basic NVG, 
light source characteristics, lighting specification, and the methods that are used to 
achieve NVG compatibility  in the cockpit. 

NVGs are electro-optical devices that detect, amplify, and display on a small 
green phosphor screen, visible and near infrared energy from dimly illuminated 
nighttime scenes. They look like small binoculars and can be worn on the aviator's 
helmet. NVGs utilize an image intensifier tube. As shown in Figure 11, the image 
intensifier tube has three basic elementst a photocathode for conversion of photons to 
electrons, a microchannel plate for electron multiplication, and a phosphor coating for 
conversion of electron energy back to photons for viewing. The output window Is a 
bundle of fiber optics constructed with a 180 degree twist to yield a rlght-slde-up 
image for viewing. The goggles have a FOV of 40 degrees and their resolution, in terms 
of human visual acuity, is about 2 arcminutes or 20/40. NVGs have an automatic gain 
feature that adjusts the sensitivity of the goggles to minimize bloom or wash out of 
the   image. 

INPUT WINDOW 

PHOTOCATHOOe 

OUTPUT WINDOW 

TUBE BODY 

MICROCHANNEL PtATE 

Figure 11. Image intensifier tube. 
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There are several types of NVGs currently in use (see Verona, AGARD-CP-379). They 
differ in their optics, spectral sensitivities, and packaging. The Army's original 
PVS-5 goggles were either strapped to the helmet or worn on the face, but peripheral 
vision was restricted. The PVS-5 goggles were then modified by cutting away the lower 
part for use in rotary and fixed-wing aircraft. It must be noted that aviators look 
through the goggles at outside scenes and underneath them, using direct, unaided vision 
(as represented by the photopic curve. Figure 12) to look at their instrumentation. 
The modified version is designated ANVlS-5 and both types used generation 2 image 
intensifier tubes, employing a multi-alkali photocathode. Another version with 
different optics and having greater sensitivity is designated generation, 2-plus. Third 
generation Intensifier tubes use a gallium arsenide photocathode, have even greater 
gain, and are more sensitive to IR energy as available from the night-sky spectral 
irradiance. Figure 12 shows the relative sensitivities of generation 2 and 3 NVGs, as 
a function of wavelength. Note the generation 3's greater sensitivity and shift toward 
the IR. The figure also shows the energy from the night-sky spectral irradiance, which 
is predominantly in the IR. Figure 12 also shows the spectral energy output of a 
standard white incandescent lamp. It can be seen that large amounts of energy are in 
the same region of the goggle's sensitivity. This IR pollution causes glare and 
reflects off the inside of the windscreen. The autogain adjusts to the higher input of 
the  IR  reflections,  making   it  impossible  to see  the outside,   lower  energy  scene. 

us 
z o a 

-   PHOTOPIC CURVE 

Figure   12.     The photopic  curve, 
generation  2   and  3  sensitivities, 
incandescent  lamp curve,   and 
night-sky  spectral   irradiance. 

WAVELENGTH (nm) 

NVG compatibility is achieved by removing the IR energy from as many light sources 
as possible. It should be pointed out that, since generation 2 goggles use part of the 
visible spectrum as well as the IR, 100* NVG compatibility is difficult to achieve. 
However, filtering the IR energy from the lighting helps a great deal for generation 2 
goggles. Filters are often placed on the goggles themselves, but performance is 
reduced. Generation 2 NVGs require extra filtering but generation 3 goggles have 
incorporated a minus-blue filter that blocks out visible light below 580 nanometers. 
Complete NVG compatibility is achieved with generation 3 goggles when the SED of the 
cockpit lighting does not overlap the goggle sensitivity. The cockpit lighting must 
still be visible to the unaided eye. The required luminance levels, as previously 
described, apply to a NVGC lighted cockpit. Removal of the red component of white 
light results in the characteristic blue-green colored NVGC cockpit. If the outside 
scene is bright, the NVGs will act as a relatively high (several ft-L) adaptive field, 
requiring slightly higher average instrument luminance settings by the pilot. A NVGC 
lighted cockpit, as seen through NVGs, has a greatly reduced IR signature from both 
inside  and  outside  of   the  aircraft. 

NVGC  LIGHTING  SPECIFICATION 

The current military specification for NVGC lighting in aircraft is MIL-L-85762A. 
It is a comprehensive document that addresses lighting subsystems found within most 
aircraft. It has established the dimmed, nichttime luminance and illuminance levels at 
which an article is to be tested. Chromaticities for NVGC green, yellow, and red have 
been established in 1931 CIE color space. Measurement techniques and equations have 
been detailed to measure and calculate the luminances, illuminances, contrasts (with 
compensating multipliers), spectral energy distributions, and chromaticity coordinates 
of the lighting subsystems in question. The bottom line is that no cockpit light 
energy (for instrumentation at 0.1 ft-L) can exceed 1.7 X lO"-"-" wat ts/sterad ian-cm , 
which is the ANVIS-weighted radiance reflected by tree bark illuminated by starlight 
(see Breitmaier and Reetz, AGARD-CP-379). This value is believed to be the practical 
lower limit to conduct maneuvers and any cockpit lighting that exceeds this might cause 
interference with the goggles. It is a stringent criterion to meet and lights that are 
not in the goggle's FOV are penalized. Actual measurement of such low energy levels is 
also a practical  problem,   and requires  specialized equipment. 

Night vision goggle compatibility is defined as lighting that is sufficient for 
the unaided eye to read instruments and displays and, simultaneously, does not inter- 
fere with the operation of the NVGs in viewing scenes outside of  the cockpit.     Until 
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recently, there were no NVGC light specifications to use as guidelines for the manu- 
facture of the needed lighting equipment. To this end, a framework and approach were 
developed by this laboratory (see Genco, AGARD-CP-379) to establish a more quantitative 
description of NVGC lighting. There are two broad areas of NVGC lighting that must be 
considered.     The effects on direct,   unaided  vision and  the effects on NVG performance. 

The lighting effects on vision can be divided into four desirable attributes. (1) 
There must be sufficient light to read the instrumentation and displays. (2) It is 
preferred that color and intensity be relatively (perceptively) uniform. (3) If 
possible, retain color coding and cueing, (4) The lighting must be suitable for non- 
NVG night  flights. 

Item 1 is a hard requirement, since proper use of NVGs involves looking through 
the goggles to see outside and underneath them to directly view the instruments and 
displays. However, one should not immediately dismiss the possibility of eliminating 
(turning off)   all   lights to  achieve MVG compatibility. , 

Item 2 is not a hard requirement, but is highly desirable. The easiest approach 
to specifying this characteristic is to designate an acceptable area of CIE color 
space. However, as stated earlier, CIE space is nonuniform with respect to visual 
sensation and color perception is greatly reduced for the lighting levels of concern 
for night operations. The first fact implies that the allowed coordinates, if 
expressed in 1931 CIE space, will not correspond to some symmetric geometric shapes 
(i.e., square or circle). As discussed earlier, it is more appropriate to specify a 
circular area in the CIE 1976 space since it relates more closely to human visual color 
discrimination. The second fact implies that the area in 1976 or 1931 space can be 
relatively large because It's just not possible to easily perceive color differences at 
these low light levels. The exact area in color space that is allowable Is subject to 
discussion. 

Item 3 is highly preferable, but again, not required. If the location and light 
level of Indicator lights are carefully established, it Is possible to retain the use 
of red and yellow light (limited uses) without affecting NVG operation. The present 
(1931 CIE)   specification of these colors for  cockpit use  Is probably  acceptable. 

Item 4 should probably be regarded as a hard requirement. It may be accomplished 
by providing  auxiliary  lighting for normal night  flight which c 
for  NVG   flight. 

can be  totally turned off 

The NVGs can be adversely affected in several ways: a NVG shutdown due to light 
sources In the field of view, severe contrast loss due to reflections of light sources 
in the windscreens, and loss of contrast due to flare (light scattering within objec- 
tive lens of NVGs due to cockpit lighting). As a result of these effects, it Is 
proposed that the lighting be considered in three categories. These three categories 
are divided according to the effect of the lighting on the NVGs. Category 1 is for 
lights that appear directly in the POV of the NVG when viewing outside the cockpit. 
Category 2 is for light sources that are located so as to directly reflect in the 
windscreen. Category 3 is for light sources that are in the cockpit, generally adding 
to the IR pollution (neither Category 1 nor Category 2). To assess the level of 
compatibility of each of these light sources, it Is necessary to calculate (or measure) 
the relative vision sensitive light compared to NVG sensitive light. This is done by 
calculating the compatibility ratio (Cj^). The C^ Is measured by calculating the ratio 
between vision sensitive light and NVG sensitive light as shown in Equations 4,5,6. 
Category 1, as depicted in Figure 13, Is probably the most severe and will require the 
highest compatibility ratio. Category 2 (Figure 14) is also of considerable concern, 
but since the windscreen only reflects 8- 
10% of the light incident on it, the 
compatibility    ratio    for    Category    2 
sources    may    be    somewhat    less    than z MOON ILLUMINATOR 
Category 1. Category 3 (Figure 15) is 
the least severe since it represents 
general    IR   pollution    in   the   cockpit. 
Note   the  yellow   and   red   indicator   lights j^      y TEST PATTERN 
should    be    situated    so   they   fall    into ^ 
Category  3   in  order   to be NVG compatible, ^-''^ 

CLEAR PLASTIC 

<i€ 

LIGHT SOURCE UNDER TEST 

Figure 13, Category 1 lighting/goggle geometry. 
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MOON ILLUMINATOR 
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LIGHT SOURCE UNDER TEST 

Figure 14. Category 2 lighting/goggle geometry. 

MOON ILLUMINATOR 

A        \ _ TEST PATTERN 

CLEAR PLASTIC 
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LIGHT UNDER TEST 

DIFFUSE REFLECTOR 
(BLACK, GRAY. FLIGHT SUIT GREEN) 

Figure  15.   Category  3   lighting/goggle  geometry. 

Vision calculation: 

(4) 
yr\=   700  nm 

S(A)F(A)V(A)dA 
A«   400  nm 

where:     S(A)   =  Spectral   distribution of   light   source 
(Watts/cm^-STR-Mm) 

F(A)   =  Filter   spectral   transmissivity   (no   units) 

V(A)   =  Visual   spectral   sensitivity   (no units) 

A= wavelength 

NVG calculation: 

/•A= 1000 nm 
RADIANCE = RjjvQ = «/     S ( A)F ( A )G (A )dA 

•'A- 400 nm 

where:  G(A) = NVG spectral sensitivity 
K = Proportionality constant (TBD) 

(5) 
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CompatiblXity Ratio  (Cp)  calculation: 

CR   = % 

^NVG 
(6) 

tion tirs^tStLf l!Stf!Su%^l„^ onSn%tl%%lll7%^f\\,l^^^^^^^9 into consiaera- 
vity, the visual system's sensitivity and in?«^?J;■„ filter's spectral transmissi- 
to 700 nm). The calculated lumlnanle value m^,|orl,.**r/ ''"^ visible spectrum (400 
Equation 5 calculates the radiance amplified ll «-h» t % numerator in Equation 6. 
spectral aistribution of the ligh?! the^fTlter^-*'! *^% ^f^^^^ ^^ accounting for the 
sensitivity, and integrating over the v isibL «^^^« , transmissivity, the goggle's 
The calculated radiance {R„vr) for„s the de„^mi n A| "/S spectrum (400 to 1000 nm). 
compatibility ratio (CRJ EqgJtTon 6)^ the more^t"?*" f^^f ^"^^i^." «' "fhe higher the 
gory 1 lights would hive to meet or exleell hiSheIc "l^, "^u^e^ent. Thus, Cate- 
Category 2,   CR would  be  higher   than  a Ca"|ory 3,^4!       »  *''^"  ^  Category  2   light.     A 

FOV o?thfillt"aldihiirnibsequent ellllf'SS tte co4%n°T-''^^ relationship to the 
above equations,   form a conceptual  framewlfrk and nr.^i^^^^^^ ^° calculated  by  the 
7°li.i% "quired to validate the mcieiTTo^ver ^thf lwJ%"°tt- ^" '"'°^- Additional 
L-85762A) is currently undergoing revision tha^'i-^tL^^ lighting specification (MIL- 
the geometric  location of color CRir ^"'''*  account   (through  weighting) 

NVGC  LIGHTING  TECHNIQUES 

(see laSrana"Grri'lfn?'Be""cem\tr lk% "^"prtlarrLtt r"'^^\ *^''^ ^« ^^''i" 'he cockpit 
filtering techniques. Pigull 16 shows the SES^?™«^%^ light source selection Snd 
incandescent lamps, eleetroluminescenl (EL) LnSL "f«/, -^tl ""filtered and filtered 
relation to generation 3 NVG sensitivity l„oandJ^?.i^f''i"^'"^**^^"5 ^^°"^^« f^=°=> *« 
because of  their  high  IR output       IncandJir-J?   ? °®"*   lamps  need   to  be  filtered 
their output varies\s a function o? temperatu^^^"^? ^" blackbody radiators, thus 
essentially a capacitor with a 5R? p|os||or SoStino ^Lt *='?" "i"' ^°""« ^hat is 
alternating electrical current. Figure 17 shows a„«li^S 2^°"^ '"'®" excited by an 
can be seen in Figure 16, green EL l^mls Imft virf l1 tti*? i f^"^""!ro°^ ^" =^ l^"*?- ^^ 
LED colors  also work  well   for   these ap|llTa"io"„s?at'show^^  in' thT'same "fl^ufe.     ""'^'" 

m 
ly s: 
ui > 

FILTERED 
INCANDESCENT 

300 

WAVELENGTH (nm) 

Figure 16, 

=^'^.°t"'.r.///r,'„M'„"/..-^./„'\?--/,-rr.'.%Si.tnA=.° 
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ASSEMBLED FLEXIBLE LAMP 

Figure   17.     EL   lamp  construction. 

In addition to source type and filtering, other methods are available to make a 
cockpit goggle compatible. Reflections on the inside of the windscreen can be 
controlled through the use of microlouver material, an extended glare shield, and black 
flight suits. Microlouver (ML) is a 1/16 inch plastic film developed by 3M Corporation 
that has numerous parallel baffles at a fixed angle, very similar to Venetian blinds 
but very small and cast in plastic. By varying the baffle spacing and tilt, the fan of 
light that is allowed through the material can be controlled. ML comes in three fan 
widths of 48, 60, and 90 degrees and a specified tilt angle with respect to the verti- 
cal. Fan and tilt angles can be appropriately chosen to direct light from a display or 
light toward the pilot and away from the windscreen to reduce reflections. ML also 
reduces the amount of light, as well as resolution of detail, to the observer. While 
ML effectively controls visible light, it was found to be partially transparent to IR. 
An IR-blocking plastic film must be used over the display or light. With this modifi- 
cation,   ML material  can  be  successfully used  in NVGC  lighted cockpits. 

Reflected glare can sometimes be controlled by extending the glare shield to 
reduce glow from the main instrument lights. The extension may also provide additional 
space to mount NVGC lights. A glare shield extension can be made adjustable, so 
different pilots can pull it in or out as needed. Care must be taken to not hamper the 
crew's escape pathways (through windows) or impinge on the ejection seat envelope of 
aircraft so equipped. Black, nomex flight suits are also desirable for use in NVGC 
cockpits to reduce reflections, as would a black helmet. Black suits appear to be more 
effective in partially modified cockpits where there is still some IR pollution being 
reflected. Fully modified cockpits have virtually no IR to be reflected, though 
external   ambient energy  could  be  reflected. 

Aircraft can be modified to varying degrees of NVG compatibility, depending on the 
time and money available. A quick-fix modification is fast and low cost, but there is 
usually some reduction in visibility of the direct view instrumentation with some 
residual IR pollution. A full-up modification is costly and time consuming, however, 
it approximates state of the art NVGC lighting where there is essentially no IR and 
direct view visibility  is excellent. 

A quick-fix modification can be as simple as turning off the entire lighting 
system and illuminating the cockpit with filtered floodlights. Black tape can be used 
to cover   indicator   lights.     Under   the glare  shield,   incandescent  lamps can be directly 

mounted   over   the  most   important   instruments. 
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eULB-HLTER ASSEMBLY 

Figure  18.   External   light wedge   (bezel)   construction. 

A full-up modification is very extensive. External light bezels (Figure 18) are 
placed over all instruments except the ones that are illuminated with small individual 
post (flood) lights. The post light caps are filtered. All floodlights and work 
lights are filtered. Green advisory and yellow caution annunciators are filtered to 
blue-green. Red warning lights are changed to NVGC yellow. All panels are replaced 
with NVGC green. Depending on the panel type, the light source is either filtered 
incanaescent or electroluminescent. CRTs and moving map displays, if present, are 
covered with filters. Aircraft CRTs are often green P-43 phosphors that have a small 
red component that, if necessary, is easily filtered. Glass filters are best, due to 
their higher degree of stability under the extreme environmental conditions that are so 
often   encountered. 

CRTs used in radar, MFDs, and moving maps can be filtered to achieve NVG compati- 
bility, HDDs usually have green, P-43 phosphor CRTs in order to obtain maximum 
brightness in the daytime. These types of HDDs can usually be turned down very low at 
night and directly viewed through the goggles. Focusing is no problem since the HUD is 
collimated,   and  the NVGs are  focused at optical infinity to view the outside. 

For aircraft that do not have HODs, it is desirable to have flight information 
displayed while maintaining a head-up, out-of-the-cockpit position. This laboratory 
has developed a retrofit NVG/HOD system (see Genco, AGARD-CP-379) to perform this task. 
Figure 19 shows the NVG/HUD layout. The flight instrument raw signal information is 
collected by the aircraft's signal processing computer, converted into properly 
formatted data, and transmitted to the display unit. The display unit converts the 
data to symbols and displays them on a red CRT. Red is used so that the symbols are 
visible through the goggles. The symbology display is reflected from a front surface 
mirror to a relay lens which focuses the image onto a flexible fiber optic bundle. The 
bundle transmits the image to the NVG where a collimating lens projects the symbol 
image to optical Infinity. This image Is then reflected from a beam splitter into one 
ocular of the NVGs. The observer views the image of the HOD symbols superimposed over 
the outside  view. 
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Figure 19.  NVG/HUD Configuration. 
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This paper has described the night lighting requirements for high performance 
aircraft cockpits. It also overviewed NVG characteristics and defined NVG 
compatibility for cockpit lighting. Methods of achieving NVG compatibility were shown 
as represented by quick-fix and full-up modifications. These modifications greatly 
enhance the performance of -NVGs that help the pilot to successfully complete his 
mission. 
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SUMMARY 

Electroluminescent (EL) lighting has been proposed as an 
alternative lighting that would eliminate several problems 
associated with current incandescent (INC) lighting in aircraft 
(glare, infrared rays, "hot" spots, etc.). The use of photcanetry 
to measure EL lighting has been questioned since previous studies 
indicated that EL lighting appeared to be "brighter" than INC 
lighting, even when both light sources were photometrically 
identical. The following describes the experimental exposure; 

* Observers were twelve naive subjects, both male and female, 
aged 19-29. 

* Subjects were asked to compare a variable EL light with a fixed 
INC light. 

* Nine different brightness levels of the EL light were tested 
six times each for a total of 54 trials. Brightness levels 
were determined as percentage differences of the fixed INC 
luminance of 4,90 fL. 

* Brightness levels ranging from -20% to +20% in 5% increnents 
were used in the experiment; 3.92, 4.17, 4.41, 4.66, 4.90, 
5,15, 5,39, 5,64, and 5.88 foot lamberts, respectively, 

* Observers were asked to rate if the test lamp (EL) was higher, 
lower, or the same as the reference lamp (INC). 

The results frtan this experiment were the following; 

* The  group mean and standard deviation  obtained  were 
respectively, x = 4.82, s = 0.534, 

* A Student's t-test which compared the obtained group data with 
the EL and INC lights matching luminance of 4,90 was not 
significant, p < ,05. 

* The relationship between percentage of "HIGH" responses and 
luminance of the test lamp was a linear increasing function 
with r = 0.98. 

* A plot of percentage of "LOW" responses as a function of test 
lamp luminance was a linear decreasing function with r = 0.97. 

The .results show that direct photanetrlc measur«ients using 
current photometric instrumentation and procedures are valid and 
may be, used to thoroughly evaluate this type of lighting for 
future aircrew configurations. 
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PREFACE 

The research described in this report was completed at the 
Air Force Aerospace Medical Research Laboratory, Human 
Engineering Division, Crew Systems Effectiveness Branch as a part 
of Project 7184 12 15. This study was funded by the PRAM SPO 
(ASD/RAOE) of Aeronautical Systems Division. 

I am indebted to Dr. Harry L. Task for his guidance during 
this research. His knowledge and expertise were most appreciated. 
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IN!raOKJCPIOM 

Lighting, both in and out of the crew station, has been a 
critical factor in the success of Air Force missions. 
Incandescent (INC) lighting has been the standard for many years, 
but as the technology has bpccmie more advanced, new types of 
lighting are now being considered as alternatives to 
incandescence. Before integrating th^ into Air Force 
applications, different types of lighting configurations should 
be evaluated thoroughly. The intent of this report is to 
describe one relatively new type of lighting, electroluminescent 
(EL) and to determine if standard photometric techniques may be 
used to measure It. 

Basically, an EL lamp is a capacitor - it has a dielectric 
material sandwiched between two conducting surfaces. The 
luminescent phosphor is scattered within the Insulator so that it 
may lie In the path of the electrostatic field. Electric bus 
bars are mounted to the top transparent conductor, and finally a 
mylar coating is added to retard moisture. The entire lanp Is 
then laminated in plastic to complete the construction. When an 
alternating current is applied, the changing electric field 
causes current to flow within the phosphor particles embedded In 
the insulator. The induced current causes the electrons in the 
phosphor to jianp energy levels, thereby giving rise to 
"luminescence" - the mission of light not due to temperature of 
the source. 

The main advantage of EL lighting is the even distribution 
of luminance across the face of the lanp. This is unlike the INC 
lamp, whose intensity is brightest at the center and falls off as 
the distance from the center increases. EL lamps have been 
considered for Ait Force lighting applications for other reasons 
as well: 

1. Dependable - major catastrophic failures eliminated 

2. Shapes and lamp design can be easily specified 

3. Available In several colors: white, yellow, green, 
and red 

4. Light Intensity controlled over a wide range 

5. No significant color change when dimmed 

6. Readily withstand vibrations 

7. Emit no ultraviolet and few infrared rays 

8. Relatively narrow spectrum of emission 

9. "Cold" source - heat loss is minimal 

281 



Recently, questions have been raised about using standard 
photometric techniques to measure EL lamps. Previous studies 
involving some comparison between EL and INC (Blouin, 1978) 
indicated that observers saw the EL lamp as being "brighter" in 
appearance than the INC even when the two sources were 
photometrically the same. This would seem to indicate that some 
perceptual process was present that invalidated direct 
photometric measurements of EL lighting. 

This experiment was formulated to define any perceptual 
differences between EL and INC. If no difference existed, then 
photometry could be applied for measuring EL lighting. In 
theory, the photometer should have the seuae response as a human 
eye. An observed perceptual difference would result in a 
"scaling factor" that should be used for EL lighting measurements. 

It was hypothesized that in previous experiments some 
parameters were not properly controlled, and a physical 
inequality was somehow present between the two lights. This 
resulted in observers judging the EL to be "brighter" than the 
INC, even when they were photometrically the same. For example, 
if the luminance of the INC lamp is not properly diffused, 
observers will always judge the light to be dimmer than an EL 
since the first part of any target examined is its edges, and an 
improperly diffused INC lamp will appear dim around the edges. 
It was the aim of this experiment to eliminate any previous 
confounding variables, and to determine if the lights were 
perceptually different to observers once they were made 
physically similar. The result would be a validation of standard 
photometric techniques for EL  lighting. 
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NITOOD 

Subjects 

Twelve naive subjects, males and fwiales aged 19-29 
participated in the experiment. All observers were required to 
have 20/20 or corrected visual acuity as measured by a projected 
standard Snellen wall chart prior to engaging in the study. 
Before participating in the experiment, all subjects were asked 
to sign a consent form provided by the experimenter. A copy of 
this form can be found in Appendix A, 

The apparatus consisted of two light sources, one 
Incandescent (INC) and the other electroluminescent (EL). The 
light sources were separately contained in metal boxes with black 
exteriors and flat white interiors having dimensions 8 X 6 X 3.5 
inches, A circle of 1/2 inch diameter was drilled into the 
center of the front face of each metal box. This diameter was 
chosen so that a large surface area would not be a factor In the 
judpient of the two lamps. The boxes were placed together with 
their sides touching on a table covered with black clothi the 
resulting distance between the centers of the two circles on the 
front face of the boxes was eight inches. 

The M. light, a flat panel, thick film iMip manufactured by 
EL Products, Inc., was taped on the interior front face of one 
box across the circular cut-out area. The IL lamp operated at 
400 Hz AC, and was connected to a California Instruments AC Power 
Source Model 251 T so that the luminance of the EL pinel could be 
varied by the e^erimenter. 
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To determine the appropriate filters needed for the INC to 
match the EL in color, a trial and error method was used. The 
luminance of the INC lamp was measured by a Pritchard 1980B 
photometer, and then the luminance of the EL lamp was set to this 
value. Using a Pritchard 1980B Spectraradiometer, the spectral 
distribution of the EL lamp was determined. Several filters were 
added to the INC box; a spectral scan was completed, and the EL 
and INC scans were compared. Depending on the outcome of this 
process, either the luminance of the EL lamp was adjusted, more 
filters were added to the INC lamp, or a combination of both 
procedures was used. This process was continued until both lamps 
had an identical luminance of 4.90 fL, and the color difference 
betweent the two was negligible. As a result of this procedure, 
the following filters were placed in the same circular region on 
the INC light box as described above: 

1. Two (2) Edmund Scientific No. 878 light yellow green 
filters 

2. One (1) Edmund Scientific No. 858 light blue green 
filter 

3. Two (2) Kodak No. 80D Wratten gelatin filters 

4. Two (2) infrared blocking filters 

Figure 2 illustrates the color coordinates of the two light 
sources plotted in CIE 1931 space; Figure 3 shows the same 
coordinates in DCS 1976 space, and Figure 4 plots the spectral 
distributions for both lamps. 
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Figure 3. iHC and SL Lights Plotted in OCS 1976 Space 
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Figure 4. Spectral Distributions of EL and INC Lights 

In order for an observer to make an accurate comparison of 
the intensities of the lamps, the luminance across the front 
viewing surfaces of the boxes must be uniform. The luminance 
across each front circular area was measured by a Pritchard 1980B 
photometer with a Spectar LF-19 microscopic lens, and output to a 
HP 7100B strip chart recorder. (All of the previously described 
filters were in place on the INC lamp.) Both lamps fulfilled the 
requirement of a uniform distribution, as indicated by Figures 5 
(INC) and 6 (EL). 
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Figure 5. Incandescent Light Luminance Scan 

1 i     ; 
1 

i 

1 

1 

i   
    

    
    

    
    

    
    

I 

Chart Speed =0.2 in/sec 
Range: 5 volts/div 
Slit Aperture 

Figure 6, Electroluminescent Light Luninance Scan 
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The observer was seated 13 feet frcHn the two lights in order 
that no texture cues from the EL lamp would be present to help 
him distinguish between the two different lamps. A partition was 
placed on either side of the cloth-covered table so that the 
subject was able to concentrate fully on the task at hand. Two 
60 watt desk lamps were located within the testing room to add 
some ambient illumination to the test area. The average room 
luminance was recorded at 0.008 fL using a Pritchard 1980B 
photometer. This same photometer was aimed directly at the EL 
light to record luminance levels, and placed to the subject's 
left.  The view from the observer's chair is shown in Figure 7. 

Figure 7.  View from Observer's Position 

The experimenter's station, located to the left front of the 
observer's position, consisted of the AC power source and the 
Pritchard 1980B control console situated on a table facing the 
experimenter. The subject was unable to see the direction of any 
luminance adjustments made by the experimenter, and also the 
corresponding output on the control console. Figure 8 is an 
illustration of the experimenter's station. 
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Figure 8.     Illustration of  Experimenter's Station 

Prgcedure 

After the instructions were read to the observer and the 
consent form was signed, a rest period of five minutes ensued 
wherein the subject was given the opportunity to adapt to the 
luminance in the testing room. When this period was over, the 
testing began. The consent form and instructions can be found In 
Appendices A and B, respectively. 
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The experimenter then proceeded to set the first brightness 
level on the EL lamp using the variable control knob on the AC 
power source after directing the subject to cover his eyes while 
the testing level was set. After the experimenter indicated that 
he was ready to begin, the observer opened his eyes and looked at 
the two lamps. The participant was asked to compare the 
intensity of the test light (EL) , which was the lamp to the 
observer's left, with the intensity of the reference light (INC), 
which was the lamp on the observer's right. If the left light 
was brighter in intensity than the right light, the subject was 
told to respond, "HIGH". If the left light was dimmer in 
intensity than the right light the observer was asked to respond, 
"LOW". If there was no difference in the intensity of the 
lights, the observer was directed to reply, "SAME". Immediately 
after the subject responded, he was told to cover his eyes while 
the next brightness level was set. This entire procedure was 
repeated for a total of 54 trials. 

Using the above procedure, nine different brightness levels 
were tested. Brightness levels were determined as percentage 
differences from the INC and EL matching luminance of 4.90 fL. 
The percentage differences tested varied in the range of -20% to 
+20% in +5% increments: -20%, -15%, -10%, -5%, 0%, 5%, 10%, 15%, 
and 20%. A repeated measures design was used to test each 
separate brightness level a total of six times. All levels of 
brightness were block randomized using a random number generator. 
Table 1 is a listing of the percentage difference from the 
matching luminance (4.90 fL) and the corresponding EL luminance 
used to set each brightness level during the experiment. 
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• TABLE 1 

EXPERIMENTAL  BRIGHTNESS  LEVELS 

•REFERENCE  LOMINAMCE =  4.90   fL 

DIFFERENCE  FROM REFERENCE CORRESPONDING  LUMINANCE   (IN  fL) 

-20 3.92 

-15 4.17 

-10 4.41 

- 5 4.66 

0 4.90 

+  5 5.15 

+10 5.39 

+15 5.64 

+20 5.88 
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RESULTS 

co^,par?son'L?elenEL1L'1NC^^ght"nd^'?atirK^'^r°'"^^ «°»« 
seemed "brighter" than theTNr ^ Li  u^*"®^.^*^**" ^^^ ^    always 
same luminanle level "The purpose fo? tM« ^^f.^^P^ "«« at the 
to determine if in fact a perceptual diffifonl^'" experiment was 
the two lamps. if a dlff^ronL ^fr®"*"? *'*^ ««^" between 
photometric measurements arfi""lu| f^^ /-if (. '5^" ^''^^"^ 
EL lighting would have to be cllcuf^^-fS «■! scaling factor" for 
difference. calculated to compensate for this 

the two if^psr'the'nu^b^rortJmi/Jhf"^""" "" P"«-^ "^^^-^^ 
of -SAME- wis tabSlStId for ^Lh ^!'^•"''" ""f^^ « response 
tabulations were concerted fnf«« lummance level. These 
function of thlluBifnance o? the a^!^^''?^ ^"^,^^2"^^ " ^ 
plots can be found in Figures 9!2f' JSd\h?^Ji!:?^''i^"^^ ^"''^^^^^ 
is seen in Figure 21. TheoretLallv fch. rLS°"''^"^^u5""P ^**a 
a normal distribution w^thi'Sein'occSrrinr^at' S^'lr^^" 
luminance of 4.90 fL.  since a random sS^pU^g of the poSSlattS? 

distribution with'"riean'?hat'lev?I?:g s^SnJflS^lJiJ? ? "°^Si 

:f ^SSe^cX^n"e=rg%oVd^2a^Sre sh^^Jn^"£%"^^^^^^^^^      -'^ 

f^o?iowiSg rL^??s<Vr; tfv^7sf ST^V-'--- - 
l^in\\%eH^^St1den%X" T¥ ^^^"^* ^^^^ ^'^ro^^^^^^^^^^ 
te^Sr^errno? figni?j;j„t:'r< Ts.^'"''^'''    ^' "'*"^^« ^' ^^ 
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TmhE 2 

MSASS MID STWIDARD DEVIATIONS FOR RESPONSES OF "SAHE" 

^HATCHING EL LUMINANCE « 4.90 fL 

SUBJECT # MEAN STANDARD 

1 5.20 0.56 

2 4.90 0.50 

3 4.74 0.25 

4 4.90 0,56 

5 4.68 0.44 

6 4.66 0.46 

7 5.02 0.64 

8 4.72 0.40 

9 4.93 0.62 

10 4.74 0.66 

11 4.47 0.50 

12 4.60 0.60 

•GROUP 4.82 0.53 

If the Individual subject plots are examined (Figures 9-20), 
it is apparent that scne observers were quite adept at judging 
the intensities of the lights while others nade their Judgments 
with scsroe difficulty. When questioned following the experiment, 
the subjects who nade their judgments with ease indicated that 
they had set a certain criterion in the beginning trials, and had 
retained the sane criterion throughout the entire experiment. It 
is obvious that subjects #5, #9, and #10 did not develop any 
criterion to help then with their judgments. Other observers 
actually required afixi luminance from the SL Itop to match the 
INC Imp. Subjects #1 and #10 illustrate this point. 
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Figure 10. % "SAME" Responses vs. Luminance of EL 
Light in fL for Subject #2 
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Light in fL for Subject H 
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Figure 16. % "SAME- Responses vs. Luminance of EL 
Light in fL for Subject *8 
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Figure 19.  % "SAME* Responses vs. Luminance of EL 
Light in fL for Subject #11 

1 
\ 

mmjtei na 
ii-i-a 

A 
WFCKMX UUr  cue.)  • 4.M FT L 

»■ V ^ 

M    ^    .    -j    ■     -    -    i"i    f"i 

LUIMWCE or EL LAW IN FT L 

i i k i it        i i"^' 
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Figure 21. % "SAME* Responses vs. Luminance of SL 
Light in fL for ALL SUBJECTS 

In a similar manner, the reaiKtnses of "LOW" and "HIGH" were 
separately tabulated for each luminance level, and converted to 
percentages using the same technique described previously. 
Figure 22 plots the percentage of "LOW" responses for the 
ccMBbined data as a function of the luminance of the a lonp, and 
Figure 23 plots the "HIGH" responses In a similar fashion. An 
examination of both of these curves also illustrates that no 
perceptual difference was evident between the two lampsi ie,, the 
"LOW" response plot is a decreasing function of the luminance of 
the EL lamp with R » 0.97, and an increasing function is seen for 
the "HIGH" responses with R = 0,98, 
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Figure 22. % "LCIf" Response vs. Luminance of EL Lamp 
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Figure 23. % "HIGH" Response vs. Luminance of EL Lamp 
FOR ALL SUBJECTS 
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# 
CONOtiOSIONS 

Tht! results Indicated that once all physical paraneters were 
ffoSi' "Sh.^^^'P*^"*^ difference was observed bet^en.i£ ISd INI 
light. The outcOTie of this experiment is significant for Air 
Force lighting applications. No longer caS H. lighting be 
considered a "magical- light source - onl that can't be neasSred 
using photometric principles like other types of lighting. Se 
argument that IL light is always "brighter* than IHC llghi, Sd 

»i«LrL Pf"SP|?*i- K?^^^? *^ P"«^«*^ th*^ inhlbltl direct measur^ent of EL lighting is no longer valid.  H. lighting must 
Ina ^ItV^t^^ °" ^^^ T^^ ***^i« «« «*^h« lighting configuration" 
and may be measured using currently available photometric 
instrumentation with no special procedures.   '^"^^      pnotometric 

• 
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APPENDIX A 

CONSENT FORM 

BRIGHTNESS COMPARISON OF 

ELECTROLUMINESCENT VERSUS INCANDESCENT LIGHTING 

I,  , having full capacity to 

consent, do hereby volunteer to participate in a research study 

entitled, "Brightness Comparison of Electroluminescent Versus 

Incandescent Lighting", under the direction of Dr. H. Lee Task, 

with principal investigator Mary Donohue Perry. The implications 

of my voluntary participation, the nature, duration, and purpose, 

the methods and means by which it is to be expected have been 

explained to me by Mary Donohue Perry. I have been given the 

opportunity to ask questions concerning this research project, 

and any such questions have been answered to full and complete 

satisfaction. I understand that I may at any time during the 

course of this project revoke my consent, and withdraw from the 

project without prejudice. 

I FULLY UNDERSTAND THAT I AM MAKING A DECISION WHETHER OR NOT TO 

PARTICIPATE. MY SIGNATURE INDICATES THAT I HAVE DECIDED TO 

PARTICIPATE HAVING READ THE INFORMATION PROVIDED ABOVE. 

AM 
PH 

Signature     Date     Time 

I have briefed the volunteer and answered questions concerning 

the research project. 

Signature Date 
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APPSHDIX B 

OBSERVER INSTRUCTIONS 

BRIGHIWESS COMPARISON OP 

ELECTROLOMINESCEMT VERSUS INCANDESCENT LIGHTING 

«m ^'"fLu"''® ."i""^ff °^ adaptation In a darkened torn, you 
will be looking at two blue-green circular lights. aDtiro^«**-»i« 
one foot apart. The light In the left wfli be brigSlfr! dwJ^ 
or the same as the light on the right. After thi «il.?™f ' 
l^l '?L^**^^'f5'■^"r^ y«"^ tulk^ldl be"o%l8|o„rS|||P"'fJ 
the left light is brighter than the right light, "LOW" 1? *-hf 

ffahts'irl il ^ir" *^*»*".*^*»^ 'i^>»*^ lilht/lr-SAMl?' i" both lights are of the same intensity. This procedure will h» 
repeated for a total of 54 times.'' FleasI clJer your itll !n 
between trials as the experimenter sets the next li|ht lelll DS 
you have any questions? if not, then we will priceed with tit 
experiment. Thank you for your pirticipatlon   P'^*'"'^*^ *^**» *^*»* 
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SUMMARY 

An evaluation was conducted to determine if modifications made to the interiors 
of the C-130H and C-I41B aircraft interfere with night vision goggle (NVG) operations. 
These modifications were completed as part of the Military Airlift Command's (MAC) 
Equipment Excellence Interior Material Program. The puipose of the evaluation was to 
determine if modifications made to the cockpit and cargo areas of these aircraft h^ any 
substantial effects on the spectral reflectivity of the surfaces involved which could in turn 
interfere with NVG flight operations. A subjective assessment of the modifications was 
also conducted, in which questionnaire results were obtained from flight crew members 
who had flown NVG missions in both modified and unmodified aircraft. 

The evaluation consisted of two components: 1) Measurements of interior 
radiance levels and calculation of surface reflectances; and 2) A human factors subjective 
assessment of effects on NVG operations. Data were collected from 13-16 April 1992 at 
Pope AFB, NC, and Charleston AFB, SC. 

In general, the results indicated that the interior modifications that were completed 
as part of the Equipment Excellence Interior Material Program should not adversely affect 
NVG operations. The interior surface reflectances calculated from the measurements 
made were in most cases somewhat higher in the modified aircraft than the original 
configurations. The maximum allowable NVIS radiance levels specified in 
MIL-L-85762A were used to interpret the significance of actual surf^e NVIS radiances. 
Only one modified surface caused serious concern. The subjective assessment showed 
that the majority of aircrew who participated in the evaluation did not perceive a 
difference between the modified and original interiors, and that no adverse effects on 
NVG operations are anticipated. 
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I. INTRODUCTION 

A new program has been initiated by Military Airlift Command (MAC) 
headquarters for enhancement of transport aircraft. The Equipment Excellence Material 
Program consists of a new paint scheme, major interior refiirbishment, and upgraded 
maintenance of aircraft appearance. One modification is a new tri-color interior, which 
replaces the original five color layout, consisting of the following colors: dark blue, 
glossy beige, and light blue-green. Both the cockpit and cargo areas of the aircraft 
involved exhibit the new colors. In addition, changes were made to the texture of some 
flooring materials. 

At the request of USAF Airiift Center at Pope AFB, personnel from the Visual 
Display Systems Branch of the Armstrong Laboratory at Wright-Patterson AFB 
evaluated the modified aircraft interior paiht/material scheme for possible adverse effects 
on night vision goggle (NVG) operations. Evaluations were performed on C-130H and 
C-141B aircraft. Of specific concern was whether any increased surface reflectivities 
resulted from the interior modifications and what impact such increases might have had 
on NVG operations. 

The evaluation was divided into two parts. The first consisted of measuring NVIS 
radiances of a variety of interior surfaces in both modified and unmodified aircraft and 
then calculating surface reflectances in the NVIS spectral region. NVIS radiance values 
were collected with a field portable instrument designed for cockpit lighting inspections. 
Surface reflectance was chosen as the primary evaluation metric to provide a consistent 
basis for comparison between aircraft versions.   In addition, because the amount of 
windscreen glare is so important to aircrew members, attempts were also made to 
measure the NVIS radiance of several windscreen locations in each aircraft. This was 
followed by an aircrew subjective human factors assessment of possible influence on 
NVG operations. This assessment consisted of a questionnaire and interviews with 
NVG-qualified aircrews that had flown NVG missions in modified aircraft. The major 
findings of the evaluation are outUned in this report. 
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II. METHODS 

Radiance Measures 

Measurements of surface NVIS radiance values were made in modified and 
unmodified versions of the C-130H and C-141B aircraft under similar interior lighting 
conditions.   NVIS radiance limits specified in MIL-L-85762A were used as thresholds to 
identify surface areas of particular concern. The radiance data were used to calculate 
surface reflectances in the NVIS spectral region. NVIS radiance values alone collected 
for any specific interior position were judged to be overly affected by variables beyond 
the control of the evaluators, most notably time varying levels of in-cockpit infrared 
energy due to exterior sources, to serve as a basis for accurate absolute comparisons 
between aircraft interior designs. However, given the availability of a reflectance 
standard, an accurate reflectance could be calculated for each type of surface. Based on 
these calculated surface reflectances, a comparison was made between the modified and 
unmodified versions of each respective aircraft to determine the potential for interference 
with NVG operations. 

An NVG-103 Night Vision Imaging System (NVIS) Cockpit Inspection Scope 
manufactured by Hoffman Engineering Corporation was configured for AN/AVS-6 NVG 
emulation and used to collect quantitative radiometric data on the flight deck and in the 
cargo bay. The AN/AVS-6 (ANVIS) system is the type of NVG currently used by crews 
of the aircraft types involved and is based on a Generation III (Gen III) image intensifier 
tube. The NVG-103 design is based on matching the brightness of an adjustable 
reference provided within the instrument's field of view to the apparent brightness of the 
target.   The uncertainty inherent in brightness matching was reduced by collecting twelve 
data at each location, six measures of the surface of interest and six of a barium sulfate 
tablet. Barium sulfate presents a greater than 95% reflective, Lambertian surface 
throughout the visible and near infrared portions of the electromagnetic spectrum. 
Further, half of all measures were initiated with the brightness reference set below that of 
the target and half with the initial reference setting brighter than the target. To further 
document the color and material modifications, 35mm color photographs and 
conventional super-VHS video were obtained. In addition, image intensified video in 
super-VHS format was collected for qualitative evaluation purposes. 

All measurement sessions were conducted after local sunset in aircraft located in 
their normal parking ramp spot. The windscreens were covered with black cloth to 
minimize the effects of exterior lights to the greatest extent possible. Prior to each 
measurement set, cockpit lighting levels were established by qualified flight crews. Eight 
measurement locations were selected in each aircraft; four locations on the flight deck 
and four locations in the cargo area.   In addition, because the amount of windscreen glare 
is so important to aircrew members, attempts were also made to measure the NVIS 
radiance of four windscreen locations in each aircraft. Windscreen areas exhibiting both 
low and relatively high levels of glare as seen by NVGs were evaluated. Reflectances 
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were not calculated for these windscreen locations. These NVIS radiances were 
interpreted in terms of the guidelines in M1L-L-85762A. The measurement locations for 
the C-130H and C-141B flight decks are shown in Figures 1 and 2, respectively. 

To establish the total NVIS irradiance from all sources incident on each cockpit 
surface being evaluated, a measurement was made of the NVIS reliance of a barium 
sulfate tablet placed upon that surface.  Total NVIS irradiance at any interior location 
was comprised of energy emitted from the cockpit and from external sources such as 
moonlight and ramp lighting bleeding through the black tarps covering the windscreens. 
The NVIS radiance of the cockpit surface itself was then measured. The ratio of these 
two NVIS radiance values is effectively the broadband reflectance of the surface of 
interest in the NVIS spectral region. 

Mathematically, this can be represented by: 

.»™|S(X)*N(^)dX 

...'1 T(X)*N(^) dX 

where R«B = NVIS broadband reflectance, 
S(^) = Radiance of the surface under test, 
T(X) = Radiance of barium sulfate, and. 
N(X) = Gen III spectral response. 

Measurements were made of one modified and one unmodified version of the C-130H 
and the C-141B aircraft (a total of four aircraft). Results from the unmodified aircraft 
were used as a baseline for comparison with the modified versions. To ensure consistent 
initial overall cockpit NVIS radiance levels between modified and unmodified versions of 
the same aircraft type for measurement repeatability, a black surface and a gray surface on 
the instrument panel were chosen m reference points and measured. These particular 
locations were chosen because the colors and finishes were the same in all four aircraft 
evaluated.   Figure 3 shows the approximate location of the reference points for the C-130 
and C-141 cockpits. 

Four locations were evaluated in the cargo area of each aircraft, consisting of the 
paratroop doors, and several points on the ceilings. The same measurement procedures 
described for the flight deck were used in the cargo areas. Due to the extremely low light 
conditions prevailing in the cargo bays, it was necessary in most cases to use infrared 
chemical lights to provide sufficient irradiance for measurements. The blue and glossy 
beige paints used in the cargo areas of the modified aircraft are identical to those used in 
the cocKpit. 
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W = WINDSCREEN 
1 = SEAT SURFACE 
2 = CEILING SURFACES 
3 = SIDEWALL SURFACES 
4 = FLOOR SURFACES 

Figure 1: Radiance Measurement Locations on the C-130 Flight Deck. 
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2 = CEILING SURFACES 
3 = SIDEWALL SURFACES 
4 = FLOOR SURFACES 

Figure 2: Radiance Measurement Locations on the C-141 Flight Deck 
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Fieure 3: Referen.ce Measurement Locations in the C-130 (top) and C-141 (bottom) 
Cockpit 
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Human Factors Evaluation 

A brief questionnaire (shown in Appendix A) was administered to ten C-130 and 
eleven C-141 crewmembers. The questionnaire was designed to elicit opinions regarding 
the perception of differences for NVG performance for the modified and unmodified 
interiors, rcspectively. The questionnaire specifically addressed the effects of the 
modified interior on the performance of visual tasks and the presence of any noticeable 
reflections. Crewmembers completing the questionnaire had an average of 17.5 NVG 
hours experience in modified aircraft. The number of aircrew responding to the 
questionnaire is displayed in Table 1 as a function of aircraft type and crew position. 

Table 1: Summary of Human Factors Questionnaire Participants 

Aircraft Type C rew Position Number of Participants 

C-130H Pilot 

Co-Pilot 

Flight Eng. 

Navigator 

4 

2 

2 

2 

C-141B Pilot 

Co-Pilot 

Flight Eng. 

3 

3 

2 

Navigator 3 
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til. RESULTS 

Radiance Measures 

Since the materials and paints used in the modification are consistent between die 
two types of aircraft, the resuhs of the evaluation are presented here strictly in terms of 
the various types of surfaces found in the four possible cockpit configurations and cargo 
bays, with specific aircraft type annotated for clarity where necessary. Table 2 
summarizes the calculated reflectances for all significant cockpit and cargo bay surfaces. 
Values listed in this table should be considered representative.   For some surface types, 
measurements were made in multiple locations, and the value shown in the table is the 
mean calculated reflectance. 

Data obtained during measurements of both aircraft types indicate that the 
reflectivity of several of the new colors and finishes is greater than that of the originals. 
However, even though reflectance in the NVIS spectral region generally increased, all 
measiu^d NVIS radiance values were still within the limits specified by MIL-L-85762A 
with one notable exception which is discussed in the next paragraph.   Perhaps the most 
notable overall finding from the radiance measures portion of the evaluation was the 
sharply increased reflectance, vis-a-vis that of the colors being replaced, of the new 
glossy beige color now used on both perforated vinyl and hard ceiling surfaces. 

The shiny metal floor material found in the modified C-I30 cockpit at the pilot 
and copilot stations is extremely reflective and produced very intense specular reflections 
which were too bright for the NVG-103 to measure. These specular reflections reach the 
windscreens, particulariy in the swing window area. The shiny handgrips located above 
the forward windscreens also tend to produce reflections in the windscreen. The dark 
blue flooring which is now used in both aircraft types is significantly less reflective than 
the original floor materials. 

Data collected at the various windscreen positions tended to indicate elevated 
levels of energy from the cockpit incident upon the windscreens in the modified aircraft, 
particularly in the area of the swing/sliding windows. The swing/sliding window glare is 
worse in the modified C-130. However, the glare shields in both aircraft protect the 
forward windscreen from excessive glare. Due to bleed through of varying levels of near 
infrared energy from external sources through the black cloth covering the windscreens, 
exact quantitative comparisons cannot be made of windscreen NVIS radiance values. 

Measurements in the cargo bay indicate that NVIS radiance levels are so low that 
it is unlikely that the new paint scheme will have any noticeable effect on NVG 
opefations performed there. 
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Table 2: Summary of Broadband Surface Reflectances 

Paints Reflectannfl 

Original Green (Both Aircraft) 

New Blue, Color #25414 (Replaces Original Green) 

Original Beige (Both Aircraft) 

New Glossy Beige, Color #23531 (Replaces Original Beige) 

Materials 

22% 

29re 

24% 

60% 

Reflectance 

Ceilings - Perforated Vinyl: 

Original Green (C-130) 

Original Beige (C-141) 

New Glossy Beige 

23% 

32% 

45% 

Seal Covers: 

Original Orange (Both Aircraft) 

New Blue/Lamb's Cloth 

Seat Arms: 

Original Orange Vinyl (Both Aircraft) 

New Blue Vinyl (Both Aircraft) 

Floors: 

Original Green Linoleum (C-130) 

Original Tan (C-141) 

New Dark Blue (Both Aircraft) 

New Aluminum (C-130) 

*To<i bright to measure with equipment 

28% 

44% 

17% 

7% 

38% 

34% 

5% 

OFF SCALE* 
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Human Factors 

Crewmembers were asked to list the four most critical visual tasks they perform 
during a typical NVG mission, and to rate the impact of the modified interior on the 
performance of each task. Only one crewmember reported that the modified interior had 
any noticeable effect on his performance. All remaining crewmembers reported "no 
change" for each task listed. The one crewmember who reported a difference was a 
C-130 pilot who indicated that the modified interior scheme was slightly worse with 
respect to his four most critical tasks of take-off, landing, airdrop, and low level flight. 
He attributed this to glare or "window shadow" caused by increased reflections in the 
windscreen. A C-141 flight engineer reported that the modified interior scheme had 
resulted in improved visibility around the rear of the flight deck for non-NVG conditions. 
He attributed this improvement to the reductions in glare from the floor and seat 
coverings at the rear of the flight deck in the modified aircraft. 

Crewmembers were asked to indicate whether any reflections were noticeable 
within the NVG intensified field-of-view that they believe were due to the modified 
interior. No noticeable reflections were noted by C-141 crewmembers. Two C-130 
crewmembers reported slight reflections on the windscreen. One of these crewmembers 
reported that the modified floor surface and beige ceiling at the pilot and co-pilot 
positions were very reflective. This crewmember reported that lights from the navigator 
station reflected off the ceiling of the flight deck. A C-130 flight engineer noted slight 
glare from reflections on the windscreen during ground operations. 

Crewmembers were also asked if the modified interior scheme affected previously 
existing lighting compatibility problems. Only one C-130 pilot noted any change for the 
worse in lighting compatibility between the original and modified scheme. This 
individual noted that the instrument panel lighting compatibility was slightly worse 
because of the reflections from the shiny aluminum floor surface at the pilot station. 

Finally, each crewmember was asked if he could safely and effectively perform 
the Special Operations, Low Level (SOLLII) mission with an aircraft refurbished with 
the new interior materials. All crewmembers surveyed indicated they believed they could 
safely undertake SOLL II missions in modified aircraft. 
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IV. CONCLUSIONS 

The results of the current analyses indicate that reflected ambient light in the 
interiors of C-130 and C-141 aircraft modified as part of the Equipment Excellence 
Interior Material Program should not be expected to interfere with NVQ operations. 
NVIS radiance measurements indicated that while the visible and near infrared 
reflectances of the new surfaces are in general increased vis-a-vis those of the original 
configurations, surface NVIS radiance levels were still well within the limits established 
in MIL-L-85762A.  One notable exception is the polished aluminum floor at the pilot's 
and co-pilot's stations in the C-130 cockpit. The human factors analysis corroborated this 
finding in that the overwhelming majority of crewmembers reported that they did not 
notice any negative impact of the new design on NVG performance. Nevertheless, two 
aspects of the modified design do result in increased surface reflectance in the cockpit. 
These are: 

1. The polished aluminum floor at the pilof s and co-pilot's positions in the 
C-130 cockpit. This represents a highly undesirable surface material due to the 
unavoidable bright specular reflections associated with such a finish. 

2. The beige-colored surfaces in the cockpits of both aircraft. 

There was no observed glare on the forward windscreens within one steradian of 
the pilot's design eye position, in conformance with the military standard. However, glare 
is present in the side windows of both aircraft, more noticeably in the C-130. It is 
important to note that if all cockpit lighting was NVG compatible, then the incidence of 
cockpit lighting energy upon the windscreens would not be a matter of concern. 
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Appendix A 

C-130/141 INTERIOR PAINT SCHEME 
NVG EVALUATION QUESTIONNAIRE 

Name   NVG Type 

Aircraft   Position 

Approximate hours of NVG flight experience with: 

Old paint scheme   hrs. 
New paint scheme   hrs. 

1. List the four most critical VISUAL tasks you perform with NVGs during a 
typical night mission and for each task use the scale provided to rate any 
differences between the old and new interior paint schemes you may have 
experienced in performing each task. 

Task No      Slight     Significant  Slightly Signif. 
Change  Improvement  Improvement   Worse    Worse 

2. For those tasks which you rated anything other than NO CHANGE, please 
describe the differences in performing them between the old and new interior 
paint scheme in the space below: 

3. Please describe any REFLECTIONS within the NVG field of view that you 
believe were caused by the interior paint scheme for the: 

Old scheme 

New scheme 
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4. Please list the reflection and rate its effect on your performance while 
wearing NVGs below. 

Reflection:   

No Effect on performance 
Slight  (NVG performance only slightly affected ) 
Moderate (reflections limited the ability to perform NVG operations) 
Signifcant (reflections made it impossible to perform duties with NVGs) 

Reflection: 

  No Effect on performance 
  Slight (NVG performance only slightly affected) 

  Moderate (reflections limited the ability to perform NVG operations) 
  Significant (reflections made it impossible to perform duties with NVGs) 

5. Under the old interior paint scheme, what was the greatest lighting 
compatibility problem with NVGs at your crew position? 

6. How was this problem affected by the new interior scheme? 

U.S.G.P.O.:1994-550-057/B1055 
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(NVGs), noticeably reducing visual acuity. In addition, pilots wearing NVGs felt that the display was too dim to easily read 
under certain conditions after prolonged NVG exposure. To address these concerns, the Air Force Research Laboratory, 
Human Effectiveness Directorate, AFRL/HECV, ran a series of tests with the assistance of the F-16 SPO, the Air Force Reserve 
and Air National Guard Test Center (AATC/DO), Honeywell, and Lockheed-Martin, to assess the NVIS compatibility and 
legibility of the CCMFD in its NVIS mode. This paper documents both the results of this testing and an analysis of subjective 
comments made by observers during a demonstration of the display under the suspect conditions noted by AATC/DO. 
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SUMMARY 

In an effort to incorporate color into night vision imaging system (NVIS) compatible 
cockpits, the F-16 System Program Office (SPO) contracted with Lockheed Martin for the F-16 
Common Configuration Lnplementation Program (CCIP). Lockheed contracted with 
Honeywell's Aerospace Electronic Systems division for the design and development of a Color 
Multifunction Display (CMFD). After preliminary operational testing, some observers felt that 
the CCIP Common Color Multi-Function Display (CCMFD) did not present video with the same 
level of detail in NVIS mode as seen in daytime mode. The CCMFD might also be interfering 
with vision through night vision goggles (NVGs), noticeably reducing visual acuity, suggesting 
that the display might not be truly NVIS compatible. In Edition, pilots wearing NVGs, which 
can provide up to 5 footLamberts (fL) of light to the observer's eyes, feh that the display was too 
dim to easily read under certain conditions after prolonged exposure to bright NVGs. 

To address these concerns, the Air Force Research Laboratory, Human Effectiveness 
Directorate, AFRL/HECV, ran a series of tests with the assistance of the F-16 SPO, the Air 
Force Reserve and Air National Guard Test Center (AATC/DO), Honeywell, and Lockheed- 
Martin, to assess the NVIS compatibility and legibihty of the CCMFD in its NVIS mode. These 
tests showed that CCMFD met all existing NVIS B compatibility criteria. The color coordinates 
chosen by Honeywell allowed for good color discrimination and for an appealing, fiiU-color 
display. Certain colors were displayed at lower lummance than desired by many observers, but 
the display met the luminance requirements stated in MIL-L-85762A. 

Even though the display met the requirements of MIL-L-85762A, interactions with F-16 
pilots with NVG experience during the tests yielded a number of interesting observations. 
According to one observer, the CCMFD displaying the target pod FLIR video in NVIS mode 
was too dark to distinguish the level of detail needed for targeting. When mfomiation is 
displayed at high densities, such as the FLIR image, more light is required to discern details. 
During the demonstration, the Honeywell representative set the display in day mode and adjusted 
the illumination until the observer said it was bright enough for targeting. At the observer's 
preferred setting, the luminance of the display measured 90 fL. This much light in the cockpit 
may degrade the pilot's visual capability looking out of the cockpit and may negatively impact 
NVG performance. It was discovered that pilots flying Block 30 aircraft in the NVIS mode are 
forced to set their lighting to a very bright level, nearly to the maximum lummance of which the 
NVIS Mghtmg is capable, to see features of the horizontal situation mdicator (HSI) and fiiel 
totalizer. Again, the additional light may degrade the pilot's visual performance and may 
negatively impact vision through NVGs, 

There appears to be a system-wide compatibility issue with the NVGs. However, mitial 
flight programs have found the displays to be acceptable. The CCMFD's have p^sed 
quahfication testing and bench testing for NVIS compatibility. Increasing the lummance of the 
CCMFD will reqmre a design change. The desired luminance level remains unclear at this time. 
What is needed is an examination of the cockpit as a system to determme what could benefit 
fi-om change. Are^ other than display luminance that may require attention mclude reexamining 
the visibihty requirements for NVIS displays, ti^tening the requirements for NVIS 
compatibility specifically for liquid crystal displays (LCDs), mimmizing the windscreen 
reflectivity, or even improving cockpit display luminance balance. 
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INTRODUCTION 

The F-16 is a single-engine, single or two-seat, multi-role tactical fighter with full air-to-air 
and air-to-ground combat capabilities. The F-16 System Program Office (SPO), ASCAT 
located at Wright-Patterson AFB, OH, is responsible for the development of F-16 systems' 
capable of meeting the warfighter's operational requirements. F-16 avionics support all-weather 
air-to-ground attack and air-to-air missions. In support of these missions, the F-16 uses two 
Common Color Multi-Function Displays (CCMFDs) compatible with a Night Vision Imaging 
System (NVIS) or Night Vision Goggles (NVGs). 

In an effort to incorporate color into night vision imaging system (NVIS) compatible 
cockpits, the F-16 System Program Office (SPO) contracted with Lockheed Martin for the F-16 
Common Configuration Implementation Program (CCIP). Lockheed contracted with 
Honeywell's Aerospace Electronic Systems division for the design and development of a Color 
Multifunction Display (CMFD). Honeywell Electronic Systems, Albuquerque NM, developed 
the CMFD's in the late 1990's. The F-16 CCMFD is intended to be a replacement for the F-16 
CFMD, which suffers from serious diminishing material source (DMS) issues. As a result, the 
F-16 CCMFD was developed using common, industrial grade components. The CCMFD is a 4- 
inch by 4-inch display and provides the pilot with high-resolution, full color video in different 
ambient conditions (e.g., full sunlight to low starlight levels). This display was intended to 
replace the standard cathode ray tube based MFD with which the Block 40 and newer F-16's are 
currently equipped. The CCMFD's specification required Honeywell to meet MIL-L-85762A, 
Military Specification, Lighting, Aircraft, Interior, Night Vision Imaging System Compatible 
requirements. 

To determine if the new color multifunction display could be integrated into older aircraft 
flown by the Air National Guard and Air Force Reserves, the Air National Guard and Air Force 
Reserve Test Center (AATC/DO) in Tucson, AZ, asked for Honeywell to demonstrate their 
display on an NVIS compatible aircraft at AATC/DO. A number of researchers from 
AFRL/HEA, Mesa, AZ, assisted this effort by performing a series of tests intended to assess the 
NVIS compatibility of prototype cockpit displays and lighting. 

After preliminary testing in Tucson, some observers felt that the CCMFD suffered from a 
few noteworthy problems. First, it did not present video with the same level of detail in NVIS 
mode as seen in daytime mode. The image quality of the display when set in NVIS mode was 
not as good as one would prefer for many of the F-16's missions. It was also noted that the 
CCMFD might also be interfering with or degrading visual performance through night vision 
goggles (NVGs). A measurable reduction in visual acuity through NVGs was attributed to the 
CCMFD, suggesting that the display might not be truly NVIS compatible. In addition, pilots feh 
that the display was too dim to easily read small symbols and characters on the CCMFD under 
certain conditions after prolonged exposure to bright NVGs. Initially, this was attributed to 
possible loss of dark adaptation due to prolonged exposure to NVGs, some of which are capable 
of presenting a 5 fL image to the observer, under the proper conditions. 

As a result of these tests, the F-16 SPO asked the Air Force Research Laboratory, Human 
Effectiveness Directorate, AFRL/HECV, Wright-Patterson AFB to examine the issues noted by 
AATC/DO and demonstrate the visual phenomena in the laboratory. Before the displays could 
be made available for laboratory testing, initial studies were restricted to examining the visibility 
of small characters whose luminance was in the range displayed by the CCMFD. An experiment 
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w^ assembled to test the hypothesis that observers adaptmg to a bright NVG image could have 
more difficulty reading small, dim display charactera. The visual acuity of sevwal observers was 
measured after prolonged exposure to bright NVGs. After dark-adapting for 10 minutes, the 
observer's baselme acuity was me^ured using a self-luminous array of Landolt C's (Figure 1). 
Then the observer was exposed to a 4 fL NVG output. Visual acuity was measured every 15 
minutes for one hour. The experiment was repeated twice, once with the display luminance set 
to 1.0 fL and again with a display luminance of 0.1 fL. Studies showed acuity to be the same at 
the end of the hour of exposure as the baseline measurement, indicating that acuity was 
independent of NVG exposure time. 

This result is supported by research conducted independently at AFRL/HEA, Mesa, AZ and 
documented in a paper soon to be released in the Journal of Aviation, Space, and Environmental 
Medicine (ASEM) [Howard, Reigler, and Martin, in press]. This paper described an experiment 
that measured the response time of a number of subjects reading a simulated NVIS compatible 
altitude direction indicator (ADI) as a function of the log luminance ratio of a bright NVG and a 
dim display. Howard, Reigler, and Martin noted me^urable increases in response time at log 
luminance ratios of two or greater (Figure 2). The log of the luminance ratios experienced by 
observers in the AFRL/HECV experiment viewing Landolt C's never exceeded 1.6, minimizing 
the impact of this phenomenon. 

Figure 1. Landolt C's (left) and goggle mount (right) used in preliminary study to assess the 
visibility of small, dimly ht characters. 
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Figure 2. Increase in reaction time as fUnction of luminance ratio in log units for three different 
targets (10 fL small, 3 fL small, and ~3 fL large) for one observer. [Howard, Reigler, and Martin, 

in press] 

In light of this result, the F-16 SPO, AATC/DO, and Honeywell agreed that the visual 
interactions between the CCMFD and state-of-the-art night vision systems should be studied in 
greater detail. At the end of January 2001, Honeywell provided two CCMFD's for examination 
by AFRL/HECV at Wright-Patterson AFB, OH. This report documents the procedures applied 
in the analysis of the displays, the data acquired, and the results of demonstrations of the visual 
phenomena noted at AATC/DO. 

MEASUREMENTS AND DATA 

To examine the displays, a nimiber of quantitative laboratory tests and demonstrations were 
held 29 Jan - 2 Feb 2001 at AFRL/HECV. Measurements made to characterize the displays 
included spectral, NVIS radiance, luminance, luminance uniformity, and character size. In 
addition, a low-fidelity cockpit simulation was assembled to recreate a number of visual 
phenomena under controlled conditions that were reported from initial operational testing. The 
test plan as compiled in January 2001 appears in Appendix A as additional information. 

Spectral Measurements 
A considerable amount of data could be obtained simply by making spectral measurements 

of the light emitted from the display. Display radiance, NVIS radiance, luminance, and color 
coordinates can all be calculated once the specfral content of the emitted light is known. 
Measurements were made using an Instrument Systems IS 320 radiometer (Figure 3) capable of 
measuring NVIS radiance. To start the measurements, the display was placed on a stage 24 
inches from the radiometer's measurement head. A four-segmented image made up of quadrants 
of color: red, green, blue, and either black or white, was placed on the display (Figure 4). The 
radiometer's head was then aligned to each of the four colors and measured in sequence. 
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Me^urements were made at ttiree luminance levels: foil NVIS bright, half full bright, and one 
increment above off. Once all three me^urements were completed, the radiometer head was 
realigned on a different color quadrant of the display and the me^urements repeated. To get the 
fifth color, either black or white, a second quadrant target was displayed and measured. To 
verify that the red, green, and blue color patches were the same on the two quadrant targets, one 
color was chosen, measured again fi-om the second quadrant target, and compared to the previous 
measurements of that color. Data was saved to a computer file for extraction and analysis later. 
The data extracted on display NVIS A and B radiance, luminance and chromaticity are displayed 
in Table 1 fiirough Table 6 of this document. Examples of the spectral data obtained m this 
effort are displayed in Figure 5 through Figure 9 below. 

Figure 3. CCMFD in position for spectral measurements. 

Figure 4. Target used for spectral measurements 
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Table 1. Display NVIS radiance, luminance, and UCS chromaticity for S/N 902002, display set 
to full bright. 

NVIS A NVISB Luminance u' V' 

red 5.35E-08 3.48E-09 0.226 0.4028 0.5306 
green 4.47E-09 2.70E-10 0.559 0.1547 0.5497 
blue 1.83E-09 2.83E-10 0.118 0.1060 0.4111 
white 1.66E-08 1.20E-09 0.878 0.1996 0.5258 
black 2.35E-08 1.33E-08 0.003 0.1846 0.5160 

Table 2. Display NVIS radiance, luminance, and UCS chromaticity for S/N 902002, display set 
to half bright. 

NVIS A NVISB Luminance u' v" 
red 5.18E-08 3.13E-09 0.026 0.4000 0.5311 
green 4.37E-09 2.49E-10 0.065 0.1363 0.5601 
blue 1.08E-09 5.96E-11 0.014 0.1086 0.4086 
white 1.72E-08 1.04E-09 0.103 0.2049 0.5245 
black 1.53E-08 4.44E-09 0.003 0.1923 0.5119 

Table 3. Display NVIS radiance, luminance, and UCS chromaticity for S/N 902002, display set 
to one increment above off 

NVIS A NVISB Luminance u' v' 
red 5.01 E-08 2.29E-09 0.006 0.4123 0.5341 
green 2.50E-09 9.67E-11 0.015 0.1388 0.5603 
blue 5.30E-10 5.06E-11 0.003 0.1028 0.3982 
white 1.75E-08 8.83E-10 0.022 0.2037 0.5230 

Table 4. Display NVIS radiance, luminance, and UCS chromaticity for S/N 901002, display set 
to full bright. 

NVIS A NVISB Luminance u' V' 

red 5.64E-08 5.03E-09 0.245 0.4067 0.5306 
green 3.66E-09 3.02E-10 0.540 0.1409 0.5563 
blue 2.43E-09 4.97E-10 0.108 0.1108 0.3887 
white 1.80E-08 1.70E-09 0.833 0.2012 0.5213 
black 1.75E-08 6.85E-09 0.003 0.1775 0.5036 

Table 5. Display NVIS radiance, luminance, and UCS chromaticity for S/N 901002, display set 
to half bright. 

NVIS A NVISB Luminance u' V' 

red 5.58E-08 4.13E-09 0.029 0.4047 0.5299 
green 3.39E-09 1.41E-10 0.066 0.1401 0.5565 
blue 1.56E-09 9.12E-11 0.013 0.1088 0.3879 
white 1.74E-08 1.44E-09 0.104 0.2007 0.5202 
black 6.86E-08 5.51 E-08 0.000 0.2260 0.5413 

Table 6. Display NVIS radiance, luminance, and UCS chromaticity for S/N 901002, display set 
to one increment above off 

NVIS A NVISB Luminance u" V' 

red 5.20E-08 3.55E-09 0.006 0.4110 0.5324 
green 2.85E-09 1.34E-10 0.014 0.1392 0.5597 
blue 7.69E-10 3.85E-11 0.003 0.1073 0.3755 
white 1.95E-08 1.47E-09 0.020 0.2059 0.5171 
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Figure 5. Radiance as a function of wavelength for CCMFD blue, display set for full brightness. 
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Figure 6. Radiance as a function of wavelength for CCMFD green, display set for full 
brightness. 
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Figure 7. Radiance 2& a function of wavelength for CCMFD red, display set for full brightness. 
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Figure 8. Radiance as a function of wavelength for CCMFD white, display set for full 
brightness. 
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Figure 9. Radiance as a function of wavelength for CCMFD black, display set for full 
brightness. 

Luminance Uniformity 
In addition to the spectral measurements described in the previous section, the F-16 SPO 

asked for an evaluation of the luminance uniformity of the CCMFD to verify that the display met 
their uniformity requirement. To save time, only one display was measured. The test required 
the display to be illuminated all in one color. The display's limiinance was measured for nine 
locations (Figure 10) using a Minolta hand-held photometer placed 43 inches from the face of 
the display. The photometer's one-degree field of view measured a 0.75-inch diameter circle at 
the display, insuring that there was no overlap between measurements. Display luminance 
uniformity was measured for red, green, blue, and white. The data collected are presented in this 
report in Table 7. 
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Table?. : Luminance uniformity of CCMFD 902002. 
White Coll Col 2 Col 3 Red Coll Col 2 Col 3 
Rowl 1.082 1.034 1.091 Rowl 0.251 0.241 0.251 
Row 2 1.024 1.005 1.023 Row 2 0,241 0.241 0.241 
Row 3 0.956 0.947 0.956 Row 3 0.232 0.232 0,232 

Green Coll Col 2 Col 3 Blue Coll Col 2 Col 3 
Rowl 0.666 0.647 0.676 Rowl 0.145 0.135 0.145 
Row 2 0.647 0.628 0.637 Row 2 0.135 0.135 0.135 
Row 3 0.589 0.589 0.599 Row 3 0.126 0.126 0.126 

The most noticeable trend found in lummance uniformity was a decrease m display luminance as 
the measurements moved farther from the top edge of the display. In addition, the upper comers 
tended to be brighter than the lower comers. The percent umformity {Uniformity) was calculated 
for each tested color using the following equation: 

TT -j-     -^     Max-Min Umformity ■■ 
Max 

-xlOO% 

Here, Max and Min are the maximum and minimum luminance respectively, me^ured for a 
particular color from the display. The resultmg calculated percentages are Usted m Table 8. 

Table 8. Luminance uniformity of the CCMFD (S/N 902002) for the four measured colors 
 expressed as a percentage.  

Color 
Red 

Green 
Blue 

White 

% Uniformi^ 
7.7 
12.9 
13.3 
13.3 
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Character Size Measurement 
One of the most pressing issues left unexamined by initial tests at AATC/DO in Tucson was 

the size of the characters that were considered difficult to read. The impact of the physical size 
of a target on its visibility is easy to understand. Larger targets are simply easier to see [Cobb 
and Moss 1928]. Due to the nature of the tests conducted at AATC/DO, researchers were unable 
to measure the size of the characters displayed on the CCMFD. The symbol sets used were not 
the symbology commonly used on the F-16 MFD, but rather were the result of the 
manufacturer's best guess at what the aircraft symbol generator might present on the display. To 
display this symbology, characters were generated on a personal computer and relayed to the 
displays through considerable electronics. 

To measure the characters of interest, the individual files were first printed in the proper 
aspect ratio using a high quality laser printer (600 dpi). Symbols were then measured from the 
paper using a 20X loupe and reticule. To check these measurements, a number of characters 
were measured both off the paper printouts and directly from the displays themselves using the 
same loupe and compared. Comparison of the two sets of measurements showed both 
approaches to yield the same resuhs to within the accuracy of the measurement loupe. 
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Figure 11. Conceptual image of tactical data displayed on the CCMFD. Figure reproduced to 
actual scale (4 inches X 4 inches). 

The smallest, dimmest characters (the characters most difficult to see) were the blue letters 
and numbers, measuring 0.089 inches high and 0.059 inches wide. Observing these symbols at 
28 inches, the nominal observation distance for this display in the F-16, the characters would be 
10.9 arc minutes tall. This translated to a Snellen acuity of about 20/43.5. One should note that 
the displayed characters were not similar to those commonly used in acuity testing, and did not 
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exhibit the defined length to width to stroke aspect ratio. Therefore, this analysis only yielded an 
estimate of Snellen acuity. The actual visual acuity of these characters was undoubtedly worse. 

At the writing of this report, it wm unclear if the symbols presented in the laboratory at 
AFRL/HECV were the same as those considered difficult to read at AATC/DO. Many believe 
that the characters used at AFRL/HECV had thicker line widths, making them easier to read. 
The usefuhiess of these measurements in explaining the objectionable conditions is, therefore, 
somewhat questionable for two reasons. First, the symbols might not be the ones found 
objectionable at AATC/DO in November. Secondly, they do not accurately represent the 
symbols that would be displayed in an operational akcraft. However, these measurements did 
estabUsh the size of characters used in AFRL/EffiCV demonstration. 

Gain and Spectral Sensitivity 
The two night vision goggles loaned to AFRL/HECV by AATC/DO were both AN/AVS-9 

(F4949) devices manufactured by ITT Night Vision hidustries. One was an older C model 
AN/AVS-9, S/N 0568, having lower gain and a slightly different focus mechanism than state-of- 
the-art night vision devices currently flying in the US Air Force. The other was a new G model 
AN/AVS-9, S/N 5587, exhibiting high gain and high optical performance. Both were tested for 
gain and spectral sensitivity estabhshed procedures [Task, Hartman, Marasco, and Zobel 1993]. 
Bnef descriptions of the procedures and the data acquired from the two goggles used in the 
demonstration are provided in Appendix B and C as additional information. 

Vision Demonstration 
To better examine the interaction between the display, the cockpit, and the night vision 

goggle, a demonstration was assembled in a laboratory at AFRL/HECV. This demonstration 
placed observers in a simulated cockpit with the CCMFDs and required them to assess their own 
visual performance under a number of conditions. Observer comments were noted and reviewed 
to determme the combinations of conditions under which visual performance was unacceptably 
degraded. 

Conditions and Procedure 
To assemble the cockpit simulation, the displays were placed m the correct geometry with 

respect to the observer's eye position using information provided by Lockheed-Martin (Figure 
12, Table 9). The distances Ksted in Table 9 are in inches and are relative to the observer's 
correct eye position, hi Table 9, the column labeled Distance hsts the distance to the displays 
from the eye position. The column labeled Horizontal describes the separation between the 
displays. The column labeled Vertical describes the distance the displays were placed below the 
observer's line of sight. 

Table 9. Coordmates of the four comers and the center of the two CCMFD's as positioned m the 
simulated cockpit. Distances are in inches and are relative to the observer's correct eye position. 

Distance Horizontal Vertical 
Upper Outboard 28.6 ±8.8 -12.5 
Upper Inboard 28.6 +4.5 -12.5 
Center 28 ±6.7 -14.5 
Lower Outboard 27.5 ±8.8 -16.5 
Lower Inboard 27.5 ±4.5 -16.5 
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Figure 12. Low-fidelity cockpit simulation used to demonstrate visual interactions. 

An electro-luminescent (EL) panel was mounted to a post near the displays to add additional 
NVIS "compatible" light, simulating the effect of other lights in the cockpit. The light from the 
EL panel was diffused by reflecting it off a large, flat, white surface. A 3X3 NVG resolution 
target (Figure 13) was placed in space 15 feet from the observer position. The target was 
provided as a visual performance reference to assist the observers in assessing the impact of the 
different display and lighting conditions. A sheet of Plexiglas was placed between the observer 
and the acuity target to reflect EL light back towards the observer. This created a veiling 
luminance that could interfere with visual performance (Figure 14) as a windscreen would in a 
real cockpit. 

Figure 13. 3X3 NVG resolution target. 
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Figure 14. View of a resolution target from the simulated cockpit. 

The experimental conditions examined were b^ed on the observations made at AATC/DO. 
It was expected that exterior target luminance and CCMFD luminance would have the largest 
impact on visual performance. In addition, the amount of additional cockpit lighting was also 
expected to affect vision, making it a logical factor to include. Finally, the level of NVG 
performance was also suspected, not necessarily of being a factor affecting vision by itself, but 
of being part of an interaction involving die display luminance and cockpit lighting. A factor 
describing goggle performance w^ therefore included. One should note that newer NVGs tend 
to have improvements in a number of parameters, includmg higher gain, higher spectral 
sensitivity, and different minus-blue filtera, making them perform differently than older goggles. 
Due to the limited number of NVGs available for this demonstration, it was impossible to 
differentiate the effects of the different NVG parameters on vision. 
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Figure 15. CCMFD compass demonstration. This image is not indicative of information 
currently displayed on the F-16 MFD. 
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Figure 16. FLIR image (left) and fiill color map (right). Both images are not indicative of 
information currently displayed on the F-16 MFD. 

Two levels of each factor examined were used in the demonstration. The target luminances 
presented to the observers were half moon (1.18X10"^ fL) and half stariight (2.94X10"^ fL) using 
a blackbody source having approximately a 2850 degree K color temperature. The bright and 
dim conditions for the CCMFD were established not by the luminance of the individual 
characters, but by the amount of the display illuminated. For the dim conditions, images having 
bright characters on a black background, such as the tactical display (Figure 11) and a compass 
(Figure 15), were displayed. The bright condition employed images where the whole display 
was illuminated to some degree, such as forward-looking infrared (FLIR) imagery and a full- 
color moving map (Figure 16). One should note that these images were intended for marketing 
demonstrations only and do not accurately reflect information normally displayed on the F-16 
multi-function display. Two levels of additional extraneous NVIS "compatible" lighting were 
also examined in the demonstration. The two levels used were 1 fL to represent the luminance 
level commonly found in bright NVIS compatible cockpits ("on"), and no additional light 
("off). As noted earlier, the two NVGs examined were both AN/AVS-9's. One was a C model 
with a Class A minus-blue filter, the other a G model with a Class C minus-blue filter. 
Observers were presented all combinations of these four factors, creating 16 experimental 
conditions. The output luminances from the two NVGs for the deferent conditions were 
measured and recorded in Table 10. In addition. Table 10 includes the output luminances 
measured through the goggles with the displays turned off These conditions were not presented 
to the observer, but were measured because they were considered important to the analysis of the 
displays. 
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Table 10. Goggle output luminances for the experimental condil ions. 
CMod GMod 

Target Display Cockpit Left Right Left Right 
Half Moon Dim 1.812 1.772 4.359 3.946 
Half Moon Dim + 1.810 1.771 4.354 3,946 
Half Star Dim 0.399 0.312 0.871 1.000 
Half Star Dim + 0.438 0.372 0.942 1,124 
Half Moon Bright 1,820 1.772 4.452 3.944 
Half Moon Bright + 1.818 1.773 4.428 3.943 
Half Star Bright 0.429 0.312 0.951 0.980 
Half Star Bright + 0.465 0.372 1.032 1.063 
Half Moon Off 1.610 1.775 4.408 3.915 
Half Moon Off + 1.607 1.775 4.393 3.918 
Half Star Off 0.335 0.343 0.885 0.906 
Half Star Off + 0.390 0.411 0.955 1.006 

Before the start of a day of demonstrations, lab personnel focused both goggles and tested the 
target luminance levels. At the start of a demonstration session, personnel who wished to have 
their comments recorded provided certain demographic data including, but not limited to, name, 
age, eyewear, and NVG experience. Other pertinent information, such as the types of aircraft an 
observer flew, would also be recorded if necessary. Then observers were allowed to dark-adapt 
for 10 to 15 minutes. During this time, instructions regarding the t^k were given. Observers 
were also told that the goggles were pre-focused and that they were not to adjust them. The 
observer would first look through the C model NVG at the acuity target and call off the number 
of gratings that they could resolve. Then the observer was asked to continue looking through the 
goggles at the acuity target for approximately 5 minutes. This 5-minute adaptation was intended 
to readjust the observer to the bright goggle output and was only perfomed once at the 
beginning of the session. The observer was then mstructed to look at the display and report what 
they could or could not see. 

The experimenter running the demoiwtration asked several questions. For the dim CCMFD 
conditions, observers were asked if they could see all of the colors on the display. They were 
asked if they could see all of the displayed symbols and the numbers accompanying the symbols. 
Observers were asked about the appearance of the colors. They were asked if the colors looked 
like they should, such as, could they readily interpret red as red, blue as blue, white m white, and 
so forth. Observers were asked if any of the colors washed out when they looked at the display. 
In addition, observers who were also pilots were asked if they could see the display well enough 
to accompMsh a mission. The observer then looked through the G model NVG at the acuity 
target and noted the number of gratings they could resolve. They then continued to look through 
the goggles at the acuity grating for approximately 1 minute and then looked back at the display. 
The same questions were asked as above. These procedures were repeated for all the conditions 
alternating between the C and G model NVGs. 
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Figure 17. Observer ready to assess visual performance. 

Discussion 
Observers largely felt that the symbols and imagery presented by the displays were visible. 

The colors displayed with greater luminance, such as white, green and yellow, were considered 
easily visible. Red and blue were more difficult to see but were still considered visible to a large 
percentage of the observers. The majority of the observers also considered FLIR imagery 
displayed on the CCMFD visible. However, pilots felt they needed more detail to accomplish a 
ground attack mission. One should note that the FLIR imagery used in the demonstration was 
originally target pod video that was transformed into an MPG file. This conversion degraded the 
video somewhat. This would have a negative impact on the visibility of details in the image. 
However, significant additional detail could be obtained fi-om the FLIR video by simply 
increasing the display luminance, indicating that the visibility of the video was limited by the 
observer's eye during the demonstration, not the CCMFD. This was demonstrated in the 
laboratory when one pilot was allowed to adjust the display luminance and contrast to what he 
considered optimal using the display's daylight mode. Considerable additional detail became 
visible including ground crew near parked aircraft and aircraft features such as the refiieling 
probe on an A6 Intruder. The display luminance of this "optimal" setting was measured to be 
approximately 90 fL using a handheld photometer. Unfortunately, using a display capable of 
that brightness at night is impractical for many reasons, such as increased cockpit reflections and 
veiling luminance. The probability of any manufacturer building a 90 fL display that is NVS 
compatible in the near fixture with existing technology is low. 

One observer stated it most clearly by saying, "I didn't see a problem here but I would 
be hesitant to say the plane does not have a problem." The demonstration employed a subjective, 
simple task that did not duplicate the conditions under which the display is normally employed. 
To improve the demonstration and better quantify the display would have required more time 
and resources than were available at the time of the CCMFD evaluation. As noted earlier, 
observers were not all pilots. Most observers did not have a clear idea about how NVGs and 
NVIS lighting interact with the human visual system. Observers were also allowed to assess 
their own visual performance since time did not allow for a more objective assessment. In 
addition, observers were allowed to look at the display longer than what a pilot would. 
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improving their visual performance since target duration often affects target visibility [Cobb and 
Moss 1928]. 

There were a number of concerns raised by the pilots who saw the cockpit simulation. The 
first issue was with the additional NVIS cockpit lifting. Pilots felt that the lighting present in 
the simulation w^ not bright enough and there were too few light sources placed around the 
cockpit. In addition, it was determined through questioning that pilots fly with their coclqjits 
brighter than simulated in the demonstration. A number of small but critical displays, the 
Horizontal Situation hidicator and fuel totahzer in particular, must be bright enough for the pilot 
to read in fli^t. In order to increase the luminance of those displays, pilots are forced to 
incre^e the luminance of all of their cockpit instruments since the luminance of a particular 
instrument cannot be adjusted independently of the others in the cockpit. 

Non-pilot observers tended to have their attention drawn to large, easy to see objects in the 
FLIR video, such as the airplane on the runway (Figure 16). Targets of interest to a pilot 
attacking a ground target will be relatively small and probably camouflaged. There w^ no e^y 
alternative by which more realistic targets could be embedded in the marketing demonstration 
video, making this aspect of the demonstration more realistic. There were a number of small, 
low contrast details in the video. But only one observer noticed any of these. Therefore, it is 
difficuh to conclude that the relevant details would always be visible when displayed at the 
luminance levels examined. Observers could not comment on the visibility of targets they 
simply could not see if they did not know they were there. 

CONCLUSIONS AND COMMENTS 

The data gathered in this effort showed that the Honeywell CCMFD passed MIL-L-85762A 
NVIS B specification, as required. The color balance between red, green, and blue allowed the 
display to achieve the Ml color sought for applications like moving maps. Also, the color 
coordinates selected by Honeywell for red, green, and blue were well chosen, allowing for easy 
color discrraiination and identification. In general the Honeywell CCMFD is not NVIS A 
compatible m it w^ capable of emitting a significant amount of red light. However, this w^ not 
a program requirement. 

The visibility of the display w^ found to be acceptable but margmal. This could be 
improved by increasmg the luminance in the NVIS mode. However, increasing the luminance 
could negatively impact NVIS compatibility. Characters on displays like the compass and the 
tactical display (bright characters on a dark background) could be made larger to improve 
visibility. Unfortunately, it is unlikely that the display itself could be made larger since the F-16 
MFD is currently limited in size due to cockpit constraints. 

This effort found no evidence of reduced visual performance due to the observer adapting to 
a bright NVG at the display and goggle luminances examined. However, this evaluation only 
examined the display when set to full NVIS brightness. Research suggests that should the 
display be set to a dimmer luminance, bright adaptation to the NVG might become an issue. 
Since pilots tend to set the luminance of their NVIS compatible displays to nearly maximum, it is 
unlikely that the Honeywell CCMFD would be set to anything but full brightness. 

In the fiiture, a more controlled experiment should be conducted to accurately quantify visual 
performance under the luminances produced by the Honeywell CCMFD and study the 
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interaction between the display and NVGs. This research should examine more realistic 
conditions. Additional and brighter cockpit lighting should be included to more accurately 
simulate the NVIS cockpit. Observers should be given a primary task that occupies most of their 
attention and be restricted to quick glances at the display symbology. Finally, a real F-16 canopy 
should be included in the simulated cockpit to induce the proper reflection intensities and 
geometries, which may play a larger role than initially suspected. 
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APPENDIX A 

F-16 Common Color Multi-Function Display (CCMFD) 
& Night Vision Goggles (NVG) 
Compatibility and Visual Acuity 

Test Plan 
8 Jan 01 

Objective: Determine and compare the F-16's CCMFD performance characteristics with the 
NVIS Military Standard (MIL-L-85762A) and assess the impact of the F-16 CCMFD operational 
performance on an observer's visual performance when using NVGs. 

1. The compatibility test will be conducted by personnel from the Air Force Research Lab, 
Wright-Patterson AFB OH with support from Honeywell, Albuquerque NM, LM Aerospace, 
Fort Worth TX, ASC/ENAS, Wright-Patterson AFB OH, and F-16 System Program Office, 
Wright-Patterson AFB OH. The tests will, at a minimum: 

a. Measure spectral radiance of the CCMFD in day, night, and NVIS mode. 
b. Measure luminance (Display) and illuminance (Environment) 
c. Measure symbology/character size 
d. Demonstration of visual performance with Class B and Class C NVGs in a simulated 

cockpit environment 

2. Required Assets/Data/Personnel: 

a. Two F-16 CCMD's and associated equipment required for CCMFD 
operation (Honeywell) 

b. Video Generator or PC with applicable TAD pattern (Honeywell/AFRL) 
c. Class B and Class C Night Vision Goggles and associated spectral 

curves (AFRL/ANG) 
d. Dark Room (AFRL) 
e. Photometer (AFRL) 
f. Spectroradiometer (AFRL) 
g. Visual acuity chart (AFRL) 
h.   Apparatus for generating a veiling luminance visible to an NVG (AFRL) 
i.   Barium sulfate target (AFRL) 
j.   F-16 pilots from the F-16 SPO (F-16 SPO) 
k.   Measured Spectral Radiance data of the MFD, CMFD, and CCMFD, along with the 

associated LCD curves for the OIS and APC LCD Glass (LMTAS/Honeywell) 

3. CCMFD TESTING: The CCMFD's will display a video test pattern and a TAD test pattern. 
The CCMFD's luminance levels will be set at fiill brightness, mid-level brightness, and low- 
level brightness. Display spectral measurements content, NVIS radiance, and luminance will 
be measured at representative settings and conditions. The illuminance from the display will 
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be measured from a barium sulfate target placed in a position relative to the display that 
approximates the location of the pilot's chest and recorded. Symbology/character size for the 
displayed patterns will also be measured. 

4. NVG LIGHTING DEMONSTRATION: A demonstration will be assembled and made 
available to volunteer observers who would like to experience conditions under which 
interactions between the CCMFD and an NVG may interfere with visual performance. The 
two CCMFD's will be positioned as they would be in an F-16 cockpit with respect to a chair 
for an observer. A target will be placed 20 feet from the observer's position. Observers will 
be allowed to dark adept for ten minutes. Then, observere will be asked to view the target 
through NVGs under simulated starlight illumination, once for each NVG of interest. 
Observers will then be presented with a series of visual conditions, sunulating different 
operational situations, and ^ked to observe the target through NVGs. Visual conditions will 
be generated by changing NVG type, target illumination, the image displayed by the 
CCMFD and its luminance, and by infroducing a confroUed amoimt of veiling luminance. 
Observer comments will be recorded. 

5. All data will be recorded and analyzed for NVIS Mil-Std and NVGs compatibility. A report 
will be written to summarize test data and provide conclusions and recommendations. 
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APPENDIX B 

The spectral sensitivity of the two AN/AVS-9 goggles used in the demonstration was 
measured to confirm the type of minus-blue filters present in the goggles' objective lenses. The 
procedure used was designed to measure how sensitive an NVG is to different wavelengths of 
light. However, this is nc   a measurement of image intensifier tube photocathode responsivity as 
required by the image intc isifier assembly specification, MIL-I-49428. hi the procedure 
described here, measurements were made on the entire system, including the NVG minus-blue 
filter, objective and eyepiece lens transmissivity, and phosphor response, yielding a more 
realistic assessment of NVG performance. 

A Tungsten-Halogen bulb, approximately a 3100K black body radiator, broadband, high 
intensity light source was activated and allowed to stabilize. One should note that any light 
source capable of emitting a measurable amount of light across the spectral range of NVG 
sensitivity could also be used. The light fi-om the broadband source was injected into a 
monochromator. Narrow band, near monochromatic light from the monochromator was then 
dumped into one port of the integrating sphere to make it more uniform. The NVG under test 
was then focused to infinity and aligned into the integrating sphere so that the sphere output 
overfilled the NVG field of view. A photometer was then aligned so that it measured the center 
of the test NVGs field of view. The photometer field of view must be smaller than the field of 
view of the NVG under test. The field of view of the Hand-Held Night Vision Photometer 
normally used in this procedure was 20 degrees. NVG output luminance was then measured 
over the wavelength region of interest, 400 to 930 nm, in 10 nm increments. Measurements can 
be made at input wavelength increments finer than 10 nm if available equipment allows. 

o  Left 
 Right 
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Figure 18. Spectral sensitivity for the left (diamonds) and right (line) oculars of the AN/AVS-9, 
G model, S/N 5572, used in the visual performance demonstration. 
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Figure 19. Spectral sensitivity for left (diamonds) and right (line) oculars of the AN/AVS-9, C 
model, S/N 0358, used in the visual performance demonstration. 
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Figure 20. Spectral response, right channels, showing the difference in spectral sensitivity 
between the two goggles used in the demonstration. 

Comparison of the spectral sensitivities of the two goggles yielded an unexpected result. 
Since the two minus-blue filters were supposed to be similar in nature (Ctes B and Ctos C 
filters), it was expected that the two spectral sensitivity curves should lie nearly on top of each 
other when plotted together. However, the distinct separation in the curves in the red region 
indicated that the AN/AVS-9 C model h^ a Class A minus-blue filter and transmitted more 
visible light, making it more sensitive to fiill color cockpit displays. 
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APPENDIX C 

The system gain of the two NVGs used in the demonstration was measured to more 
thoroughly characterize them. A procedure documented in AL/CF-TR-93-0107 and a Hoffman 
Engineering ANV-120 gain test set was used to make the measurements that appear in the 
following plots. The AN/AVS-9, G model goggle was measured to exhibit higher system gain 
than the C model goggle, as expected. 
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Figure 21. Gain vs. hiput luminance for AN/AVS-9, G model, S/N 5572. 
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Figure 22. Gain vs. Luminance input for AN/AVS-9, C model, S/N 0358. 
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ABSTRACT 
In an effort to incoi-porate color displays into night vision imaging system (NVIS) compatible cockpits, the F-16 System 

Program Office, through Lockheed Martin Tactical Aircraft Systems, requested Honeywell's Aerospace Electronic Systems 
division to design and construct a prototype color multifunction display. Observers indicated during preliminary 
operational testing that this display, when configured in NVIS mode, did not present video with the desired level of detail 
and was too dim to easily read under certain conditions. Testing showed that the Honeywell display met the existing MIL- 
L-8S762A NVIS B radiance compatibility criteria required by contract. However, during a demonstration of the display, F- 
16 pilots with night vision goggle experience insisted that the display's visibility was marginal, reiterating their concerns 
on display legibility. This paper discusses the testing of the color multifunction display and potential factors that could be 
limiting the visibility of the display, in particular, the size of the characters displayed and the luminance levels specified in 
MIL-L-85762A. 

INTRODUCTION 
Full color displays are desirable in the cockpit because color-codmg adds information in an e^ily undei^tendable way. 

However, night vision imaging system (NVIS) compatible cockpits traditionally avoid employing red as the longer red and 
infrared wavelength light significantly interferes with vision through night vision goggles (NVGs). However, shorter 
wavelength red light can be employed to add a sufficient amount color to an NVIS compatible eoclqjit withoat greatly 
reducing visual perfonmnce through NVGs. Employing this concept, Honeywell's Aerospace Electronic Systems division 
developed a Color Multifunction Display (CMFD) to replace the existing monochrome cafliode ray tube based 
multifunction display with which the Block 40 and newer F-16's are currently equipped. The CMFD is a 4-inch by 4-inch 
display that can provide the pilot with both symbology and video in different ambient conditions (e.g., full sunlight to low 
starlight levels) including an NVIS compatible lighting mode, for use with NVGs. 

To determine if the new color multifimction display could be physically integrated into older airerafl flown by the Air 
National Guard and Air Force Reserves, the Air National Guard and Air Force Reserve Test Center (AATC/DO) in Tucson, 
AZ, asked for Honeywell to demonstrate their display on an NVIS compatible aircraft at AATC/DO. After preliminary 
testing in Tucson, some observers feh that the new CCIP CMFD (CCMFD) suffered from a few noteworfliy problems. 
First, flie image quality of the display when set in NVIS mode was not as good as pilots would prefer for many of the F- 
16's missions. In addition, pilots feh tlmt the display was too dim to easily read small symbols and charactera on the 
CCMFD under certain conditions after prolonged exposure to bright NVGs. Initially, this was attributed to possible loss of 
dark adaptation due to prolonged exposure to NVGs, some of which are capable of presenting a 5 fL inmge to the observer, 
under the proper conditions. Experimentation at the Air Force Research Laboratory, Human Effectiveness Directorate, 
AFRL/HECV, Wright-Patterson AFB showed bright adaptation to not be an influential factor. 

As a result of these tests, the F-16 System Program Office (SPO) asked AFRL/HECV, Wright-Patterson AFB to 
examine the issues noted by AATC/DO and demonstrate the visual phenomena in the laboratory. At the end of January 
2001, Honeywell provided two CCMFDs for examination at Wright-Patterson AFB, 

MEASUREMENTS AND DATA 
Factors influencing the visibility of a target include, but are not limited to: size, contrast, lumiimnce, and duration. To 

examine the displays, a number of quantitative laboratory tests were used to examine the size and lumimnce of images 
displayed on the CCMFD. Target contrast was not explicitly examined since, at the luminance levels involved in this 
effort, visibility is a function of tlie image displayed (eye Hmited) than the display itself. Target duration was not examined 
either, as it is more closely related to the amount of time an observer has to study the display, or observer workload. In 
addition, display spectral radiance, NVIS radiance, and luminance uniformity were also measured. A low-fidelity cockpit 
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simulation was also assembled to recreate a number of visual phenomena under controlled conditions that were reported 
from initial operational testing. 

Spectral Measurements 
A considerable amount of data could be obtained by measuring the spectral content of the light emitted from the 

display. Display radiance, NVIS radiance, luminance, and color coordinates can all be calculated once the spectral content 
of the emitted light is known. Measurements were made using a radiometer capable of measuring NVIS radiance. A four- 
segmented image made up of quadrants of color: red, green, blue, and white, was placed on the display (Figure 1 left). 
Measurements were made at three luminance levels: full NVIS bright, half full bright, and one increment above off. To get 
the fifth color, black, a second quadrant target was displayed and measured. The display NVIS A and B radiance, 
luminance and chromaticity data are displayed in Table 1. 
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Figure 1. Target used for spectral measurements (left). Relative locations on the CCMFD of the luminance uniformity 

measurements (right). 

Table 1. Display NVIS radiance, luminance, and UCS chromaticity for S/N 902002, display set to full bright. 
NVIS A NVISB Luminance u' V' 

Red 5.35E-08 3.48E-09 0.226 0.4028 0.5306 
Green 4.47E-09 2.70E-10 0.559 0.1547 0.5497 
Blue 1.83E-09 2.83E-10 0.118 0.1060 0.4111 
White 1.66E-08 1.20E-09 0.878 0.1996 0.5258 
Black 2.35E-08 1.33E-08 0.003 0.1846 0.5160 

Character Size Measurement 
The impact of the physical size of a target on its visibility is easy to understand. Larger targets are simply easier to 

see.' To measure the characters of interest, the individual files were first printed in the proper aspect ratio using a high 
quality laser printer (600 dpi). Symbols were then measured from the paper using a 20X loupe and reticule. To check these 
measurements, a number of characters were measured both off the paper printouts and directly from the displays 
themselves using the same loupe and compared. Comparison of the two sets of measurements showed both approaches to 
yield the same results to within the accuracy of the measurement loupe. 

The smallest, dimmest characters (the characters most difficult to see) were the blue letters and numbers, measuring 
2.25 mm high and 1.5 mm wide (Figure 2 left). Observing these symbols at 28 inches, the nominal observation distance for 
this display in the F-16, the characters would be 10.9 arc minutes tall. This converts to a Snellen acuity of about 20/44. 
One should note that the displayed characters were not similar to those commonly used in acuity testing, and did not exhibit 
the defined length to width to stroke aspect ratio. The actual visual acuity of these characters was undoubtedly worse. The 
symbol sets used were not the symbology commonly used on the F-16 MFD, but rather were the result of the 
manufacturer's best guess at what the aircraft symbol generator might present on the display. 

Luminance Uniformity 
In addition to the spectral measurements described in the previous section, the luminance uniformity can also impact 

the visibility of parts of the display. The test required the display to be illuminated all in one color. The display's 
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luminance was measured for nine locations (Figure 1 right) using a Minolta hand-held photometer. Display uniformity was 
measured for red, green, blue, and white. The most noticeable trend found in luminance uniformity was a decre^e in 
display luminance as the measurements moved farther from the top edge of the display. The percent uniformity 
{Uniformity) was calculated for each tested color using the following equation: 

Uniformity = 
Max - Min 
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CRM m% mm mm CMTL 
15Lj 210 +900K 
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Figure 2. Conceptual image of tactical data displayed on the CCMFD (left). CCMFD compass demonstration (right). 

Here, Max and Min are the maximum and minimum luminance respectively, measured for a particular color from the 
display. The resulting calculated percentages are listed in Table 2. 

Table 2, Luminance uniformity of the CCMFD (S/N 902002) for the four measured colors expressed as a percentage. 
Color »/o Uniformity 
Red 7.7 

Green 12.9 
Blue 13.3 

White 13.3 

Vision Demonstration 
To better examine the interaction between the display, the cockpit, and the night vision goggle, a demonstration was 

assembled in a laboratoty at AFRliHECV. This demonstration placed observers in a simulated cockpit with the CCMFDs 
and required them to assess their own visual performance under a number of conditions. Observer comments were noted 
and reviewed to determine the combinations of conditions under which visual performance was unacceptably degraded. 

Conditions and Procedure 
To assemble the cockpit simulation, the displays were placed in the correct geometry with respect to the observer's eye 

position using information provided by Lockheed-Martin. An electro-luminescent (EL) panel was mounted to a post near 
the displays to add additional NVIS "compatible" light, simulating the effect of other lights in the cockpit. The li^t from 
the EL panel was diffused by reflecting it off a large, flat, white surface. A 3X3 NVG resolution target (Figure 3 left) was 
placed in space 15 feet from the observer position. The target was provided as a visual performance reference to ^sist the 
observers in assessing the impact of the different display and lighting conditions. A sheet of Plexiglas was placed between 
the observer and the acuity target to reflect EL light back towards the observer. This created a veiling luminance that could 
interfere with visual performance under the proper conditions (Figure 3 right) as a windscreen would in a real cockpit. 

The experimental conditions examined were based on the observations made at AATC/DO. It was expected that 
exterior target luminance and CCMFD luminance would have the largest impact on visual performance. In addition, the 
amount of additional cockpit lighting was also expected to affect vision, making it a logical factor to include. Finally, the 
level of NVG performance was also suspected, not necessarily of being a factor affecting vision by itself, but of being part 
of an interaction involving the display luminance and cockpit lighting. Goggle performance WK therefore included as a 
factor. One should note that newer NVGs tend to have improvements in a number of parameters, including higher gain, 
higher spectral sensitivity, and different minus-blue filters, making them perform differently than older goggles. Due to the 
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limited number of NVGs available for this demonstration, it was impossible to differentiate the effects of the different NVG 
parameters on vision. 

Figure 3. 3X3 NVG resolution target (left). View of a resolution target from the simulated cockpit (right). 

Two levels of each factor examined were used in the demonstration. The target luminances presented to the observers 
were half moon (1.18X10"- fL) and half starlight (2.94X10'* fL). The bright and dim conditions for the CCMFD were 
established by the amount of the display illuminated. For the dim conditions, images having bright characters on a black 
background (Figure 2), were displayed. The bright condition employed images where the whole display was illuminated to 
some degree, such as forward-looking infrared (FLIR) imagery and a full-color moving map (Figure 4). One should note 
that these images were intended for marketing demonstrations only and do not accurately reflect information normally 
displayed on the F-16 multi-function display. Two levels of additional extraneous NVIS "compatible" lighting were also 
examined in the demonstration. The two levels used were 1 fL to represent the luminance level commonly found in bright 
NVIS compatible cockpits ("on"), and no additional light ("off')- As noted earlier, the two NVGs examined were both 
AN/AVS-9's. Observers were presented all combinations of these four factors, creating 16 experimental conditions. 

Figure 4. FLIR image (left) and full color map (right). Both images are not indicative of information currently displayed 
on the F-16 MFD. 

At the start of a demonstration session, observers were allowed to dark-adapt for 10 to 15 minutes. During this time, 
instructions regarding the task were given. Observers were also told that the goggles were pre-focused and that they were 
not to adjust them. The observer would first look through the C model NVG at the acuity target and call off the number of 
gratings that they could resolve. Then the observer was asked to continue looking through the goggles at the acuity target 
for approximately S minutes. This 5-minute adaptation was intended to readjust the observer to the bright goggle output 
and was only performed once at the beginning of the session. The observer was then instructed to look at the display and 
report what they could or could not see. 

The experimenter running the demonstration asked several questions. For the dim CCMFD conditions, observers were 
asked if they could see all of the colors on the display. They were asked if they could see all of the displayed symbols and 
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the accompanying numbers. Observers were asked about the appearance of the colors. They were asked if the colors 
looked like they should, such as, could they readily interpret red as red, blue as blue, and so forfli. In addition, observer 
who were also pilots were asked if they could see the display well enough to acconqjlish a niMsion. The observer then 
looked through the G model NVG at the acuity target and noted the nunaber of gratings they could resolve. They then 
continued to look through the goggles at the acuity grating for approximately 1 minute and then looked back at the display 
and the questions repeated. Tliese procedures were repeated for all the condition altermting between the C and G model 
NVGs. 

Discussion 
Observers largely felt that the symbols and imagery presented by the displays were visible. The colora displayed with 

greater luminance, such as white, green and yellow, were considered easily visible. Red and blue were more difficult to see 
but were still considered visible to a large percentage of the observers. The majority of the observers also considered FLIR 
imagery displayed on the CCMFD visible. However, pilots felt they needed more detail to accomplish a ground attack 
mission. 

Significant additional detail could be obtained from the FLIR video by simply increasing the display luminance, 
indicating that the visibility of the video was lunited by die observer's eye during the demonstration, not the CCMFD. This 
was demonstrated in the laboratory when one pilot was allowed to adjust the display luminance and contrast to what he 
considered optimal using the display's daylight mode. Considerable additional detail became visible incltwJing ground crew 
near parked aircraft and aircraft features such as the refueling probe on an A-6 Intruder. The display luminance of this 
"optimal" setting was measured to be approximately 90 fL using a handheld photometer. Unfortunately, using a display 
capable of that brightness at night is inpractical for many reasons, such as increased cockpit reflections and veiling 
luminance. The probability of any manufacturer building a 90 fL display tlmt is NVS compatible in the near future with 
existing technology is low. 

One observer stated it most clearly by saying, "I didn't see a problem here .but I would be hesitant to say the plane 
does not have a problem." The demonstration employed a subjective, simple task that did not duplicate the conditions 
under which the display is normally employed. To unprove the demonstration and better quantify the display would have 
required more time and resources than were available at the time of the CCMFD evaluation. As noted earlier, observers 
were not all pilots. Most observers did not have a clear idea about how NVGs and NVIS lighting interact with flie human 
visual system. Observers were also allowed to assess their ovm visual performance since time did not allow for a more 
objective assessment. In addition, observers were allowed to look at the display longer than what a pilot would, inqsroving 
their visual performance since target duration often affects target visibility.^ 

There were a number of concerns raised by the pilots who saw the cockpit simulation. The first issue was with the 
additional NVIS cockpit lighting. Pilots felt that the lighting present in the simulation was not bright enough and there 
were too few light sources placed around the cockpit. In addition, it was determined through questioning that pilots fly 
with their cockpits brighter than simulated in the demonstration. A number of small but critical displays, the Horizontal 
Situation Indicator and fiiel totalizer in particular, mmt be bright enough for the pilot to read in flight. In order to increase 
the luminance of those displays, pilots are forced to increase the luminance of all of their cockpit instruments since the 
luminance of a particular instrument cannot be adjusted independently of the othere in the cockpit. 

Non-pilot observers tended to have their attention drawn to large, easy to see objecte in the FLIR video, such as the 
airplane on the runway (Figure 4). Targets of interest to a pilot attacking a ground target will be relatively small and 
probably camouflaged. There were a nuniber of small, low contrast details in the video. But only one observer noticed any 
of these. Therefore, it is difiicuh to conclude that the relevant details would always be visible when displayed at the 
luminance levels examined. Observers could not comment on the visibility of targets fliey sinqjly could not see if they did 
not know they were fliere. There was no easy alternative by which more realistic targete could be embedded in the 
marketing demonstration video, making this aspect of the demonstration more realistic. 

Visibility Requirements 
In order to meet tlie radiance limits set in the military NVIS lighting specifications, MIL-L-85762A and its current 

revision MIL-STD-3009, display luminance can become somewhat limited. The added complexity of balancing the three 
primary colors to create an acceptable white forces extra restrictions on the display manufacturer. These two factor 
combine to limit tiie output luminance of color NVIS displays. Historically, NVIS display maximum luminance was 
limited to about one or two footLamberts to avoid the potential for the NVG wearer to encounter bright adaptation to their 
1.6 fl. goggle output, which was thought to make reading and interpreting coclqiit instruments difficult. Current research 
shows that NVG bright adaptation does not interfere with the legibiUty of cockpit instruments until goggle-to-cockpit 
luminance ratios of 100 to 1 or more are reached. In addition, pilots tend to fly with their instruments set to maximum 
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luminance output in order to make certain all of their displays are visible, minimizing the luminance ratio. The information 
displayed should be tailored for good visibility under low luminance conditions. 

Table 3. Minimum requirements for target visibility at the 50% probability of seeing. These results are an extrapolation o^|P 
Cob and Moss's data. NA^ - target not visible       , 

Target 
Luminance 
1.0 fL 
0.1 fL 
0.01 fL 

Acuity (MOA) 
At 50% 
Contrast 

1.5 
2.1 
3.0 

At 10% 
Contrast 

4.9 
7.4 

At 5% 
Contrast 

5.8 
8.9 
13.6 

% Contrast 
For a 4 MOA 

Target 
For a 2.4 MOA 

Target 
7 
13 
22 

16 
27 
47 

For a 1.35 
MOA Target 

59 
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Figure 5. Acuity as a function of target luminance (left). Threshold contrast as a function of target luminance (right). 

Cob and Moss did much work examining the effect of target luminance on visual performance.' An extrapolation of 
their results to target luminances lower than they examined appears in Figure 5 and Table 3. This extrapolation was made 
possible because of work done by Connor and Ganoung. Their work indicated that the trends in visual performance 
documented by Cob and Moss were still valid at luminance levels up to two orders of magnitude lower than those studied 
by Cob and Moss.^ Figure 5 and Table 3 show that large objects of relatively high contrast should be visible in the FLIR 
imagery. However, they also show that the contrast needed to see smaller, dimmer tactically interesting (and probably 
camouflaged) targets is considerable. These targets would simply not be visible to an observer, not because the display 
cannot portray them with the appropriate fidelity, but because the targets themselves do not have the necessary contrast 
with their background to be seen when displayed at low luminance. Under these conditions, the human eye limits visual 
performance. . 

The extrapolation of Cob and Moss's data also shows that the characters used in the CCMFD tactical display should be 
visible (2.4 MOA on the display > 2.1 MOA required at 0.1 fL). However, two factors must be addressed before drawing a 
conclusion: Cob and Moss's threshold criteria and target duration. Cob and Moss's data and, thus, their visual models are 
based on the 50% probability of seeing. However, for relaying information to a busy pilot, a 50% probability of receiving 
the information they need is probably insufficient. Pilots would probably prefer a 100% probably of seeing. In addition, 
pilots do not have much time to dwell on their displays. Cob and Moss's research indicated that the length of time the 
target is visible impacts its visibility. This would further complicate extraction of information from a display for a pilot that 
would not manifest itself in a static assessment of visual performance. 

CONCLUSIONS AND COMMENTS 
The data gathered in this effort showed that the Honeywell CCMFD passed M1L-L-85762A NVIS B specification, as 

required. The color balance between red, green, and blue allowed the display to achieve the full color sought for 
applications like maving maps. Also, the color coordinates selected by Honeywell for red, green, and blue were well 
chosen, allowing for easy color discrimination and identification. In general the Honeywell CCMFD is not NVIS A 
compatible as it was capable of emitting a significant amount of red light. However, this was not a program requirement. 

The visibility of the display was found to be acceptable but marginal. An examination of the acuity and contrast 
requirements for low luminance targets yielded some evidence as to why. Character sizes exceeded threshold requirements 
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as defined by the 50% probability of seeing. However, a 50% probability of seeing may be insufficient for the 
acknowledgement of information from an aircraft coclqiit display. The amount of time a pilot has to read their displays 
influences the display visibility, further compounding the problem. Display visibility could be inqiroved by increasing the 
luminance in the NVIS mode. However, increasing the Imninance could negatively impact NVIS con^atibility. 
Characters on displays like the compass and the tactical display (bright characters on a dark background) could be nmde 
larger to improve visibility. Unfortunately, it is unlikely that the display itself could be made larger since the F-16 MFD is 
currently limited in size due to cockpit constraints. 

In the future, a more controlled experiment should be conducted to accurately quantify visual performance under the 
luminances produced by the Honeywell CCMFD and study the interaction between the display and NVGs. This research 
should examine more realistic conditions. Additional and brighter cockpit lighting should be included to more accurately 
sunulate the NVIS cockpit. Observers should be given a primary task that occupies most of their attention and be restricted 
to quick glances at the display symbology. Finally, a real F-16 canopy should be included in the simulated cockpit to 
induce the proper reflection mtensities and geometries, which may play a larger role than initially suspected. 
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ABSTRACT 

Night vision goggles (NVGs) are used for night flying in 
many military aircraft in the US Army, Navy, and Air 
Force. NVGs are seen as a means of improving flying 
safety by providing aircrew with a direct view of the 
outside world scene thereby improving situation 
awareness. However, NVGs cannot operate effectively in 
a cockpit environment unless the interior lighting is NVG 
compatible. NVG compatible means the lighting is 
.sufficient for the aircrew to view their instruments with 
their unaided vision but the lighting does not interfere 
with the NVG's view of the outside world. There are 
several ways to achieve NVG compatibility by using 
plastic and glass filters, and by changing light sources to 
eliminate near infra-red light from the cockpit. One less 
desirable technique for achieving NVG compatible 
lighting is to use chemical lightsticks to flood-light the 
cockpit instrumentation. This paper presents a number of 
issues associated with using "chemsticks" as a means of 
achieving NVG compatibility including spectral effects, 
temporal effects, and temperature effects. It is concluded 
that chemsticks are marginal as a means of achieving 
NVG compatibility. Also, if they are used, then pilots and 
associated support personnel need to be informed of the 
chemstick's limitations and characteristics to assure safe 
NVG flight operations. 

INTRODUCTION AND BACKGROUND 
During the past decade, night vision goggles (NVGs) 
liave found tlieir way into most USAF aircraft cockpits as 
a means of enhancing both safety and capability during 

night operations. However, before NVGs can reach their 
full potential in an aircraft cockpit, the cockpit 
instruments, displays, and lighting must be made NVG 
compatible. Standard cockpit lighting typically involves 
incandescent lamps with filters to provide red, white, or 
blue-white illumination for night flight [5], 
Unfortunately, incandescent lighting produces far more 
near infra-red energy than it does visible and the NVGs 
are highly sensitive to this near infra-red light. The effect 
of this is that the internal cockpit lights overpower the 
NVGs and the pilot cannot see the outside world through 
the aircraft windscreen and canopy. The primary 
technique for making an aircraft cockpit "NVG 
compatible" is to greatly reduce or eliminate light within 
the cockpit in the red and near infra-red spectral regions 
where the NVGs are highly sensitive. In addition, there 
must be sufficient visible light in the green or blue-green 
spectral regions for direct viewing of the aircraft 
instruments and displays [4]. Figure 1 shows the human 
visual system photopic sensitivity curve in comparison to 
the spectral sensitivity of the third generation ANVIS 
(aviator's night vision imaging system) night vision 
goggles with Type A and Type B coatings on the 
objective lenses [2]. It is clear from Figure 1 that there is 
a relatively small (but highly significant) overlap between 
the visual sensitivity curve and the NVG sensitivity 
curves. Although this overlap looks to be somewhat 
small, one must remember that the NVGs amplify light on 
the order of 5000 to 6000 times. Therefore, even a small 
overlap can cause lighting incompatibility problems. This 
is especially true for light which is perceived by the 
human visual system as being red (wavelengths between 
about 620 and 700 nanometers) since the eye is not very 
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sensitive here but the NVGs are. The NVIS (night vision 
imaging system) B coating was devised to shift the NVG 
spectral sensitivity away from some of the lower red 
wavelengths so that red could be used in the cockpit 
without significantly interfering with the N VGs. 

400        500        600       700        800 

Wavelength (nm) 

900 

Figure 1. Relative spectral sensitivity of night vision 
goggles (with NVIS A and B coatings) compared to 
human vision. 

Techniques have existed for some time to make the 
aircraft cockpit NVG compatible [4] and these techniques 
have continued to be improved. However, modifying an 
aircraft cockpit to make it properly NVG compatible 
according to the NVG compatible lighting Mil Spec [2] 
can be expensive. For this reason, operational squadrons 
have looked for cheaper and hopefully, temporary means 
of making the cockpit NVG compatible. One of these 
approaches is to use inexpensive green chemical light 
sticks [3], commonly referred to as "chemsticks", to 
provide flood-lighting of aircraft instruments. Not 
surprisingly, the list of military uses on the packaging of 
these lightsticks does not include use as a means of 
obtaining aircraft cockpit NVG compatibility [3]. The 
chemsticks emit no infra-red radiation (unlike 
incandescent lights) but they do have a relatively long 
emission tail in the red part of the spectrum. Figure 2 is a 
composite graph showing the typical chemstick emission 
spectrum (for green chemsticks [3]; they do come in other 
colors including near-infra-red), the human visual 
sensitivity curve, and the NVIS A and B curves. From 
this graph it is apparent that the chemsticks have a good 
spectral distribution in terms of providing light that the 
human visual system can easily see, but they do have a 
somewhat long tail that overlaps the low end of the NVG 
sensitivity curves. 

The chemsticHs that have been used for NVG 
compatible cockpit lighting come in 3 sizes of cylindrical 
shapes as shown in Table 1. Chemical light sticks have 
been produced in other shapes but they contain the same 
chemicals as the ones measured for this study. 

•Spec NVIS A 
- - -   Spec NVIS B 
 Vision 
——^— Chemstick 

ST 
400        500        600        700        800 

Wavelength (nm) 

—I- 
900 

Figure 2. A typical chemstick emission spectrum 
compared to human vision spectral sensitivity and NVG 
spectral sensitivity 

Table 1. Chemstick sizes typically used in aviation 
Size Length (in) Diameter (in) 

Small 1.5 3/16 
Medium 4 1/2 

Large 6 5/8 

The chemsticks are activated by physically breaking 
the glass ampule that is contained within the plastic outer 
casing. This releases the chemical inside the glass ampule 
which mixes with the chemical in the outer case. The 
light stick is usually vigorously shaken to mix the two 
chemicals together thoroughly. The light stick begins to 
emit light immediately after activation. 

CHEMSTICK CHARACTERISTICS 
Spectral shift with time 
Prior to this investigation, it was thought that the 
chemsticks had fairly stable spectral distributions. 
However, spectral distribution measurements of fourteen 
lightsticks showed that there was a greater than expected 
variance. Fn an effort to track down the source of this 
variance, several lightsticks were measured at different 
times after activation. Figure 3 shows the results of these 
measurements. The spectral distribution of the lightstick 
output shifts toward the red as a ftmction of time after 
activation. It is possible to calculate the NVG 
compatibility of these spectral distributions using the 
methods called out in military specification (Mil Spec) 
M1L-L-85762A [2]. Table 2 is a summary of these 
calculations that show that the chemstick spectral 
distribution is not in compliance with this NVG light 
specification and that it becomes somewhat worse with 
time after activation.    According to Table 2, after 92 
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minutes the chemstick spectral emission produces 
radiation in the NVIS A spectral region that is 10.82 times 
liigher than the Mil Spec allows. This means that 
chemsticks are not in compliance with the Mil Spec, 
although, from a practical standpoint, they are 
considerably better than incandescent lighting by many 
orders of magnitude. 

475 525 575 

Wavelength (nm) 

625 

Figure 3. Chemstick spectral emission shift as a function 
of time after activation. 

Table 2. Effects of time after activation on NVG 
compatibility. Each value is the average of measurements 
made on 3 chemsticks. 

Time after X spec value X spec value 
Activation NVIS A NVISB 

7min 7.69x 3.34x 
50 10.12 4.46 
92 10.82 4.75 

Luminous output versus time 
One of the worst characteristics of chemsticks is that they 
slowly decay with time. That is to say, their light output 
decreases slowly with time, which makes it difficult for a 
crewmember to notice when the light level is getting too 
low until it is too late. Figure 4 is a graph showing the 
luminous decay characteristics of 14 chemsticks. These 
were all designated as "12 hour" chemsticks [3] and 
correspond to the "large" size chemstick described in 
Table 1. There are three main points to notice regarding 
this figure. First, there is a fairly significant variation in 
the Ixmiinance level as a function of time from lightstick 
to lightstick (the u|:^er and lower dashed lines are +/- 2 
standard deviations). Second, the light level drops off 
rapidly in the first few minutes and then drops off 
somewhat more slowly after that. Third, even though 
these are designated as "12 hour"  light sticks, it is 

apparent from the graphs that after only 3 1/2 hours the 
light level is down quite substantially from starting light 
levels. It is the variability from stick to stick and the 
insidiously slow light fall off with time that make 
chemsticks a potentially dangerous method of making an 
aircraft cockpit NVG compatible. The variability makes 
it difficult to establish specific guidelines on how to set up 
a cockpit for NVG compatibility using chemsticks and the 
slow light loss with time makes it hard for the pilot to 
determine when the sticks have gotten too dim to be able 
to see critical instrument readings. 

100 150 200 
Time (minutes) 

Figure 4. Variafion in chemstick luminance decay with 
time for 14 chemsticks. The dotted lines are +/- 2 
standard deviations. 

Temperature effects on luminous output 
In order to determine if temperature affects the luminous 
decay rate of the chemsticks, a special apparatus was 
designed and fabricated. The chemsticks, after activation, 
were placed in a trmisparent cylindrical cell that contained 
a holding mount to clamp onto the chemstick and a 
circulating, cooling/heating liquid. The liquid was set to 
the desired temperature and maintained physical contact 
during the time the chemstick was being measured. Both 
4 inch and 6 inch chemsticks were tested at 3 different 
temperatures: 50, 70, and 80 degrees F. Figure 5 shows a 
summary of the results for the 4 inch chemsticks (the 
results for the 6 inch sticks were similar). Each curve is 
the average of 5 chemsticks. The decay effects of the 70F 
and 80F temperatures are similar although it appears the 
70F starts off higher, decays more rapidly at first, and 
then decays more slowly after about 30 minutes. The 50F 
luminous decay is dramatically different. When first 
activated it is considerably lower in luminous output than 
either of the other two temperatures and it stays 
substantially lower throughout the two hour time period 
that it was measured for this graph.   However, it should 
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be noted that after about 20 minutes the 50F light output 
is relatively constant for this two hour measurement 
period unlike the higher temperatures. 

-♦—4in80F 
-D—4in70F 
-A—4in50F 

Figure 5. 
decay. 

Time (minutes) 

Effect of temperature on chemstick luminance 

During the time these chemsticks were being 
measured under various conditions a useful trick was 
discovered [1]. If the chemsticks were refrigerated (about 
35F - NOT frozen) and then iminediately activated in a 
room temperature (about 70F) air environment, then the 
luminous decay characteristics were significantly 
modified. Figure 6 shows the average of 2 chemsticks 
that were refrigerated (about 35F) before activation in a 
70F air environment (dashed line) compared to the 
average of 2 chemsticks that were kept at room 
temperature and then activated (solid line). The 
refrigerated chemsticks started with a lower luminous 
output and dropped rapidly similar to the liquid cooled 
50F sticks of Figure 5. However, as the chemsticks 
gradually warmed up in the 70F room temperature 
environment the luminous output actually increased until 
about the 1 hour point. After the 1 hour point these sticks 
slowly decayed. The significance of this effect is that it is 
possible to obtain a more uniform luminous output for a 
relatively long time (about 3 hours) if the chemsticks are 
thoroughly cooled prior to being activated in a room 
temperature cockpit environment. The chemsticks in this 
experiment remained overnight in the refrigerator to make 
sure they were completely cooled throughout. They were 
also taken directly from the refrigerator to the 
measurement room so only about 5 to 10 minutes elapsed 
between the time they were taken from the refrigerator 
and the time they were activated as shown on the graph. 
If a longer time elapses between removal from 
refrigeration and activation then one would expect 
somewhat different results. 
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Figure 6. Demonstration of technique to reduce the rate 
of chemstick luminance decay by refrigerating the 
chemstick prior to use. The solid line is a chemstick at 
room temperature activated in room temperature; the 
dashed line is a chemstick refrigerated to about 35 
degrees F then activated in room temperature (70 deg F). 

DISCUSSION AND CONCLUSIONS 
Although these chemsticks do not meet the MIL-L- 
85762A requirements for NVIS radiance by several times 
as noted in Table 2, their spectral distribution is such that 
they are reasonably compatible with the NVG spectral 
sensitivity. This assumes the chemsticks are positioned in 
the cockpit such that the NVGs cannot directly view them 
and such that they do not cause a direct reflection in the 
windscreen or canopy. The rationale for the Mil Spec on 
NVIS radiance was that no light source in the cockpit 
would have an apparent luminance, when viewing 
through the NVGs, any greater than tree bark (about 10% 
reflective) in starlight. This is a very stringent 
specification level. 

All measurements of light output in this effort were 
actually a measure of the surface luminance of the 
chemstick itself This provided a convenient and 
repeatable means of investigating the effects of time and 
temperature on the output of the chemsticks. The light 
levels measured (typically several foot-Lamberts to tens 
of foot-Lamberts) are far brighter than what the 
instrument panel indicia should be in order to provide 
sufficient, but low level, lighting for NVG operation (or 
ordinary night flying, for that matter). Instrument panel 
lighting would normally be set to less than a tenth of a 
foot-Lambert by the pilot in order to achieve comfortable 
lighting levels for night flying. However, if one is flying 
with NVGs, which have a light output of a few 
hundredths of a foot-Lambert (for very low outside 
illumination nights) to a couple of foot-Lamberts (for high 
moon illumination nights), it might be necessary for the 
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pilot to adjust his/her imtrument lighting somewhat 
higher to be compatible with the light output level of the 
NVGs. The problem with chemsticks is that adjusting the 
lighting level is very difficult, especially during flight. 
Since the chemsticks are used as an illumination source, 
the apparent luminance of the instruments they illuminate 
becomes lower the ftuther the chemstick is positioned 
from the instrument and the more off-axis it is positioned. 
Typically, multiple chemsticks are used to illuminate the 
instrument panel; which means the resultant apparent 
luminance of any particular instrument indicia depends on 
the summation of light from all the chemsticks within a 
direct line of sight of the indicia. This is a very complex 
and interdependent situation. It is impossible to obtain a 
uniform instrument panel luminance distribution using the 
chemsticks; which is what, for normal lighting, cockpit 
lighting engineers strive for in order to meet pilot 
demands. 

Other characteristics of chemsticks that have not been 
a part of the study reported here are the effects of 
humidity, age, and light exposure on the light output and 
spectral distribution of the chemsticks. These are subjects 
for fiiture study. 

Based on the data collected to date, it is concluded 
that chemsticks are marginally suitable for use as NVG 
compatible cockpit lighting. BUT, pilots need to LEARN 
and MAINTAIN awareness of the potential dangeis of 
chemsticks. It is recommend that chemsticks be kept 
refrigerated and sealed in their packaging prior to 
transport and activation for use in the cockpit. The 
bottom line is that everyone involved should EXERCISE 
EXTREME CAUTION WHEN USING OR 
ADVOCATING CHEMSTICKS FOR NVG 
COMPATIBLE COCKPIT LIGHTING! 
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3. PANORAMIC NIGHT VISION GOGGLES 

In the mid 1990s, a new and unique NVG design was conceived at AFRL/HEC, Wright- 
Patterson AFB, Ohio, A small business innovative research (SBIR) program developed 
wide field-of-view panoramic night vision goggles (PNVGs) using four image intensifier 
tubes instead of two. Results of previous surveys of aircrew members showed that the 
top two requested improvements were (1) increased field of view (FOV), closely 
followed by (2) improved resolution. However, these two parameters are closely and 
inversely related (see Section 1, Donohue-Perry, et al, 1994). Prior to this innovation, if 
one wanted a wider field of view, one had to settle for lower resolution. All of the 
articles in the present section describe various aspects of the development of these 
PNVGs and some unique issues that arise because of the optical design requirements 

These articles are reprinted to provide the reader with a reference and background to 
better understand PNVGs. 

Craig, J. L., Task, H. L., & Filipovich, D. (1997). Development and evaluation of 
the panoramic night vision goggle. Proceedings ofShephard's Sixth International 
Night Vision Conference & Exhibition. Arlington, VA, http://www.shephard.co.uk 

Craig, J. L., & Geisehnan, E. E. (1998), Further development of the panoramic 
night vision goggle. Proceedings of the 36"' Annual Symposium SAFE Association 
(pp. 26-30). 

Craig, J. L. (2000). Integrated panoramic night vision goggle. Proceedings of the 
38th Annual Symposium SAFE Association, http://www.safeassociation.com 
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Displays IV, USA, 3689, 98-109. 

Marasco, P. L., & Task, H. L. (2000). Panoramic night vision goggle testing for 
diagnosis and repair. Proceedings of the 55** Annual Symposium SAFE Association, 
http://www.safeassociation.com 

Sedillo, M. R. (1999). Panoramic night vision goggle-maintainer's perspective. 
Proceedings of the 3f'* Annual Symposium SAFE Association, 
http://www.safeassociation.com 

Task, H. L. (2000), Integrated panoramic night vision goggles fixed-focus 
eyepieces: selecting a diopter setting. Proceedings of the 38th SAFE Association, 
http://vyww.safeassociation.com 

363 



Angel, S. P. (2001). NVG eyepiece focus (diopter) study. Proceedings ofSPIE - The 
International Society for Optical Engineering, Helmet- and Head-Mounted Displays 
VI, USA, 4361, 138-147. 

364 



Craig, J. L, Task, H. L., & Filipovich, D. (1997). Development and evaluation of the panoramic night vision goggle. 
Proceedings ofShephard's Sixth tntematmmlNight Vision Conference A. Exhibition. Arlington, VA, 
http://wvyw.shephard.co.uk 

This paper was cleared by ASC97-0507 on 10 Mar 1997 

Development and Evaluation of the Panoramic Night Vision Goggle 

J. Craig, L. Task 
Armstrong Laboratory, Wright-Patterson AFB OH 

D.  Filipovich 
Night Vision Corporation, Lincolnwood IL 

Abstract 

A novel approach to significantly 
increasing the fleld of view (FOV) 
of night vision goggles (NVGs) has 
been developed and demonstrated. 
This approach uses four image 
intensifler tubes instead of the usual 
two to produce a very wide 100 
degree horizontal by about 40 
degree vertical FOV. A conceptual 
working model, designated the 
Panoramic NVG, has been 
fabricated and evaluated. 

40 degrees. The PNVG's folded optical 
system resulted in a much better center of 
gravity compared to the currently fielded 
AN/AVS-6 and AN/AVS-9 type NVG 
configuration. Even with the added image 
intensifler tubes and associated optics, the 
overall weight of the device was 
comparable to currently fielded NVGs. 
The larger FOV and better center of gravity 
should reduce fatigue effects during long 
missions and potentially permit the PNVG 
to be retained upon ejection for use in 
evasion, escape, and rescue. 

Introduction 

The Panoramic NVG (PNVG) [1], [2] is a 
revolutionary change to traditional image 
intei^ifier-based night vision devices. The 
initial focus of the PNVG project centered 
around developing an "enhanced capability" 
NVG. A primary candidate parameter for 
enhancement was the NVG FOV with other 
parameters such as resolution, weight, 
center of gravity, and integrated display 
symbology overlay as secondary objective 
enhancements. 

A conceptual working model was 
developed and fabricated (Figure 1) that 
displays a 100 degree horizontal by 40 
degree vertical intensified FOV (Figure 2). 
This increased the intensified image seen by 
the wearer by 160 percent compared to the 
currently fielded 40 degree circular field of 
view systems. The larger FOV was 
achieved by using four off-the-shelf image 
intensifier tabes to produce four ocular 
channels. Two channels were used to 
produce a fiiU 30 degree by 40 degree 
binocular FOV, and &e other two were 
used to produce monocular left and right 
eye chamiels of about 35 depees by 

Fig. PNVG Conceptual Working Model 

Fig. 2 PNVG simulated FOV 
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Background 

NVGs have been used in military aviation 
for more than 20 years with FOVs ranging 
from 30 degrees (early Cat's Eyes NVGs 
from GEC-Marconi Avionics) to 45 
degrees (NITE-OP and NITE-Bird NVGs, 
also GEC-Marconi Avionics). The vast 
majority of NVGs used in military aviation 
have a 40 degree field of view (Figure 3) 
(AN/AVS-6 and AN/AVS-9). One major 
design characteristic of these NVGs is that 
increased FOV could only be obtained at 
the expense of resolution [3], [4] since each 
ocular uses only a single image intensifier 
tube. The image intensifier tube has a fixed 
number of pixels (picture elements). 
Therefore, if these are spread over a larger 
FOV, then the angular subtense per pixel 
increases, which corresponds to reduced 
resolution. 

Fig. 3 Simulated AN/AVS-6 and 
AN/AVS-9 FOV for comparison with the 

PNVG 

A fairly extensive survey of military (US 
Air Force) NVG users during 1992 and 
1993 determined that increased FOV was 
the number one enhancement most desired 
by aircrew members closely followed by 
resolution [5], [6]. This was one of the 
major motivating factors in seeking an 
enhanced NVG capability. 

PNVG Description 

The PNVG features a partial overlap, 100 
degree  horizontal   by   approximately   40 
degree  vertical   intensified   FOV.      The 
central 30 degree horizontal by 40 degree 
vertical FOV is completely binocular, while 

the right 35 degrees is seen with the right 
eye only and the left 35 degrees is viewed 
by the left eye only. A thin demarcation 
line separates the binocular scene from the 
outside monocular scenes. For this effort, 
four off-the-shelf PVS-7, third-generation, 
18mm format, image intensifier tubes were 
used. These tubes were selected because 
they do not have an image-inverting fiber 
optics attached. Using dual fixed 
eyepieces, tilted and fused together, folded 
optics, and a total of four adjustable-focus 
objective lenses, it was possible to produce 
the PNVG conceptual working model. 
Only 16mm of the active 18mm format of 
the image intensifier tube was used, which 
enabled the corresponding optics to be 
significantly reduced. This smaller format 
and the use of remote AN/AVS-6 power 
supplies were the primary reasons the 
PNVG weight was kept to only 569 grams, 
very similar to the currently fielded 
AN/AVS-6 and AN/AVS-9 NVG systems. 
Due to space constraints, slower than 
desired F/1.44 inner objective lenses and 
F/1.7 outer objective lenses were 
incorporated along with an eyepiece 
effective focal lengtii of 21.9mm. Physical 
eye relief was measured to be 
approximately 17mm (Figure 4). 

Fig. 4 Schematic diagram of the PNVG 

A single inter-pupilary distance adjustment 
enables the wearer to align the eyepieces for 
thek individual requirements. System 
power (AA alkaline batteries or standard 
military batteries) and mechanical mounting 
hardware are identical to the fielded 
systems thereby allowing for simple 
operation and compatibility for attachment, 
stow, and detachment of the PNVG. 
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PNVG Evaluation 

Laboratory assessments were done on the 
PNVG for visual acuity under various 
illumination conditions (for the binocular 
FOV only) and for total visible FOV. To 
assess visual acuity, three trained observers 
looked through the PNVG at a chart 
composed of patches of square-wave 
gratings in a series of increasing spatial 
frequencies. The observer selected the 
highest spatial frequency grating that he/she 
could resolve then walked backward until 
the selected grating was barely resolvable. 
The baseUne observation distance for the 
chart was 30 feet The final angular spatial 
frequency of the grating (cycles/degree) 
was calculated by multiplying the base 
spatial frequency times the ratio of the 
walk-back distance to 30 feet. These data 
were then converted to cycles per 
milliradian (in parentheses below) and to 
Snellen acuities (numbers in front of the 
numbers in parentheses). This was done 
three times for each observer for each 
illumination condition. Each ocular of the 
PNVG was measured separately then a 
binocular assessment was made. The 
results shown below correspond to the 
median visual acuity (or resolution in cycles 
per milliradian) value obtained from the 
three observers: 

MedianVkual Acuity (Resolution) 

"Starlight Conditions" 

Left channel    Rt, channel  Binocular 
93(0.37) 93(0.37)      93(0,37) 

"Quarter Moon Conditions" 

Left channel    Rt, channel  Binocular 
44(0.78) 40(0.86)      42(0.82) 

Testing FOV was a bit more difficult due to 
the very large FOV and the nature of the 
partial binocular overlap. The PNVGs 
were positioned in a mount fixed to an 
optical bench, and observers viewed 
through the PNVGs to determine how far 
they could see to the edge of the FOV for 
each ocular.  This spot was marked on the 

wall and trigonometry was used to 
determine the field angles. Since the far 
wall used for this assessment was only 
about 12 feet away, precise results could 
not be obtained. The median FOV values 
for the three observers are shown below: 

Total FOV Per Channel 

Channel       Median FOV degrees 
Left outer 42 
Left center 33 
Rt. center 35 
Rt. outer 41 
Total Span 92 

** Note that after testmg, bent brackets on 
the PNVG were discovered, which 
accoimted for lower than expected readings 
for FOV, Follow-on measurements by the 
Night Vision Corporation indicated a total 
span of about 101 degrees. 

Field evaluatiorK have consisted primarily 
of "quick look" flight tests and ground 
assessments. The flight tests were 
accomplished on both Air Force and Army 
fixed- and rotary-wing platfomK but 
limited to dry, high illumination conditions. 
Ground assessments were mainly done in 
darkrooms simulating the night 
environment. Final reports have not yet 
been pubhshed documenting the official 
findings. However, comments regarding 
the PNVG and the greatly enhanced field of 
view have been mostly positive. Some 
researchers were concerned that "liming", 
or other effects associated with the "eye- 
divergent" partial overlap method of 
obtaining the large total FOV, might be a 
problem [7], However, no comments were 
received indicating tiiis phenomena was 
observed. 

Future Directions 

Ten new working models in three different 
configurations are currently under 
development as part of an advanced 
technology demonstration. Configuration 1 
(four each) will be ^signed for ejection 
compatibility. The PNVG will be attached 
to the HGU-55/P helmet, fit underneath the 
visor,    and   mounted   to   a   "universal 
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connector" used in the Visually-Coupled 
Acquisition and Targeting System helmet- 
mounted display. Additionally, it will be 
equipped with an integrated head-up 
display (HUD) along with head tracker 
sensors and associated cables/electronic 
components. Configiiration 2 (two each) 
will be designed for transport and rotary 
platforms. This configuration will attach to 
the HGU-55/P and SPH-4 hehnet, 
mounted to the currently fielded AN/AVS-6 
and AN/AVS-9 attaclunents, and will be 
equipped with the integrated HUD. 
Configuration 3 (four each) will be the 
same as configuration 2 but without the 
integrated HUD. 

The primary objectives in this phase are to 
develop a 16mm format image intensifier 
tube and associated power supply; integrate 
an active matrix electroluminescent display 
for symbology purposes; optimize the 
folded optical design as well as the human 
engineering of the overall packaging, 
mechanical adjustments, and attachments. 
Additionally, four weight and space models 
will be fabricated and subjected to 
windblast, impact, penetration, ballistic, 
and ejection tower (if required) testing. 

Conclusion 

The PNVG conceptual working model 
demonstrates the feasibility and benefits of 
a very wide FOV image for night 
operations. Better situational awareness, 
reduced fatigue during long missions, 
possible ejection compatibility, and an 
overall increase in mission safety and 
effectiveness indicate the PNVG should 
have a tremendous impact on nighttime 
performance. 

Acknowledgments 

This work was fimded by the Small 
Business Innovative Research program and 

the Armstrong Laboratory's Helmet-Mounted 
Sensory Technologies Program Office 

References 

[1]   Filipovich,   D.,      Panoramic   Night 
Vision System; Patent Pending. 
[2] Filipovich, D.,    Visor-Moimted Night 
Vision System; Patent #5,416,315 (16 May 
95) 
[3] Donohue-Peny, M. M., Task, H. L., 
& Dixon, S. A. (1994) Visual Acuity vs. 
Field of View and Light Level for Night 
Vision Goggles.     Proceedings of SPIE 
Conference No. 2218 Helmet- and Head- 
Mounted Displays and Symbology Design 
Requirements, Orlando, FL, April, 1994. 
[4] Task, H.  L. (1992).    Night vision 
devices    and    characteristics.    AGARD 
Lecture Series 187:   Visual Problems in 
Night Operations (pp. 7-1 - 7-8). Neuilly 
Sur Seine, France: NATO Advisory Group 
for Aerospace Research & Development. 
(NTIS No. AGARD-LS-187) 
[5] Hettinger, L. J.,  Donohue-Perry, M. 
M., Riegler, J. T., & Davis, S. A. (1993). 
Night    vision    goggle    (NVG)     users' 
concerns survey site report: Fairchild AFB 
WA   (Report No. AL/CF-TR-1993-0094). 
Wright-Patterson  AFB,   OH:   Armstrong 
Laboratory. (DTIC No. B178368) 
[6] Donohue-Perry, M. M., Hettinger, L. 
J., Riegler, J. T., & Davis, S. A. (1993). 
Night vision goggle (NVG) users' concerns 
survey site report: Dover AFB DE   (Report 
No.      AL/CF-TR-1993-0075).      Wright- 
Patterson AFB, OH: Armstrong Laboratory. 
(DTIC No. B178369) 
[7] Melzer, J. E. & Moffitt, K. W. (1991). 
Ecological approach to partial binocular 
overlap. Large Screen Projection, Avionic, 
and Helmet-Mounted Displays, 
Proceedings of the SPIE, 1456, 124. 

368 



Craig. J. L.. & Oeiselman, E. E (1998). Further developnwnt of the panoramic night visiai goggle. Proceedings of the Jtf* 
Annual Symposium SAFE Association {pp. 26-30). 

This paper was cleared by ASC98-1949 on 8 Sep 1998 

Further Development of the Panoramic Night Vision Goggle 

Jeffrey L. Craig 
Air Force Research Laboratory 

Human Effectiveness Directorate 
2255 H. St. 

Wright-Patterson AFB OH 45433-7022 

ABSTRACT 

A novel approach to significantly increasing the field of 
view (FOV) of night vision goggles (NVGs) has been 
developed. This approach uses four image intensifler 
tubes instead of the usual two to produce a 100 degree 
wide FOV. A conceptual demonstrator device was 
fabricated in November 1995 and limited flight 
evaluations were performed. Further development of this 
approach continues with eleven advanced technology 
demonstrators scheduled for delivery by the end of 
December 1998 that will feature five different design 
configurations. Some of the units will be earmarked for 
ejection seat equipped aircraft due to their low profile 
design allowing the goggle to be retained safely during 
and after ejection. Other deliverables will he more 
traditional in design approach and concentrate more on 
transport and helicopter aircraft as well as ground 
personnel. Planned testing to collect both subjective and 
quantitative data will begin in November 1998. 

INTRODUCTION 
Delivery of the conceptual demonstrator device (Figure 
1), now referred to as the panoramic night vision goggle 
(PNVG), was quite impressive considering it was 
developed with very limited funding under a phase I small 
business innovative research (SBIR) program with Night 
Vision Corporation. The extremely positive feedback of 
this demonstrator from the warfighter community 
propelled the program into a phase 11 SBIR effort and also 
received the attention and supplemental funding support 
of the Air Force Research Laboratory's Helmet-Mounted 
Sensory Technologies program office. Phase II will 
further develop the PNVG by first addressing ejection seat 
aircraft with two configurations of a low profile design 
(designated PNVG I). This version with its better center 
of gravity should bp less fatiguing during longer flights 
and will potentially allow for ejection by permitting 
retention of the system on the head throughout the ejection 
sequence. Retention of PNVG I may also permit quick 
evasion and rescue. Additionally, three configurations of a 
never-before-seen NVG for transports, helicopters, and 

Eric E. Geiselman 
Logicon Technical Services, Inc. 

P.O. Box 317258 
Dayton OH 45437 

ground personnel (designated PNVG 11) are being 
developed. These models will look more like a traditional 
goggle. PNVG II, while weighing more than a PNVG I, 
should be more robust and will attach to any existing 
ANVIS mounting system. Both PNVG I and II, like the 
phase I conceptual demonstrator, will provide a 100 
degree horizontal by 40 degree vertical (100" H X 40° V) 
intensified field of view (FOV) (Figure 2). This 
represents a 160% increase of the warfighter's intensified 
image FOV compared to currently fielded 40° circular 
FOV systems. 

Figure 1. PNVG conceptual demonstrator (Patent 
Pending) 

160% Increase In Hetd-Of-View 
■                                         ^-MW                 .1 
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Figure 2. PNVG simulated FOV 

BACKGROUND 
NVGs  with  FOVs  ranging  from  30°  (GEC-Marconi 
Avionics' early Cat's Eyes NVGs) to 45° (GEC-Marconi 
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Avionics' NITE-OP and NITE-Bird NVGs) have been 
used in military aviation for more tiian 20 years. Tiie vast 
majority of NVGs (AN/AVS-6 and AN/AVS-9) provide a 
40° FOV (Figure 3). Because each ocular uses only a 
single image intensifier tube, increased FOV for these 
NVGs can only be obtained at the expense of resolution 
(Donohue-Perry, Task, & Dixon, 1994 and Task, 1992). 
The image intensifier tube has a fixed number of pixels 
(picture elements). Therefore, if the pixels are spread 
over a larger FOV, the angular subtense per pixel 
increases proportionally. As a result, resolution is 
reduced. 

Figure 3. Simulated AN/AVS-6 and AN/AVS-9 FOV for 
comparison with the PNVG 

An extensive survey of military (U.S. Air Force) NVG 
users conducted during 1992 and 1993 revealed that 
increased FOV was the number one enhancement most 
desired by aircrew members. Resolution followed closely 
(Hettinger, Donohue-Perry, Riegler, & Davis, 1993 and . 
Donohue-Perry, Hettinger, Riegler, & Davis, 1993). This 
was a major motivating factor for the development of an 
enhanced NVG capability. 

PNVG I DESCRIPTION 
PNVG I (figure 4) is similar in design approach to the 
conceptual demonstrator PNVG developed under the 
phase I SBIR program but has optimized the overall 
design and added several enhancements. PNVG I still 
features a partial overlap (100° H X approximately 40° V) 
intensified FOV. The central 30° H X 40° V FOV 
remains completely binocular while the right 35° is visible 
only to the right eye and the left 35° is visible only to the 
left eye. 

Additionally, a thin demarcation line separates the 
binocular image from the monocular peripheral image. 
PNVG I features a newly developed 16mm image 
intensifier tube rather than the currently fielded 18mm 
format tube. Along with the goal of offering comparable 
performance to the recent Omni IV tubes, its weight will 
be reduced by more than 50%. Therefore, four 16mm 
PNVG tubes weigh less than two of the current 18mm 
tubes. The 16mm tubes have longer fiber optics on the 

Figure 4. PNVG I (Patent Pending) 

outside optical channel than the inner optical channel. 
The outer and inner channel fiber optics do not require 
image-inverting fiber optics. Dual fixed eyepieces (tilted 
and fused) and four objective lenses (the inner two 
adjustable and the outer two fixed) make up part of the 
folded optical approach. The inner optical channels 
include very fast F/1.17 objective lenses as compared with 
the F/1.25 objective lenses of the currently fielded 
AN/AVS-6 and AN/AVS-9 goggles. The outboard 
channels, due to size and weight constraints, incorporate 
F/1.30 objective lenses. All of the objective lenses will 
incorporate Class B, leaky green filters for compatibility 
with color cockpits and aircraft head-up displays. 
Eyepiece effective focal length is 24mm while the 
physical eye clearance has been designed for 22mm. A 
specially designed single left side and single right side 
power supply is remotely located but allows each side's 
inner and outer optical channels to be controlled 
independently. Multiple adjustments (i.e. tilt, independent 
inter-pupilary distance, up/down, and fore/aft) should 
permit an optimized optical fitting. Customized visors 
will also be incorporated for mechanical stability and 
escape protection. Individualized holes will be cut for the 
objective lenses to stick through. Also, a unique latching 
mechanism affords one-handed don/doff capability. A 
new linkage system enables the PNVG I to easily 
transition into a stow position (Figure 5). 

During normal use, power is provided to the system by the 
aircraft. In the event of an ejection, two "AAA" alkaline 
batteries located in the remote electronics module (REM) 
provide power during the escape sequence, evasion, and 
rescue. Due to funding constraints, PNVG I is currently 
designed to attach to only the Air Force's HGU-55P 
helmet. 

Two configurations of the PNVG I will be delivered. 
PNVG I-Configuration  1, will have four deliverables. 
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The PNVG module will attach to a unique "universal 
connector", the same connector used with the Visually 
Coupled Acquisition and Targeting System (VCATS) 
daytime helmet module. VCATS is currently being 
evaluated as part of an advanced technology 

Figure 5. PNVG I in stow position (Patent Pending) 

demonstration at the 422'"' Test and Evaluation squadron 
at NeUis AFB. The universal connector provides aircraft 
data and power to the PNVG module. This configuration 
also features a 640x480 active matrix electroluminescent 
display (AMEL) for symbology overlay and a magnetic 
head-tracker with electronics located in the REM. PNVG 
I-Configuration 2, a stripped down version of 
Configuration 1, will have two deliverables. 
Configuration 2 does not include an AMEL display, 
magnetic head-tracker, or electronics package. Since the 
majority of the HGU-55P helmets are not equipped with 
the VCATS universal connector, a special banana clip 
mount has been designed that will accept the PNVG 
module on any HGU-55P helmet. Because there is no 
aircraft power being provided through a universal 
connector for configuration 2, system power will be 
supplied by the two "AAA" alkaline batteries located in 
the REM. 

PNVG n DESCRIPTION 
An alternative approach to PNVG I has been developed. 
The partial overlap 100° H X 40° V intensified FOV is 
maintained but the system resembles the currently fielded 
aviator NVGs (Melzer & Moffit, 1991). Whereas PNVG 
I mates to only the HGU-55P helmet, PNVG II (Figure 6) 
is compatible with any helmet that incorporates the 
standard ANVIS mounting bracket. This will allow any 
warfighter to assess the utility of a panoramic night vision 
scene given they have the proper bracket. If testing 
proves that the panoramic scene is required but the PNVG 
I approach is preferred, a development effort will have to 
address the specific design issues necessary to mate it with 

I a particular helmet type. 

Figure 6. PNVG II (Patent Pending) 

Similar to die PNVG I, the central 30° H X 40" V FOV is 
completely binocular while the right 35° is visible only to 
tiie right eye and the left 35" is visible only to the left eye. 
Additionally, a thin demarcation line separates the 
binocular image fi-om the outside monocular image. 
PNVG 11 utilizes the newly developed 16mm image 
intensifier tube but requires image inverting fiber optics 
(the outer channel fiber optics are the same length as the 
inner channel). Dual fixed eyepieces, tilted and fused 
together, and four objective lenses (the inner two 
adjustable and the outer two fixed) remain part of the 
optical approach. The non-folded inner optical channels 
are designed with extremely fast F/1.05 objective lenses. 
The folded outboard channels use the PNVG I inner 
channel optics with F/1.17 objective lenses. Eyepiece 
effective focal length is 24mm while the physical eye 
clearance has been significantly increased to 27mm. All 
of the mechanical adjustments currentiy available on the 
AN/AVS-6 and AN/AVS-9 remain (i.e. tilt, independent 
inter-pupilary distance adjustment, up/down, fore/aft). 
Power for the PNVG H will be provided via the batteries 
that are currently integrated with die AN/AVS-6 and 
AN/AVS-9 mounting systems. Therefore, no special 
power provisions are necessary. 

Three configurations of PNVG II will be delivered. 
PNVG Il-Configuration 3 will have only one deliverable 
but it will feature a 640x480 AMEL display. Additionally 
it will have a Class B, leaky green filter incorporated into 
the objective lens. PNVG Il-Configuration 4 will have 
three deliverables but will not include the AMEL display. 
One of the three will use the Class B, leaky green filter 
while the remaining two will use a Class A filter. The 
final deliverable, PNVG Il-Configuration 5, is intended 
for ground applications and will be integrated to a special 
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hand-held "PIRATE" mounting system including its own 
batteries and a single infrared diode. This configuration 
will not include an AMEL display and the objective lens 
will be unfiltered (i.e. no class A or B filters). 

PNVG TEST PLAN 
A critical step in the development of the PNVG system is 
the completion of performance-based field evaluations. It 
is important to have an empirical basis for determining the 
cost^enefit afforded by the capabilities of the PNVG 
compared to present NVGs. Toward this end, a two- 
pronged multi-phased evaluation program is being 
planned. The testing activities will occur both in the 
laboratory (simulation facilities) and during operational 
flights. Ideally, to maximize how well findings can be 
generalized from the laboratory to the field, subject matter 
experts (appropriately rated pilots) will serve as 
experiment participants for both phases. The evaluation 
and experimental design is being structured to include 
both fixed- and rotary-wing applications. 

It is anticipated that the use of the PNVG technology will 
result in both performance and behavioral differences 
when compared to conventional NVGs. The evaluation 
methodology is being designed to investigate these 
differences via the performance operationally 
representative tasks which hold practical significance. 
Included are both flight and target search tasks. 
Subjective feedback will also be collected to compare the 
different FOV technologies in terms of pilot preference, 
subjective workload, and subjective situation awareness. 

The first phase of the evaluation is comprised of a series 
of simulation trials. The purpose of using the simulator as 
an initial evaluation step is to validate the test 
methodology in a relatively quick and inexpensive 
manner. Unique to the simulation trials will be those tasks 
which are impractical or exceedingly dangerous for actual 
flight trials. The basic tasks which prove to be sensitive 
performance discriminators in simulation will be 
replicated in flight test. 

The following are example tasks and measures presently 
being considered for the empirical evaluation: 

Simulator Tasks: These tasks will include a manipulation 
of flight symbology in addition to the PNVG / 
conventional NVG comparison. The simulation trials will 
be developed for and run in the Air Force Research 
Laboratory's Synthesized Immersion Research 
Environment Facility (SIRE) or similar high-resolution 
large dome simulator (Geiselman, Brickman, Hettinger, 
Hughes, DeVilbiss, & Haas, 1998). 

Fixed-wing simulator tasks: The purpose of the PNVG 
technology is to afford the pilot daytime-like performance| 
under conditions of degraded vision (i.e. night) 
Representative tasks for the evaluation will include those 
which are difficult during extremely low light level night 
operational conditions. Also included are primary tasks 
such as target search and identification, low altitude 
navigation, dive-toss bombing, formation flight, blacked 
out runway landings, etc. For all of these tasks, 
simulation catch trials will be developed to include critical 
events such as terrain obstructions, airborne threats 
(potential midair), and runway incursion. These events 
will be included in the experimental design as secondary 
measures of situation awareness and task saturation. 

Performance measures will be collected and analyzed to 
help determine the effects of changes in FOV and the 
addition of symbology on performance during trials of the 
aforementioned primary tasks and critical events. 
Behavioral measures in the form of head movement and 
position data will be analyzed to investigate the effects of 
the independent variables (e.g. no aid vs. NVG vs. PNVG 
with and without symbology) on pilot line-of-sight 
variability (including the proportion of head-out and head- 
up time as a result of the display manipulations), rate-of- 
translation, reversals, search patterns, and fixation area. 
Subjective feedback will include pilot preference 
questionnaires, subjective workload ratings (i.e. NASAj 
task loading index: NASA-TLX (Hart & Staveland, 
1988)) and subjective situation awareness comparisons 
(i.e. Cognitive Compatibility Situation Awareness Rating 
Technique: CC-SART (Taylor, 1995)). 

Fixed-wing flight test: To the extent possible, the fixed- 
wing in-flight evaluation tasks will include replications of 
the simulation tasks. Similar objective and subjective 
measures will be collected and analyzed. The planned 
operational evaluations will be conducted in F-15C 
aircraft at Nellis AFB, Nevada by the 422"'' Test and 
Evaluation Squadron. 

Rotary-wing evaluation: The rotary-wing simulation tasks 
will include elements similar to the fixed-wing 
evaluations. These    include    target    search    and 
identification, landing, critical events (i.e. wire crossing 
during terrain masking maneuvers). In addition, 
methodology from previously performed simulation 
studies and flight evaluations will be replicated for the 
purposes of the present evaluation. For instance, 
standardized helicopter handling qualities maneuvers have 
been successfully demonstrated as sensitive evaluation 
variables for similar display FOV research (Szoboszlay, 
Haworth, Reynolds, Lee, & Halmos, 1995). These tasks, 
and their associated performance measures, will be! 
modified for use as both simulation and flight trials to 
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meet the objectives of the current evaluation. Flight 
testing will be completed at Ft. Belvoir and the NASA 
Ames Research Center (Szoboszlay et. al., 1995). The 
rotary wing tests will include behavioral and subjective 
measures similar to those presented in the fixed wing 
section. 

CONCLUSION 
The PNVG conceptual working model developed under 
the phase I SBIR demonstrated the feasibility of a very 
wide FOV image for night operations. The eleven 
advanced technology demonstrators being delivered under 
phase II will allow the warfighter to evaluate the 
operational utility of the PNVG. As a result of both the 
performance-based simulator and field evaluations, a 
better understanding will be gained of the PNVG's impact 
on such areas as improved situational awareness, reduced 
fatigue during long missions, ejection compatibility, and 
overall increased mission performance and safety. 
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ABSTRACT 

%ifrf'T '* n^f ^"'t ^"'""""^ Laboratory (AFRL) took delivery of the last of twelve panoramic mght vision goggle 
f m i ffi^%',.TfVrf^ 'y'T' '"^ *^^" "^""'"'"^ '"'*'«"■'' ° ^'^'^'y of aircraft including the F-15C. F-15E F-16 
,"; '^'''^' ^-f • ^'^' fJ^°- f ^ ""-^ «''-^'-#- Data will continue to be collected on these aircraft as well as other 

platforms over the next 12 months. In April of 2000 a follow-on development effort was initiated entitled "Integrated 
Panoramic mght Vmon Goggle" (I-PNVG). Lessons learned from the PNVG effort are being incorporated iZ th"fpNVG 
program whoever possible. Specific objectives to be addressed under I-PNVG effort are widefield-of-view integrated laser 
protection, fit/comfort, image quality, integrated symbology/imagery displcy. field support, ejection/crash/ground egress 
safety, cofpatibtbty with existing systems, affordability. supportability. maintainability, producibility. and reliability. This 
paper will briefly discuss pilot comments about the PNVG provide further detail of the I-PNVG objectives and address I- 
FNvu design considerations. 

INTRODUCTION 

P^^rl ®Ti"^'linf^^lf ^ '^^'*"''' ^^®^^^ P''^^ " P^Sram that ended in July 1999 resulted in the delivery of seven 
PNVG 1 and five PNVG I prototype systems The PNVG I version is a low profile design for ejection seat aircraft with the 
goal of retaining the goggle safely on the head throughout the entire ejection sequence. 

Figure 1: PNVG I in F-15E (front cockpit) Figure2: PNVG linanF-15E(rearcockpit) 

The PNVG II approach, which looks more like a traditional goggle, attaches to any existing AN/AVS-6 or F-4949 mounting 
'^?.S;3"„''f'^'°" "^^ '"*®"**^*' ^°' transports, helicopters, and pound personnel. Both PNVG I (Figure 1 and Figure 2) 
^^iF^Z       ^^'F'^ ^^ P"''*'^^ ^ '°° ^^^'^ horizontal by 40 degree vertical (100" H X 40° V) intensified field of view 
(FOV) (Figure 4.). This represents a peater than 160% r 
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Laboratory at Wright-Patterson AFB OH. The Army has also joined the team to complement the Air Force's effort to develop 
this next-generation night vision goggle. 

Figure 4:  !00 x40 Desree Field of View 

isjure 3: PNVG II in C-]7 Cockoit 

BACKGROUND 
NVGs with FOVs ranging from 30 degrees to 45 degrees have been used in military aviation for more than 20 years. The 
vast majority of NVGs (AN/AVS-6 and F-4949) provide a 40 degree binocular FOV. Because each ocular uses only a single 
Image intensifier (I^) tube, increased FOV for these NVGs can only be obtained at the expense of resolution.''^ The I^ tube 
has a fixed number of pixels (pictiu-e elements). If the pixels are spread over a larger FOV, the angular subtense per pixel 
increases proportionally thus reducing resolution. An extensive survey of U.S. Air Force NVG users showed that increased 
FOV was the most desired enhancement by aircrew members. Resolution was a close second.^'* This was a motivatmg 
factor for the development of an enhanced NVG capability. Previous studies suggest FOV produces performance 
advantages: A study using a critical tracking task showed best performance at 80 or 100 degrees, and an increase from 40 to 
80 degrees greatly reduced subjects' workload.' Another study included a series of low altitude maneuvers in Cobra and 
Lynx rotorcraft and the results indicated 100 degree to unrestricted FOV required only moderate pilot compensation. The 
results also showed pilots flying with restricted FOV reported better flying performance than actually exhibited. 
Furthermore, restricted FOV mhibited detection of multiple cues concurrently, and the small FOV required more head 
movement and a different scan technique while large head movements led to aircraft control difficulty and disorientation.^ A 
third study had subjects visually acquu-e targets, remember the location of the target, and monitor target threat status while 
performing a secondary task. Error decreased as FOV increased imtil a FOV of 90 degrees was reached. Secondary task 
performance increased as FOV inceased.' 

> 

'7. -. ■'i>-' 

■?f>--" 

-Kr"' 

• - r- 
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Figure 6: 40 Decree Field of View 

Fi?are5: F-4949 NVG 
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PNVG COMMENTS 
The following commente have been collected via post flight questionnaires, PNVG I comments represent feedback from F- 
15C and F-15E aircraft fi-om the 422 Test and Evaluation Squadron at Nellis AFB, Nevada,* PNVG n comments represent 
C-130 feedback from the 50* and 61" Airlift Squadrons at Little Rock AFB, Arkansas and C-5 feedback from the 3"* and 9* 
Airlift Squadrons and 436* Air Wing at Dover AFB, Delaware.' 

Representative PNVG I positive comments 
"I did not experience any eye sfrain or headaches," "A must have." "A-lO's need these!" "Closer to face, better FOV rather 
obvious!" "Outer channels were focused much better (20/25)." "Had better situational awareness of my surroundings," 
"Easier to fly at lower altitudes," "Could spend more time scanning for bandits and watching where my flight path is." "Less 
forward CG when looking through." 

Representative PNVG I negative comments 
"Lack of adjiKtability." 'The battery change out is unsat." "I lost a battery down inside the helmet cover when trying to 
change out!" "In order to see the HMD display, I had to have the right channels way over to the left (toward the center of my 
face)," "This caused me to lose the outer part of the right outer channel." "Need to adjust focus rings." "They are too hard to 
work with gloves on," "Need more play in the areas that we normally focus (infinity)," "The "bridge" tlat holds the goggle is 
worn and breaks loose at 6 g's or greater," "Requires me to reach up and snap it back into place," "More difficuh to see inside 
the cockpit, especially under g's," "Very difficult to set up the radar while in turn." "Not as crisp," "Flimsy frapeze, tilt sags 
under G," "Adjustments not user friendly." "Had to lower seat 2 inches to get proper eye height relative to HUD." 'T>elicate 
innards exposed when removed from helmet for stowing," 

Representative PNVG II positive comments 
"The panoramic vision greatly increased mission capabilities by decreasing the amount of head movement required for the 
pilot to scan. This in turn reduced the amount of work." "Overall very impressive—much less time scanning, much more time 
spent looking-situation awareness dramatically increased," 'TNVGs definitely enhance mission effectiveness. The 
peripheral vision alone is a dramatic capability enhancement. The battery pack incoiporated into die PNVG is also nice." 
"Panoramic vision greatly increases SA and clearing ability." 

Representative PNVG 11 negative comments 
"PNVGs need: wider range of focus. Outer tubes need focus ability, more field of view up and down would be nice too." 
"PNVG objective lens seem harder to adjmt than 4949, the knobs are lard to turn. Very heavy when stowed. PNVG needs 
more near focusing for close up work (1-2 foot range)," "Suggest better focus on inner tubes and focus capability on outer 
tubes," "Also because you need the NVGs close to your eyes to eliminate the "lines" it makes viewing cockpit imtruments 
difficult imder the PNVGs conqjared to the 4949s," 

I-PNVG OBJECTIVES 
There are nine areas that address the key Air Force objectives of the I-PNVG program."* These areas are discussed in the 
following parapaph The first key objective is wide FOV. The PNVG I and PNVG II systems developed under the SBIR 
program did not perform trade studies to determine die optimal FOV. The I-PNVG program will review the literature and 
conduct trade studies to develop an optimal FOV design. The system will be required to have an instontoneous horizontal 
FOV > 80 degrees with a binocular overlap > 36 degrees, and a instantaneous vertical FOV > 36 degrees. The second key 
objective is laser eye protection. Laser threats to military aircrew are real with reports from foreign sources and the presence 
of lascK are expected to grow on the battlefield. These incidents have raised concem for the health of aircrew eyes, for 
mission effectiveness, and for flight safety. I-PNVG will mcorporate LEP technologies for protection of the human and the 
goggles. The design(s) will have to accommodate the latest LEP visor, LEP spectacles, and light interference filtera. The 
third key objective area is fit and comfort. The fit and comfort of die operator while wearing the I-PNVG will be examined. 
The I-PNVG will need to accommodate a diverse population of operators that will be flying in different mission 
environments of varying mission duration. Design consideratiom will be weight and center of gravity (down and stowed 
positions), ease of mechanical adjustments, stabiUty of the NVG/helmet to accommodate G loads and rapid head movements, 
cockpit conq)atibility, and adeqiwte eye relief. The fourth key objective area is image qualify. The device needs to have 
image quality equal to or better than NVGs delivered under the Army Omni V contract. Attributes for satisfying the 
requirement that need to be considered are the expected visual acuity (resolution) through the device for quarter moon and 
sterHght levels, signal-to-noise ratio, image tube halo, optical distortion, optical image alignment, system modulation transfer 
function (MTF - on axis and at edges of the field), eyepiece focus, eye position tolerance and effects on optical MTF, 
objective lens focus, and maximum image luminance. Impartial overlap of visual fields is used to produce the wide FOV, the 
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image discontinuity tolerances at the overlap should be addressed including image luminance uniformity, image 
magnification, rotation, distortion, and horizontal and vertical off-set. The fifth key objective area is integrated 
symbology/imagery display. The electronic interface needs to be extended from the current symbology overlay technique to 
include imagery insertion by using a light-valve or similar technology (could even include turning image intensifier tube off) 
to block the NVG image during imagery display and single-channel miniature camera record. The inclusion of a fiill-color 
version of the miniature flat panel image source will also be considered. The I-PNVG will provide the capability to 
remove/replace either or both the flat panel image source and the miniature camera in the field. The I-PNVG will remain 
mission capable as a separate fimctioning system with either or both fimctions removed. The instantaneous FOV provided 
for the imagery insertion should be compatible with current navigation-FLIR sensors. Compatibility with Joint Helmet 
Mounted Cueing System, Visually-Coupled Acquisition & Targeting System, Air Warrior, and Land Warrior will be 
considered. Finally, the allocation of electronics between the I-PNVG device and its associated helmet vehicle interface 
module will be addressed with respect to its impact on operational use of the system. The sixth key objective area is field 
support. The device should be designed in order to minimize the need for any additional logistic support equipment. This 
means the design will allow field-level performance testing utilizing the ANV-126 Hoffman tester with little or no 
disassembly of the I-PNVG device or major modification to the tester. Adjustment knobs should be useable while wearing 
flight and chemicaL'biological gloves. The seventh key objective area is ejection/crash/ground egress safety.^^ Flight safety 
and environmental use have to be factored into the design. The following areas need to be examined in the performance of 
safety testing: Mertz criteria, Knox Box, USAARL curve, inertial properties, vertical impact, helmet impact, visor ballistics, 
helmet penetration, rapid and explosive decompression, ejection windblast, quick disconnect functionality, hanging harness, 
cockpit compatibility, electromagnetic compatibility, emergency ground egress, and electrical shock analysis. The eighth key 
objective area is compatibility with existing systems. The new system will need to be interoperable with existing systems. 
The items that need to be addressed are the helmet, oxygen mask, nuclear/biological/chemical masks. Aviator Night Vision 
Imaging System mount, survival vest, anti exposure suit, torso harness, aircrew spectacles, back style parachutes, and 
personal clothing. The ninth and fmal key objective area is - ilities. The I-PNVG design must optimize reliability, 
maintainability, affordability, producibility and supportability. System and system sub-components should be capable of 
mass production while consistently maintaining pre-established standards. A design that requires only minimal maintenance 
is desirable. Pre or post-flight checkout and maintenance procedures should be kept to a minimum. Major components 
should be interchangeable if a two-configuration approach is adopted. 

I-PNVG PRELIMINARY DESIGN CONSIDERATIONS 
A single I-PNVG design approach is preferred that would satisfy mission requirements for fighters, bombers, transports, 
helicopters, and ground personnel. If a two-design approach is deemed necessary commonality of components between the 
designs is to be emphasized. A trade-off of the above listed objectives is critical in order to optimize the desired approach(s). 
Some of the specific parameters of interest for the I-PNVG trade-off studies are total horizontal field-of-view, bmocular 
overlap, resolution/visual acuity, eye relief/lens focal length, weight, center of gravity, F/Number (lens diameter), exit pupil, 
image quality/MTF, size/form factor, adjustments, manufacturability/maintainability, and cost. The following parameters are 
identified as "non-negotiable": must have same visual acuity as F-4949, must be compatible with standard flight spectacles, 
and must use 16mm tubes. Other inqjortant issues that need to be addressed are the tolerances at the inboard/outboard seam 
(rotation, vertical mismatch, horizontal mismatch, magnification mismatch, distortion), inboard/outboard mismatch for other 
than infinity objective lens settings, and aligiunent procedures for inboard/outboard channels. Initially, two approaches are 
being considered. The furst is a low profile "periscope-like" design (referred to as I-PNVG 1) targeted for ejection seat 
aircraft (Figure 7). This design approach intends to permit the system to be retained on the head safely during the ejection 
sequence and additionally provide post-ejection evasion and rescue capability while on the ground. Each of the identical 
objective lenses are adjustable for distance focusing and feature a fixed, fused, and tilted eyepiece design. I-PNVG 1 utilizes 
folded optics in each of the four optical chaimels, fits imdemeath a standard Air Force visor, and attaches to the standard Air 
Force HGU-55/P helmet via a universal connector. This universal connector is hard mounted to the helmet and is the same 
moimting mechanism approach used for two daytime helmet mounted display systems currently being tested (1) AFRL's 
Visually-Coupled Acquisition and Targeting System [VCATS] (an advanced technology demonstration effort) and (2) 
Common Avionics System Program Office's Joint Hehnet Mounted Cueing System [JHMCS]) (an engineering and 
manufacturing development program). A dummy universal connector will also be fabricated onto a banana clip-like mount 
for non-JHMCS and non-VCATS aircraft. An enhanced version of I-PNVG 1, referred to as Strike Helmet 21, will use the I- 
PNVG 1 as its baseline but will integrate some new technologies under development. These new technologies include an 
Active-Matrix Organic Light Emitting Diode for symbology or video display and an inertial head tracking system to help 
precisely deliver high off-boresight angle missiles. A CCD camera will also be integrated and used for battle damage 
assessment and training purposes. The second approach being considered (referred to as I-PNVG 2) is a more "traditional" 
design (Figure 8) for transports, helicopters, and groimd personnel. This approach utilizes sti-aight-through optics, similar to 
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AN/AVS-6 and F-4949, in each of the four optical channels and attaches to the standard Air Force HGU-55/P or SPH-4/AF 
helmet via an "ANVIS-like" mount. Each of the identical objective lenses (like I-PNVG 1) are adjustable for distance 
focusing and feature a fixed, ftised, and tilted eyepiece design. A trade study has been initiated on whether it is possible and 
advantageous to adapt aspects of this second approach (i.e, straight-through optics) for the ejection seat aircraft design (i,e. I- 
PNVG 1) as well. There are some likely advantages of a straight-through optics approach that would benefit I-PNVG 1 such 
as improved optical performance, easier alignment in manufacturing, and commonality with the monocular used for the 
"traditional" straight-through optics on I-PNVG 2. Questions exist though on the weight and center of gravity of this 
straight-through optics approach and whether it would fit underneath a standard Air Force visor. This is where we will look 
to the trade study results. This straight-through optics approach, in addition to being common to both the I-PNVG 1 and the 
I-PNVG 2, would also be common to the Army's design which is being developed jointly under the I-PNVG program. The 
Army tracks their advanced technology demonstration design as the "Advanced Night Vision Goggle" (ANVG) (Figure 9) 
and manage it at the Night Vision and Electronic Sensors Directorate, Ft. Belvoir. The commonality of approaches between 
the services could provide tremendous synergism. Weight and Space Models of the I-PNVG 1 are scheduled for delivery in 
May 2001 and the first operational deliveries of the I-PNVG 2 are to begin in August 2001, I-PNVG 1 and ANVG deliveries 
will follow shortly thereafter. 

Figure 7: I-PNVG 1 (Periscope) 

CONCLUSION 
The I-PNVG truly has the potential to become the next generation night vision goggle. Work contmues towards finalizing 
the optical, mechanical, and electronics design details prior to the scheduled critical design review in January 2001. Stereo 
lithography models will be utilized extensively over the next several months by the designers and warfighters to explore 
and/or verify I-PNVG design options, Wei^t and space models will be available m May 2001 to enable safety of flight 
testing to begin followed by the first operational I-PNVG deliveries in August 2001. The Air Force is scheduled to receive a 
total of 25 I-PNVGs and the Army is scheduled to receive a total of 5 ANVGs for flight evaluation purposes. 
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Panoramic Night Vision Goggle Flight Test Results 
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ABSTRACT 

The Panoramic Night Vision Goggle (PNVG) has begun operational test and evaluation with its lOO-degree horizontal by 
40-degtee vertical field of view (FOV) on different aircraft and at different locations. Two configurations of tije PNVG are 
being evaluated. Tlie first configuration design (PNVG I) is very low in profile and fits underneath a visor. PNVG I can be 
retained by the pilot during ejection. This configuration is interchangeable with a day helmet mounted tracker and display 
through a standard universal connector. The second configuration (PNVG 11) resembles the cun-ently fielded 40-ckgree 
circular FOV Aviator Night Vision Imaging System (ANVIS) and is designed for non-ejection srat aircraft and ground 
applications. Pilots completed subjective questionnaires after each flight to conqjare the capability of the lOO-degree 
horizontal by 40-degree vertical PNVG to the 40-degree circular ANVIS across different operatiomi tasls. This paper 
discusses current findings and pilot feedback from the flight trials Objectives of the next phase of the PNVG program are also 
discussed. 

Keywords: Night Vision Goggles, Panoramic Night Vision Goggles, Hehnet-Mounted Display, Wide Field of View, Flight 
Test, Night Operations, and Image Intensifiers Tubes 

1. INTRODUCTION 

The Panoramic Night Vision Goggle (PNVG) (Figures 1 and 2) provides pilots a larger viewing area than current night 
vision goggles. Unlike previous attempts to increase field of view (FOV), comfort, safety, and resolution have not been 
sacrificed. 

Fipirel:PNV0IinaF-15E Figure!: PNVOIIinaC-5 

The PNVG approach uses four image intensifier (I^) tubes that are each 60% smaller and lighter than conventional I^ 
ttibes. The Aviator Night Vision Imaging System (ANVIS) uses two standard I^ tubes. The key to getting the I^ tubes smaller 
and lighter was the design of a 16-mm format versus the standard 18-mm format (Figure 3). The use of four I^ tubes provides 
the PNVG capability of a 100 horizontal degree by 40 degrees vertical FOV. The result is an increase of the viewing area by 
160% versus current night vision goggles (NVGs) (Figures 4 and 5). Resolution is not compromised because the number of 
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pixels per unit area is not decreased. For PNVG, the center 30 degrees horizontal by 40 degrees vertical is binocular with the 
right 35 degrees visible only to the right eye and the left 35 degrees visible only to the left eye. The PNVG has two differcj^ 
design configurations: PNVG 1 and PNVG 11. 

18 mm 16 mm 

777 

Existing AN/PVS-7 Module 
18 mm Tube 

New 
16 mm Tube 

Figure 3 

Figure 4: Simulated PNVG FOV Figure 5: Simulated 40° NVG FOV 

1.1 PNVG I 

PNVG I (Figure 1) is a low-profile version that is designed to be used in ejection seat aircraft. The system is designed to 
be retained throughout the ejection sequence and to be used for escape and evasion versus the current NVGs that needs to be 
removed before ejection because of the risk of injury. The PNVG I had lower windblast loads than the standard HGU-55/P. ' 
Figure 6 depicts the low-profile nature of PNVG 1 versus the standard NVGs. The center of gravity of the PNVG I is closer 
to the center of gravity of head to make it more comfortable and less fatiguing. The PNVG 1 is interchangeable with the 
Visually Coupled Acquisition and Targeting System (VCATS) module that is used for day missions. Both the PNVG and 
VCATS interface through the use Air Force Research Laboratory's (AFRL) Universal Connector (Figure 7) mounted on a 
lightweight HGU-55/P helmet. - The system can be powered via either aircraft power through AFRL's standardized helmet 
vehicle interface or the system can be powered using two "AAA" alkaline batteries. The PNVG I has demonstrated the 
capability to perform off-boresight cueing using the head tracker with the symbology overlay. 

1.2 PNVG II 
t 

The PNVG 11 (Figure 2) is similar in design to the ANVIS goggles. The PNVG II is more rugged than PNVG I and will 
probably be cheaper to produce. The PNVG 11 was designed for the transport, helicopter, and ground force community who 
do not require the ejection safe goggles. The goggles will attach to any helmet that has an ANVIS mounting bracket. The^ 
system is powered by using one "AA" lithium battery. 
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PNVGI 

ANVIS/F-4949 v 
^1/ /       0> 

NewlMvMsal Conneetor 

Simulated i 
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Esqserience v' 't 'i\t.,i, ■ 

Figure 6: PNVG 1 Versus ANVIS Profile Figure 7: Universal Connector 

2.0 EVALUATION METHOD 

Several operational utility evaluation (OUE) efforts have been initiated to evaluate PNVG I and PNVG 11. Laboratory 
experiments are also being perfonned to address specific questions regarding performance and SA effecte attributoble to the 
PNVG FOV. The objective of the OUE is to expose the PNVG to the operational enviroranent to investigate the impact the 
technology has on mission effectiveness and survivability. The OUE process includes the development of new tactics which 
result from the application of new technology. The data presented here were produced via questionnaires completed by 
operational test pilots who flew with the PNVG I and PNVG II during evaluation flighte. The PNVG I data were collected at 
the 422"'' Test and Evaluation Squadron at Nellis AFB, Nevada. Data are included from 16 different F-I5E flights and 10 F- 
15C flints. At the date of this writing, a total of 12 pilots participated in the PNVG I evaluation flints. Four of the 12 pilots 
each flew two different sorties. Three of the four duplication flights were in F-15C's, Both air-to-air and air-to-ground 
missions were completed. Crews from 50"" and ei** Airlift Squadrons flew with PNVG II during evaluation flights at Little 
Rock AFB, Arkansas. A total of nine crewmembers flew with PNVGII aboard the C-130 aircraft. The evaluators included 
six pilots and three navigators. The majority of these missions were multi-ship formation flights. Twelve crewmembere from 
the 3"" and 9* Airlift Squadron and 436"' Air Wing at Dover AFB, Delaware evaluated PNVG II during C-5 missions. The C- 
5 flights were mostly single ship low-level airdrop missions. The C-5 evaluators included six pilots, four lavlgators, one 
flight engineer, and one loadmaster. All of the C-130 and C-5 crewmembers reported significant experience with 
conventional F-4949 NVGs. A post-flight questionnaire was developed to collect evaluators' unpression of PNVG I and II 
across different areas of interest during each evaluation flight. 

2.1 Questionnaire and rating scale 

A rating scale was developed to compare pilots' experience with PNVGs versus their previous experience with F-4949s. 
It was not feasible to directly compare the PNVG (I and II) to F-4949 on a flight by flight basis. Instead, the questionnaire 
instnjctions asked pilots to compare their recent experience with PNVG 1 or II vs. their past experience with F-4949s. All of 
the participants had significant flight experience with the conventional F-4949 NVGs. A rating methodolo^ WM developed 
to allow the evaluators to quantify their comparison of the NVGs. Table 1 shows the rating scale developed for the 
questionnaire. Questions were formed for the following categories: 1) Fit, Function, and Human Factors, 2) Cockpit/Cockpit 
Lighting Compatibility, 3) Image Quality, and 4) Operational Employment. Where possible, compm-ison ratings were 
collected. Where appropriate, yes/no format questions were asked. Comments were solicited at the end of each category 
section of the questionnaire. A final section of the questionnaire was dedicated to additional comments designed to collect 
information about the advantages and disadvantages of the PNVG. 
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RATING SCALE 
1 Very Ineffective 

Ineffective 

Same 
Effective 
Very Effective 

RESPONSE 
PNVO performance is significantly less than that of the F-4949 and significantly affects 
safety of flight or detracts fi-om successful task/mission accomplishment.  
PNVG does not perform as well as the F-4949 and detracts from task/mission 
accomplishment. . 
PNVG and F-4949 performance does not differ. 
PNVG performs better than the F-4949 and enhances task/mission accomplishment. 
PNVG performance is significantly better than the F-4949 and significantly enhances safety 
of flight or adds to successful task/mission accomplishment.  

Table 1. PNVG questionnaire rating scale. 

3.0 RESULTS 

3.1 F-15 PNVG I evaluation 

The following paragraphs present the questionnaire data collected to date. The information represents averages derived 
across all 16 sorties. It is indicated where feedback is specific to an aircraft type (F-15C or F-15E). A statistical analyses 
(two-tailed t tests) were performed to determine if the recorded ratings differed reliably from a rating of 3 (a rating of 3 would 
indicate that PNVG I and F-4949 performance was the same). 

3.1.1 Descriptive information 

Average takeoff time was 42 minutes after local sunset. Average duration of the flight was 1 hour 32 minutes (1:32). 
Illumination conditions were described as high for slightly more than half the flights (62.5%). Average moon presence was 
68.3% and the observed weather was described as clear for the majority of the flights (91.6%). 

3.1.2 Fit, function, and human factors ratings: 

Pilots found the PNVG I to be easier to don than the F-4949 (mean rating = 4.25, p. < 0.0001). For weight and center of 
gravity, the operating comfort of the PNVG I was rated as better than the F-4949 (mean rating = 3.94, p. < 0.005). In the 
stowed'position, ratings indicated greater comfort compared to the F-4949 (mean rating = 3.67, p. < 0.05). Stability of the 
PNVG I during head movements, G loading, and vibration was 
rated as shghtly better than F-4949 (mean rating = 3.66, p. < 
0.05). In some cases, the helmet was not custom fit to the pilot. 
Questions conceming PNVG I position and focus adjustability 
indicate that this is an area of design criticism. Both position 
and focus were rated as the "same" compared to F-4949. 
Peripheral vision around the PNVG I and the ability to look 
under the PNVG I to view cockpit instrumentation was rated as 
very similar to F-4949. The compatibility of the PNVG I with 
the use of a clear visor was rated as better than F-4949 
compatibility (mean rating = 3.75, p. < 0.05). For pilot 
comments, please refer to Geiselman and Craig (1999).'' 

S 

3.1.3 Cockpit/cockpit lighting compatibility 

Cockpit clearance of the PNVG I was rated during scanning 
behavior. In the operational position, clearance was rated better 
with PNVG I than with F-4949 (mean rating = 3.81, p. = 0.01). 
In stowed position? clearance was similar that of the F-4949 
(mean rating = 3.31, p. = 0.13). Cockpit display compatibility 
for PNVG I was rated as similar to F-4949. This was true also 
for HUD and NVIS lighting compatibility. PNVG I was rated as 
more compatible with "Christmas tree" lighting (mean rating = 
4.14, p. = 0.01) than the F-4949. 

Operational Enploymenl Tasks 

Figure 8. PNVG I ratings as a function of operational 
employment task 
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3.1.4 Image Quality 

Overall PNVG I iimge quality was rated as similar to F-4949 (mean rating = 3.47, p. = 0.13). Similar findings were 
recorded for a question addressing the ability to distinguish cultural (mean rating = 3.5, p. < 0,05) and terrain featoes (mean 
rating = 3.5, p. = 0.1), PNVG I image brightness acceptobility was rated higher than F-4949 (mean rating = 3.59, p. = 0.007), 
Image brightness consistency across the tubes was indicated during 69% of the sorties. The acceptobili^ of image noise for 
PNVG I was rated to be similar to F-4949, 

3.1.5 Operational employment 

Pilots reported that 5.5 G's could be sustained comfortably while using the PNVG I. The maximimi reported G load 
across these test flights was 8.0. Pilots were asked if the PNVG I ever inadvertently canre down from the stowed position 
during the flight. This occurred during 2 of the 16 flights (12.5%), The pilots reported that overall, SA was enhanced by the 
use of PNVG I compared to F-4949 (mean rating = 4.2, p, < 0.0001). Figure 8 shows the pilote* mean ratings conqjaring 
PNVG I and F-4949 across different tactical tasks. An "*" indicates statistical significance at the alpha < 0,01 level. PNVG I 
appears to have been most beneficial during threat detection, formation and tactics, offensive maneuvering, defensive 
maneuvering, and for survivability. 

3.1.6 Overall comparison 

Pilots were asked to rate the suitability of the PNVG IFOV compared to the F-4949 FOV. The results indicate that the 
pilots feel ttot the PNVG I FOV is very effective (mean rating = 4.66, p, < 0,00001). When asked to make an overall 
preference comparison of the PNVG I vs. F-4949,15 of the 16 responses indicate a preference for PNVG I (93.33%). 

3.1.7 Representative PNVG I positive comments 

"/ did not experience any eye strain or headaches." "A must have." "A-lO's need these!" "Closer to face, better FOV 
rather obvious!" "Outer channels were focused much better (20/25)." "Had better SA awareness of my surroundings." 
"Easier to fly at lower altitudes." "Could spend more time scanning for bandits and watching where my flight path is." 
"Less forward CG when looking through." 

3.1.8 Representative PNVG I negative comments 

"Lack of adjustability." "The battery change out is unsat." "/ lost a battery down inside the helmet cover when trying to 
change out!" "In order to see the HMD display. I had to have the right channels way over to the left (toward the center of 
my face)." "This caused me to lose the outer part of the right outer channel." "Need to adjust focus rings." "They are too 
hard to work with gloves on." "Need more play in the areas that we normally focus (infinity)." "The "bridge" that holds the 
goggle is worn and breaks loose at 6 g's or greater." "Requires me to reach up and snap it back into place." "More difficult 
to see inside the cockpit, especially under g's." "Very difficult to set up the radar while in turn." "Not as crisp." "Flimsy 
trapeze, tilt sags under G." "Adjustments not user fi-iendly." "Had to lower seat 2 inches to get proper eye height relative to 
HUD." "Delicate innards exposed when removed from helmet for stowing." 

3.2 C-5 / C-130 PNVG H evaluation 

The following paragraphs present the questionnaire data collected to date. The information represents averages derived 
across all survey 21 respondents. It is indicated where feedback is specific to an aircraft type (C-5 or C-130). Statistical 
amides (two-tailed t tests) were performed to determine if the recorded ratings differed reliably fi-om a rating of 3 (a rating of 
3 indicates that PNVG 11 and F-4949 performance was the same). 

3.2.1 Descriptive information 

Average duration of PNVG II experience during the C-130 and C-5 flights were 1.1 hours. Illumination conditions were 
described as low for all (25% moon or less) of the flights. Observed weather was described as clear for all of the flights. 
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3.2.2 Fit, function, and human factors ratings 

Pilots found the PNVG II to be significantly less fatiguing compared to F-4949 (mean rating = 3.42, p. < 0.05). The 
ability to adjust PNVG II was rated as significantly worse compared to F-4949 (mean rating = 2.10, p. = 0.001). None of the 
other fit, function, and human factors ratings for PNVG 11 differed significantly from the same as F-4949. These questions 
included the ability to adjust the PNVG II with gloved hand: up/down, ui/out, or diopter setting. Ease to don and doff PNVG 
II was rated as similar to F-4949. Also the same were overall comfort, comfort in the operational and stowed position, neck 
strain, helmet fit, compatibility with eyewear, stability under G, weight, balance, hot spots, integration with life support 
equipment, and the ability to detect the "battery weak" indicator. 

3.2.3 Cockpit/cockpit lighting compatibility 

For the questions asked, PNVG II and F-4949 were not rated as differing. The questions addressed the view below the 
PNVG II (to see controls and displays), the use of lapboards/notes/flight cards, and compatibility with cockpit lighting. 

3.2.4 Image quality 

Image quality of PNVG II was rated as greater than that of F-4949 (mean rating = 3.55, p. < 0.05). Field of view through 
PNVG II was rated as significantly greater than F-4949 (mean rating = 4.5, p. < 0.0001). The follovidng ratings also indicated 
a preference for PNVG II: Response to culUiral lighting (mean rating = 3.79, p. = 0.001), lack of blooming (mean rating = 
3.65, p. = 0.011), lack of fogging (mean rating = 3.56, p. = 0.007), acceptability of image brightness (mean rating = 3.62, p. 
0.004), acceptability of noise level (mean rating = 3.68, p. = 0.002), performance at low (moon < 25%) light levels (mean 
rating = 3.65, p. < 0.05), and performance when viewing cultural lighting (mean rating = 3.63, p. = 0.01). For the following, 
PNVG II performance was rated as no different than F-4949: Freedom fi-om visual obstructions, near focus visual 
accommodation, far focus accommodation, and performance at high (moon > 25%) light levels. 

3.2.5 Operational employment 

The participants reported that overall, SA was enhanced by the use of PNVG II compared to F-4949 (mean rating = 4.1, 
p. < 0.0001). Figure 9 shows the mean ratings comparing PNVG II and F-4949 across different operational tasks. An "*" 
indicates statistical significance at alpha at least less than 0.01 level. PNVG II appears to have been most beneficial during 
threat detection, formation holding, and area clearing. 

3.2.6 Overall comparison 

Pilots were asked to rate the overall acceptability and desirabihty 
of the PNVG II system compared to the F-4949 NVG. The results 
indicate a strong preference for PNVG II (mean rating = 3.95, p. < 
0.0001). Similarly, pilots were asked to rate the overall mission and 
task performance benefit of the PNVG II compared to the F-4949. 
Again, the PNVG II system was rated as most beneficial (mean rating 
= 4.0, p. < 0.0001). 

3.2.7 Representative PNVG II positive comments 

"TIte panoramic vision greatly increased mission capabilities by 
decreasing the amount of head movement required for the pilot to 
scan. This in turn reduced the amount of work." "Overall very 
impressive—much less time scanning, much more time spent looking— 
situation awareness dramatically increased." "PNVGs definitely 
enhance mission effectiveness. The peripheral vision alone is a 
dramatic capability enhancement. The batteiy pack incorporated into 
the PNVG is also nice. " "Panoramic vision greatly increases SA and 
clearing ability." 

operational Employment Tasks 

Figure 9. PNVG II ratings as a function of 
operational employment task 
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3.2.8 Representative PNVGII negative comments 

"PNVGs need: wider range of focus. Outer tubes need focus ability, more field of view up and down would be nice too." 
"PNVG objective lens seem harder to adjust than 4949. the knobs are hard to turn. Very heavy when stowed PNVG needs 
more near focusing for close up work (1 - 2 foot range)." "Suggest better focus on inner tubes and focus capability on outer 
tubes." "Also because you need the NVGs close to your eyes to eliminate the "lines" it makes viewing cockpit instruments 
difficult under the PNVGs compared to the 4949s." 

4. OBJECTIVES FOR NEXT PHASE OF PNVG 

The PNVG program is scheduled to complete source selection for the next phase in April 2000 to optimize the wide FOV 
concept and correct deficiencies identified in the current round of flight test. In addition, the Army has joined the team to 
complement the Air Force's effort to develop the next-generation PNVG. The preferred approach would be to develop one 
design to satisfy the mission requirements versus tlie current two-configuration approach. The next few paragraplB will 
summarize some of the key objectives of the next PNVG effort. *' 

4.1 WideField-of-View 

The current PNVGs were developed under the Small Business Innovative Research (SBffi.) program that program did not 
perform trade studies to determine the optimal FOV. This next phase will review the Uterature and conduct trade studies to 
develop an optimal FOV design. The system will be required to have an imtantaneous horizontol FOV > 80 degrees with a 
binocular overlap > 36 degrees, and a instantaneous vertical FOV > 36 degrees. 

4.2 Laser Eye Protection (LEP) 

Laser threats to military aircrew are real with reports from foreign sources and the presence lasers are expected to grow 
on the battlefield. These incidents have raised concern for the health of aircrew eyes, for mission effectiveness, and for flight 
safety. This new contract will incorporate LEP technologies for protection of the hunan and the goggles. The designs wiU 
have to accommodate the latest LEP visor, spectacles, and light interference filters. Laser hardening of the unage intensifier 
tube should be incorporated. 

43 Fit/Comfort 

The fit and comfort to the operator whDe wearing the PNVG will be examined. The PNVG will need to accommodate a 
diverse population of operators that will be flying in different mission environments with varying mission durations. Some of 
different items that will be considered in the design are weight and center of gravity (down and stowed positions), ease of 
mechamcal adjustments, stability of the NVG/hehnet to accommodate G loads and rapid head movements, cockpit 
compatibility, and adequate eye relief. 

4.4 Image Quality 

The device needs to have image quality equal to or better than NVGs delivered under the Amy Omni V contract 
Attributes for satisfymg the requirement that need to be considered are the expected visual acuity (resolution) through the 
device for quarter moon and starlight light levels, signal-to-noise ratio, image tube halo, optical distortion, optical image 
alignment, system modulation transfer function (MTF - on axis and at edges of the field), eyepiece focus, eye position 
tolerance and effects on optical MTF, objective lens focus, and maximum image luminance. If partial overlap of visual fields 
IS med to produce the wide FOV, the image discontinuity tolerances at the overlap should be addressed mcluding image 
luminance uniformity, image magnification, rotation, distortion, and horizontal and vertical off-set. 

4.5 Integrated Symbology/Imagery Display 

The electronic interface needs to be extended from the current symbology overlay technique to include imagery insertion 
by usmg a light-wlve or similar technology to block the NVG unage during imagery display and smgle-channel miniature 
camera record. The inclusion of a full-color version of the miniature flat panel image source will also be considered. The 
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PNVG will provide the capability to remove/replace either or both the flat panel image source and the miniature camera in the 
field. The PNVG will remain mission capable as a separate functioning system with either or both fimctions removed. The 
instantaneous FOV provided for tlie imagery insertion should be compatible with current navigation-FLIR sensors. 
Compatibility with Joint Helmet Mounted Cueing System (JHMCS), VCATS, Air Warrior, and Land Warrior will be 
considered. Finally, the allocation of electronics between the PNVG device and its associated helmet vehicle interface 
module will be addressed with respect to its impact on operational use of the system. 

4.6 Field Support 

The device should be designed in order to minimize the need for any additional logistic support equipment. This means 
the design will allow field-level performance testing utilizing the ANV-126 Hoffman tester with little or no disassembly of the 
PNVG device or major modification to the tester. Adjustment knobs should be useable while wearing flight and 
chemical/biological gloves. 

4.7 Ejection/Crash/Ground Egress Safety 

Flight safety and environmental use have to be factored into the design. The following areas need to be examined in the 
performing of safety testing: Mertz criteria, Knox Box, USAARL curve, inertial properties testing, vertical impact testing, 
helmet impact testing, visor ballistics testing, helmet penetration testing, rapid and explosive decompression testing, ejection 
windblast testing, quick disconnect functionality, hanging harness testing, cockpit compatibility testing, electromagnetic 
compatibility testing, emergency ground egress testing, and electrical shock analysis. 

4.8 Compatible with Existing Systems 

The new system will need to be interoperable with existing systems. The items that need to be addressed are the helmet, 
oxygen mask, nuclear/biological/chemical masks. Aviator Night Vision Imaging System mount, survival vest, anti exposure 
suit, torso harness, aircrew spectacles, back style parachutes, and personal clothing. 

4.9 -Ilities 

The PNVG design must optimize reliability, maintainability, affordability, producibility and supportability. System and 
System sub-components should be capable of mass production while consistently maintaining pre-established standards. A 
design that requires only minimal maintenance is desirable. Pre or post-flight checkout and maintenance procedures should 
be kept to a minimum. Major components should be interchangeable if a two-configuration approach is adopted. 

5. CONCLUSION 

The PNVG feedback has been very positive and indicates that a 100-degree FOV significantly improves pilot 
performance across different operational tasks compared to the 40-degree F-4949. The significant increase in intensified FOV 
not only enhances mission effectiveness, but also gets us even closer to our goal of being able to do daytime-like tactics at 
night. This pilot feedback is not complete though. Additional flights on F-15s as well as other aircraft are planned and will 
be used for further evaluation. Suggested areas for PNVG improvements will be addressed in an upcoming follow-on 
advanced technology demonstration program. 
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ABSTRACT 

A novel approach to significantly increasing the field of view (FOV) of night vision goggles (NVGs) has been developed. 
This approach uses four image intcnsificr tubes instead of the usual two to produce a 100 degree wide FOV. A conceptual 
demonstrator device was fabricated in November 1995 and limited flight evaluations were performed. Further development 
of this approach continues with eleven advanced technology demonstratore delivered in March 1999 that featare five different 
design configurations. Some of the units will be earmarked for ejection seat equipped aircraft due to their low profile design 
allowing the goggle to be retained safely during and after ejection. Other deliverables will be more traditional in design 
approach and lends itself to transport and helicopter aircraft as well as ground personnel. Extensive safely-of-flight testing 
has been accomplished as a precursor to the F-I5C operational utility evaluation flight testing at Nellis AFB that began in 
March 1999. 

Keywords: Night vision goggle, helmet-mounted display, image intensification, field of view, night operations, head-up 
display, safety-of-flight, flight safety, windblast testing, airciaft ejection 

1. INTRODUCTION 

Delivery of the conceptual demonstrator device, now referred to as the panoramic night vision goggle (PNVG), was quite 
impressive considering it was developed with very limited funding under a phase I small business innovative research 
(SBIR) program with Night Vision Corporation. The extremely positive feedback of this demonstrator from the warfighter 
community propelled the program into a phase II SBIR effort and also received the attention and supplemental funding 
support of the Air Force Research Laboratory's Helmet-Mounted Sensory Technologies program office. Phase 11 will further 
develop the PNVG by firet addressing ejection seat aircraft with two configurations of a low profile design (designated 
PNVG I, Figure 1). This version with its better center of gravity should be less fatiguing during longer flights and will 
potentially allow for ejection by permitting retention of the system on the head throughout the ejection sequence. Retention 
of PNVG I may also permit evasion and rescue. Additionally, three confiprations of a never-before-seen NVG for 
transports, helicopters, and ground personnel (designated PNVG II) are being developed. These models will look more like a 
traditional goggle, PNVG II, while weighing more dian a PNVG I, should be more robust and will attach to any existing 
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Figure I. PXVG I, low profile design (Patent # 5,4-16,3' 5. Other patents pending) 

160% Increase in Reld-Of-View 

LEFT EYE —3<reiNocuuu?— RIGHT EYE 

mM ̂  

40* I^H^^^^^H""" 

Figure 2a. Simulated PNVG 100°H x 40''V FOV Figure 2b. Simulated 40" AN/AVS-6 and AN/AVS-9 FOV 

2. BACKGROUND 

NVGs with FOVs ranging from 30° (GEC-Marconi Avionics' Cat's Eyes NVGs) to 45° (GEC-Marconi Avionics' NITE-OP 
and NITE-Bird NVGs) have been used in mihtary aviation for more than 20 years. The vast majority of NVGs (AN/AVS-6 
and AN/AVS-9) provide a 40° FOV (Figure 2b). Because each ocular uses only a single image intensifier tube, increased 
FOV for these NVGs can only be obtained at the expense of resolution.''^ The image intensifier tube has a fixed number of 
pixels (picture elements). Therefore, if the pixels are spread over a larger FOV, the angular subtense per pixel increases 
proportionally. As a result, resolution is reduced. 

An extensive survey of military (U.S. Air Force) NVG users conducted during 1992 and 1993 revealed that increased FOV 
was the number one enhancement most desired by aircrew members followed closely by resolution.^ This was a major 
motivating factor for the development of an enhanced NVG capability. 
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3. PNVGI DESCRIPTION 

PNVGI (Figure 1) is similar in design approach to the conceptual demonstrator PNVG. However, PNVG I has optimized the 
overall design and added several enhancements, PNVG I still features a partial overlap (100" H X approximately 40° V) 
intensified FOV. The central 30° H X 40" V FOV remains completely binocular while the right 35° is visible only to the right 
eye and the left 35° is visible only to the left eye. Additionally, a thin demarcation line separates the binocular image from the 
monocular peripheral image. 

PNVG I features a newly developed 16-mm image intensifier tube rather than the currently fielded 18-mm format tube. 
Along with the goal of offering comparable performance to the recent Omni IV tubes, its weight will be reduced by nearly 
50%. Therefore, four 16-mm PNVG tubes weigh about the same as two of the current 18-mm tubes. The 16-mm tubes have 
longer fiber optics on the outside optical channel than the inner optical channel. The outer and inner channel fiber optics do 
not require image-inverting fiber optics. Dual fixed eyepieces (tilted and fused) and four objective lenses (the inner two 
adjustable and the outer two fixed) make up part of the folded optical approach. The inner optical channels include very fast 
F/1.17 objective lenses as compared with the F/1.25 objective lenses of the currently fielded AN/AVS-6 and AN/AVS-9 
goggles. The outboard channels, due to size and weight constraints, incorporate F/1.30 objective lenses. All of the objective 
lenses will incorporate Class B, leaky green filters for compatibility with color cockpits and aircraft head-up displays. 
Eyepiece effective focal length is 24 mm while the physical eye clearance has been designed for 20 mm. 

A specially designed single left side and single right side power supply is remotely located but allows each side's inner and 
outer optical channels to be controlled independently. Multiple adjustments (i.e. tilt, independent inter-pupilary distance, 
up/down, and fore/aft) should permit an optimized optical fitting. Customized visors will also be incorporated cockpit 
compatibility, mechanical stability, and escape protection. Individualized holes will be cut for the objective lenses to 
protrude. Also, a unique latching mechanism affords one-handed don/doff capability. A new linkage system enables the 
PNVG I to easily transition into a stow position (Figure 3). 

Figure 3. PNVG I, stow position (Patent # 5,416,315, other patents pending) 

Power on certain aircraft test platforms is provided to the PNVG system by die aircraft itself. In the event of an ejection, two 
"AAA" alkaline batteries located in the remote electronics module (REM) provide power during the escape sequence, 
evasion, and rescue. These batteries provide up to 16 hours of operation. Due to funding constraints, PNVG I is currently 
designed to attach with only the Air Force's HGU-55/P helmet. 

Two configurations of the PNVG I will be built. PNVG I-Configuration 1, will have four deliverables. The PNVG REM will 
attach to a unique "universal connector", the same connector used with the Visually Coupled Acquisition and Targeting 
System (VCATS) daytime helmet module. VCATS is currently being evaluated on F-15C aircraft as part of an advanced 
technology demonstration (ATD) at the 422"^ Test and Evaluation Squadron (422 TES) at Nellis AFB. The universal 
connector provides aircraft date and power to the PNVG. This configuration also features a 640x480 active matrix 
electroluminescent display (AMEL) for symbology overlay, a magnetic head-tracker, class B "leaky peen" objective lens 
filter, and an electronics package. PNVG I-Configuration 2, a stripped down version of Configuration 1, will have two 

393 



Figure 4. PNVG II (Patent # 5,416,315, other patents pending) 

deliverables. Configuration 2 does not include an AMEL display, magnetic head-tracker, or electronics package. Since the 
majority of the HGU-55/P helmets are not equipped with the VCATS universal connector, a special banana clip mount has 
been designed that will accept the PNVG module on any HGU-55/P helmet. Because there is no aircraft power being 
provided through a universal connector for configuration 2, system power will be supplied by the two "AAA" alkaline 
batteries located in the REM. 

4. PNVG II DESCRIPTION 

An alternative approach to PNVG I has been developed. The partial overlap 100° H X 40° V intensified FOV is maintained, 
but the system resembles the currently fielded aviator NYGs."* Whereas PNVG I mates to only the HGU-55/P helmet, PNVG 
II (figure 4) is compatible with any helmet that incorporates the standard ANVIS mounting bracket. This will allow any 
warfighter to assess the utility of a panoramic night vision scene given they have the proper bracket. If testing proves that the 
panoramic scene is required but the PNVG I approach is preferred, a development effort will have to address the specific 
design issues necessary to mate it with a particular helmet type. 

Similar to the PNVG I, the central 30° H X 40° V FOV is completely binocular while the right 35° is visible only to the right 
eye and the left 35° is visible only to the left eye. Additionally, like PNVG I, a thin demarcation line separates the binocular 
image from the outside monocular image. PNVG II utilizes the newly developed 16-mm image intensifier tube but requires 
image inverting fiber optics (the outer channel fiber optics are the same length as the inner channel). Dual fixed eyepieces, 
tilted and fused together, and four objective lenses (the inner two adjustable and the outer two fixed) remain part of the optical 
approach. The non-folded inner optical channels are designed with extremely fast F/1.05 objective lenses. The folded 
outboard channels use the PNVG I inner channel optics with F/1.17 objective lenses. Eyepiece effective focal length is 
24 mm while the physical eye clearance has been significantly increased to 27 mm. All of the mechanical adjustments 
currendy available on the AN/AVS-6 and AN/AVS-9 remain (i.e. tilt, independent inter-pupilary distance adjustment, 
up/down, fore/aft). Power for the PNVG II will be provided via the batteries that are currently integrated with the AN/AVS-6 
and AN/AVS-9 mounting systems. Therefore, no special power provisions are necessary. 

Three configurations of PNVG II will be built. PNVG Il-Configuration 3 will have only one deliverable but will feature a 
640x480 AMEL display. Additionally it will have a Class B, leaky green filter incorporated into the objective lens. PNVG 
Il-Configuration 4 will have three deliverables but will not include the AMEL display. One of the three will use the Class B 
"leaky green" filter, while the remaining two will use a Class A filter. The final deliverable, PNVG Il-Configuration 5, is 
intended for ground applications and will be integrated to a special hand-held "PIRATE" mounting system including its own 
batteries and a single infrared diode. This configuration will not include an AMEL display and the objective lens will be 
unfiltered (i.e. no class A or B filters). 

394 



5. SAFETY-OF-FLIGHT-TESTING AND ANALYSIS 

5.1   Overview 

Safety-of-flight testing and analysis for advanced fighter helmets involves many different test and analysis areas. The AFRL 
team investigated seventeen of these areas for PNVG I-configuration 1, which began OUE flight testing on F-15C aircraft in 
March 1999, See Table 1 for a summarized listing of the areas. The following sections detail the outcome of these test and 
analysis. A System Safety Executive Board (SSEB) was convened at Wright-Patterson AFB, Ohio on 6 January 1999 to 
evaluate the results. The SSEB gave its approval for limited flight testing of the PNVG I at Nellis AFB, Nevada on the F-15C 
fighter. Then, a flight readiness review was convened at NelUs AFB in late January 1999 to brief the details to the flight 
safety officer, who makes the ultimate decision to fly the new advanced NVG helmet system. 

For more detail on safety-of-flight testing, there are several SPE papers that contain useful information. A paper by 
MacMillan, Brown, and Wiley describes the process in detail for performing safety-of-flight testing for advanced fighter 
helmets.^ Another paper by Wiley, Brown, and MacMillan provides details on safety during ejection.* Lastly, a paper by 
MacMillan discusses the complications behind determining neck loading experienced during ejection, with particular 
emphasis on the combination of windblast and catapult forces.^ 

Table 1. Summary of PNVG safety-of-flight testing and analysis 

Inertia! Properties Testing 
Vertical Impact Testing 
Helmet Impact Testing 

Visor Ballistics Testing 
Helmet Penetration Testing 

Rapid and Explosive 
Decompression Testing 

Ejection Windblast Testing 

Quick Disconnect Functionality 
Comfort 

Communications and Sound 
Attenuation 

Hanging Harness Testing 

Cockpit Compatibility Testing 

Electromagnetic Compatibility 
Testing 

Emergency Ground Egress Testing 

Electrical Shock Analysis 

Optical Performance Testing 

Symbology Analysis 

Weight, center of gravity, and static torque effects on neck loading 
Effects of catapult phase of ejection on neck and shoulder loading 
Protection provided by helmet shell and liner against high G impacts 
Protection provided by helmet visor against small projectiles traveling up to 550 fps 
Protection provided by helmet shell and liner against penetrations 
Performance of the PNVG in a rapidly changing atmosphere and an explosively changing 
atmosphere, such as canopy jettison during ejection 
Effects of windblast phase of ejection on neck loading, contact of the PNVG with the eyes, 
structural integrity of the PNVG, and proper fanctioning of ACES II pitot tubes  
Effect of cable tether on safe separation from the aircraft during ejection 
General comfort and fit with no hot spots during prolonged wear of PNVG system 
Ability to communicate effectively and have external sound attenuated to appropriate safe levels 

Investigates possible interference with risers and pilot's ability to carry out the descent checklist, 
including landing procedures 
Affect on performing flying mission safely, limits on range of motion, viewing flight 
instruments, stow position clearance, and canopy clearance of PNVG compared to breaker 
Affect of electromagnetic emissions from the PNVG on its own systems and other systems, and 
the affect of other systems emission on the PNVG, with particular emphasis on flight instrument 
safety       

Ensure PNVG does not interfere with pilot's ability to quickly exit the aircraft during emergency 
egress while on the ground with open canopy 
Ensures the addition of an electrical assembly to the helmet does not impose an excessive risk of 
electrical shock to the pilot during normal flight operations and even conditions such as ejecting 
mto water 
Ensures the pilot can see accurately and without distortion when operating the aircraft and 
wearing the PNVG; also quantifies performance of PNVG 
Identifies any symbology issues that my cause disorientation to the pilot 

5.2  Inertial Properties Testing 

TTie PNVG helmet^system's inertial property data for center of gravity (CG), weight, and static torque meets the AFRL Head 
and Neck Criteria.   This testing w^ completed in November 1998 by the AFRL Biodynamics and Acceleration Branch 
(AFRL/HEPA) at Wright-Patterson AFB, Ohio. The PNVG center of gravity data (cgx = 0.23 in., cgy = -0.01 in., cgz = L20 
in.) is within the AFRL Head and Neck Criteria's Knox box (cgx = -0.8 to 0.25 in., cgy = -0.15 to 0.15 in., cgz = 0.5 to 1.5 
in.). This BCnox box was developed by Dr. Ted Knox to provide a means for determining the safety of helmets with respect to 
neck loading during the catapuh phase of ejection.* In addition to CG effects, the overall head-supported weight (including 
the helmet system with six inches of signal and power cable and the MBU-20/P oxygen mask with 3 inches of hose) exceeded 
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the 5.0 lb. criteria by 0.31 lb. However, an analysis of vertical impact testing data by Mr. Chris E. Perry of AFRL/HEPA 
showed this only increased the compressive neck load by less than 5%, which is well under maximum safe limits.' Therefore, 
the overall head-supported weight of PNVG does not seem to cause any safety concerns. In addition, the static torque value 
of 93 Ib-in^ was well under the safe criteria of 120 Ib-in^ for maximum static torque. 

5.3  Vertical Impact Testing 

The AFRL/HEPA evaluated effects of inertial property differences of PNVG as compared to a baseline HGU-55/P in 
October 1998.' They performed testing using the AFRL vertical deceleration tower to simulate an 11-12 G catapult 
shock on an Advanced Dynamic Anthropomorphic Manikin (ADAM) (Figure 5b). Five vertical deceleration tests 
were performed for both the HGU-55/P helmet as well as the PNVG I system. Testing showed that PNVG does not 
increase the risk of injury during the catapult phase of ejection with an ACES II seat. PNVG will not induce neck 
loads greater than established human tolerance (Table 2). Dynamic evaluation also found no structural failures to 
PNVG mounting points. 

Table 2. Vertical impact testing results 

Load Parameter Baseline HGU- 
55/P Helmet 

PNVG Helmet Criterial 

(-) X-Axis Shoulder Load (lb) -82.90 ± 13.74 -93.07 ± 22.65 N/A 
(-) X-Axis Neck Load (lb) -40.07 ±2.58 -57.11 ±1.38 80 
(+) X-Axis Neck Load (lb) 27.60 ± 2.85 27.87 ± 2.89 80 

Z-Axis Neck Load (lb) 165.44 ±8.68 213.04 ±3.07 260 
Neck Moment (in-lb) 130.17 ±4.76 152.12 ±13.89 400 

Neck Moment (in-lb) * 294.37 333.79 400 
* ADAM data was converted to estimated human data for neck moment. Note, 
for other types of loading, this conversion is not necessary. 
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Figure 5a.   Vertical impact acceleration response 
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Figure 5b. Vertical impact tower 

5.4 Helmet Impact Testing 

Helmet impact testing was performed at Gentex East in Carbondale, Pennsylvania in November 1998. The PNVG helmet 
system provides adequate impact energy attenuation by meeting the HGU-55/P helmet specification MIL-H-87174, showing 
that the addition of the PNVG components to the baseline helmet do not increase the pilot's risk of injury from impact.'" The 
PNVG system allowed the pilot's head to be subjected to a maximum G load of only 134 G's. The military specification 
requirement is less than 400 G instantaneous, less than 200 G for 3 ms or less, and less than 150 G for 6 ms or less.'" 

5.5 Visor Ballistics Testing 

Visor ballistics testing was also performed at Gentex East in Carbondale, Pennsylvania in November 1998. The PNVG 
helmet visor provides adequate projectile fragment protection by meeting the HGU-55/P helmet visor specification MIL-V- 
435lie, showing that the clear visor does not allow any penetration from the specified 0.22 caliber T37 fragment simulating 
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projectile at 550 Ips, nor does the impact cause cracks on the visor." The test was conducted in accordance with MBL-STD- 
622. The test is formally known as the "impact resistance" test, while Gentex refers to it as the "ballistics" test. 

5.6 Helmet Penetration Testing 

In addition to impact and ballistics, penetration testing was also performed at Gentex East in Carbondale, Pennsylvania in 
November 1998. The PNVG helmet system meets the HGU-55/P helmet specification MIL-H-87174, showing that the 
addition of the PNVG components to the baseline helmet do not increase the pilot's risk of injury from penetration.'" The 
PNVG system allowed a maximum penetration depth of 1/16* of an inch, while the requirement is less than 1/4* of an inch. 

5.7 Rapid and Explosive Decompression Testing 

National Technical Systems completed rapid decompression testing in December 1998. The PNVG helmet system passed all 
safety and operational criteria with no exceptions during the rapid decompression testing at NTS in Saugus, CA. These tests 
were tailored from rapid decompression test procedures in MIL-STD-810E, indicates the goggle is safe up to 50,000 feet, in 
the event of a rapid (60-seconds) decompression. Two tests were performed: (1) decompression from 8k feet to '22k feet in 
44 sec, and (2) decompression from 25k feet to 50k feet in 59 sec. These times and pressures were chosen due to the nature 
of the flight testing at NelHs. In both tests, the PNVG integrity was maintained. No visible structural damage to the PNVG 
was evidenced nor was there any internal damage visible by looking through the lenses. Nothing came off the PNVG during 
either test. The PNVG operated flawlessly both before and after the tests and was left on during the tests. Also, there was no 
movement of the focus rings or eyepieces. These tests were considered a complete success. 

In addition to this rapid decompression testing, an explosive decompression test of Ik feet to 17k feet and Ik feet to 8k feet 
within 10 ms was successfiilly performed in March 1999 at Wright-Patterson AFB, Ohio. An explosive decompression can 
occur when ejecting during canopy jettison or during an mid-au" accident. 

5.8 Ejection Windblast Testing 

Windblast testing was completed at Dayton T. Brown in October 1998. Testing was performed at 350,450, and 600 KEAS at 
both the 17 and 34.5 degree seatback angles. Compared to the baseline HGU-55/P helmet (with the integrated chin-nape 
strap (ICNS) and bungee visor), Mertz criteria evaluation indicates that PNVG does not increase the risk of neck injury to the 
pilot during the windblast phase of ejection up to 600 KEAS. This is for ejection using an ACES H seat for both 17- and 
34.5-degrees seatback angle. Overall, PNVG and HGU-55/P (with ICNS and bungee visor) have very similar neck loading 
with PNVG actually performing better than HGU-55/P at some speeds, likely due to a more favorable aerodynamic shape. ' 

Considering peak neck loads only (no duration of load consideration), the probability of neck injury during an ejection while 
wearing PNVG is: 9.91% at 350 KEAS, 21.4% at 450 KEAS, and 41% at 600 KEAS. This is identical to the baseline HGU- 
55/P (with ICNS and bungee visor). Note the standard breakaway chinstrap helmet has the same probability of injury at 600 
KEAS as it does at 450 KEAS (21.4%). This is because the pilot looses the protection of the helmet around 300 pounds of 
axial neck loading. All of this probability data is for 17-degree seatback angle only. One can factor in the USAF non-combat 
ejection history, which is a distribution of ejections at various speeds (Figure 6). This gives an overall probability of neck 
injury, given an ejection occurs when flying with PNVG within a certain flight envelop (Table 2). Note that 90% of all USAF 
non-combat ejections occur below 400 KEAS. Also note, the table shows results for VCATS Uplook advanced flight helmet 
as well as the HGU-55/P (with ICNS and standard bungee visor). 

However, at a 17-degrees seatback angle, the PNVG intemipts akflow enough to cause marginal pitot tube compatibility 
therefore, wairantmg the use of deployable pitot tubes (Figure 7). The F-15Cs that will be used for PNVG testing at Nell'is 
are equipped with deployable pitots. 

The PNVG helmet system only experienced minor (tiny cracks) structural damage during windblasts up to 600 knots 
equivalent airspeed (KEAS), which would add no risk of injury to the pilot. Windblast testing did uncover a problem with the 
universal connector latch handle popping up due to forces during the blast, resulting in a re-design of this handle that fixed the 
problem. This new handle was re-tested and stayed latched throughout the blast. During the eleven windblast tests at speeds 
from 350 to 600 KEAS, at no time did any part of the PNVG system come into contact with the pilot's eyes. While the power 
supplies and eyepieces did contact the forehead, this contact was deemed to be low risk due to the smooth, curved shape of 
these pieces and the relatively large contact area. 
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Figure 6. USAF ejection history 

USAF Ejection History 

I Non-Combat - 330 ACESII Ejections as of April 1 
Combat -170 Soutlieast Asia Elections. 1963-71 
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Table 2. PNVG windblast testing results using probability of neck 
injury, given pilot ejects within certain flight envelop 

Probability of Injury (%) for certain flight envelope 
Flight 

Envelope 
(KEAS) PNVG 

VCATS 
Uplook 

HGU-55/P 
With ICNS 

<700 1.10 7.57 1.17 
<600 0.69 6.53 0.92 
<500 0.33 4.95 0.62 
<400 0.08 2.88 0.31 

Airspeed (KEAS) 

ACES II Seat 

Deployable Pitot Position 

Standard Pitot Position 

Figure 7. Windblast testing of PNVG I with pitot tube positions noted. Note, the picture on the left (a) is of the windblast test apparatus 
and manikin, showing the pressure-sensing rake array or "Mickey Mouse" ears. The picture on the right (b) shows an actual F-15C ACES 
II seat fitted with the deployable pitot tube. 

5.9 Quick Disconnect Functionality Testing 

Quick disconnect connector (QDC) functionality testing was performed at Reynolds Industries, Inc. in October 1996. PNVG 
test pilots will utilize the same helmet, and hence the same cable connection to the aircraft as the VCATS helmet. The cable 
connection electrically connects the helmet to the aircraft and has a QDC. The QDC will safely disconnect at speeds up to 
240 in/sec without significantly increasing the potential risk of injury to the pilot's neck or head. The placement of the QDC 
at the left side, lower torso minimizes the risk of injury to the pilot's arms and legs. The peak separation force was shown to 
be less than 54 pounds (typically 30 lb.) in all cases, different pull speeds (quasi-static and 240 in/sec) and angles (straight, 
15 degrees forward, and 15 degrees aft). In all cases during emergency egress, there is minimal risk of injury to pilot due to 
the QDC. 

5.10 Comfort Analysis 

PNVG helmets are not expected to cause hot spots or other discomfort to the pilot after periods of prolonged wear (4 hours). 
422 TES pilots will utilize the same helmets currently used for VCATS testing, which is the Gentex Lightweight HGU-55/P. 
VCATS uses a thermoplastic liner (TPL) fitting scheme with a minimum of 2 layers and custom poured energy absorbing 
liner (EAL) to ensure a good fit and comfort. The EAL uses a 6-lb/ft^ material rather the standard 4.5-lb/ft^ material. Internal 
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dimensions of VCATS helmets versus the standard operational HGU-55/P helmet are reduced by no more than 0.10 inches, 
which can be made up by removing one TPL layer. 

5.11 Communication and Sound Attenuation Analysis 

The PNVG helmet system should also meet minimum sound attenuation requirements to ensure pilot communication is not 
hindered during flying operations. PNVG test pilots will utilize the same helmets currently used for VCATS testing, which 
have been successftilly used for several years. VCATS uses the H154 earcup. Sound attenuation requirements for the Air 
Force are outlined in the specification for the H154 earcup (Mn.-E-83425). However, no "VCATS specific" testing was 
performed because the H154 earcup is standard issue and meets USAF requirements for sound attenuation. Flight test 
experience from VCATS and Vista Sabre II HMDs (Kaiser Mark-IH and Mark-IV) have revealed no sound attenuation or 
communication problems with the Kaiser Lightweight HGU-55/A/P helmet shell and H154 earcup. 

5.12 Hanging Harness Testing 

Hanging harness testing was completed at Ohio Air National Guard's lea""" Fighter Squadron on 5 January 1999 (Figure 8). 
This test investigated any possible riser interference and the pilot's ability to carry out the descent checklist, including landing 
procedures. The test indicated there are no significant concerns for a pilot completing the post ejection procedures checklist 
while under the canopy during decent and during the parachute landing fall. In addition, PNVG test pilots will utilize the 
same helmet as VCATS, and hence the same cable connection to the aircraft. Hanging harness testing was previously 
performed successftilly for VCATS on 23 August 1995, revealing no problems. It should be noted that because the pilot 
would be ejecting at night while wearing the PNVG, he/she would be much safer with this NVG capability retained than 
without it. The practice for standard NVGs is to remove them prior to ejection, while the PNVG was designed to stay on 
during ejection. Having the ability to see the ground and your canopy significantly reduces risk during a nighttime ejection. 

Figures. Hanging harness testing of PNVG I 

5.13   Cockpit compatibilify Testing 

The PNVG helmet was tested for F-15C cockpit compatibility at Nellis AFB, 422 TES in January 1999. This test 
investigated the affect of PNVG on performing the flying mission safely, range of motion, and viewing flight instruments. 
The test also checked stow position clearance and canopy clearance of PNVG system versus canopy breaker position during 
ejection. The test was performed in a darkened hangar with a fiiUy operational PNVG. Changes and additions to the baseline 
helmet system were found to not interfere with the pilot's ability to perform the flying mission. The pilot's range of motion in 
the cockpit is not limited by PNVG's increased helmet bulk or electrical harness routing in such a way as to cause 
compatibility problems. This testing was performed with the PNVG down and also flipped up in the stow position. The pilot 
was able to see all of the flight instruments wifliout obstruction and was able to safely perform all standard procedures in a 
timely manner. It was noted, however, that the bottom edge of the PNVG visor needs to be custom ttimmed for each pilot so 
that it does not cut through the view of the cockpit instrument panel. An improperly trimmed visor can cause annoying 
discontinuities that tend to reflect light from the head-up or head-down displays into the pilot's eyes. 
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With PNVG in down position, the HMD module does not protrude above the baseline HGU-55/P in such a way that it 
contacts the canopy before the canopy breaker does even for the maximum sitting height pilots. With PNVG in the stow 
position, it can contact the canopy before the breaker does for taller pilots. However, the P>rVG latching mechanism, which 
holds the goggles in the up position, is designed to break away due to a 6 G or more catapult force in a controlled manner to 
allow PNVG to come down and lock into position before the pilot's head enters the wind stream. 

In general, the best cockpit compatibility data is taken from actual pilots flying with the PNVG, which is the point of the 
operational utility evaluation. From a safety standpoint, basic information can be gained by analysis on the ground in a real 
cockpit inside of hangar, such as was described above. Another tool that can be useful is a physically realistic flight 
simulator. 

5.14 Electromagnetic Compatibility Testing 

The PNVG helmet was tested for F-15C electromagnetic compatibility both at Boeing in St. Louis and at Nellis AFB at the 
422 TES in January 1999. The Boeing testing was performed using an electromagnetic interference chamber, while the Nellis 
AFB testing was performed in a powered up F-I5C cockpit with an operational PNVG. The pilot performed a checklist 
verifying all cockpit instruments were functioning properly. This testing took into account guidance from MIL-STD-461 
(Requirements for the control of electromagnetic interference emissions and susceptibility), MIL-STD-462 (Measurement of 
electromagnetic interference characteristics), and MIL-STD-464 (Electromagnetic environmental effects, requirements for 
systems). In all tests, no significant problems were discovered. 

5.15 Emergency Ground Egress Testing 

Emergency ground egress testing was performed at Nellis AFB, Nevada in January 1999 using both a ground egress trainer 
and an operational F-15C inside of a hangar (Figure 9). The addition of PNVG to the helmet system will add extra cables to 
the pilot's head that become entangled or snagged as the pilot attempts to perform an emergency egress. This test ensured 
that PNVG does not interfere with pilot's ability to exit the aircraft during emergency egress while on the ground with open 
canopy. Additionally, the quick disconnect must also reliably separate during ground egress with the pilot making no manual 
disconnects. This test was performed with PNVG in the stow position. It was noticed that the PNVG could possibly snag the 
forward canopy hook unless the pilot carefully maneuvers around it. 

^^^S/^^ 1^    Canopy Hook 

^Si^^^^^^^^^^mt 

-^Si^^^^s^^H^^HHBHISS^H 

^-^ ^^"^-^^^^^^HB^^^^^HHI 

Figure 9. Emergency egress testing of PNVG I (note forward canopy hook can snag PNVG) 

5.16 Electrical Shock Analysis 

The addition of an electrical assembly to the helmet must not impose an excessive risk of electrical shock to the pilot during 
normal flight operations and even conditions such as ejecting into water.   A preliminary electrical shock analysis has been 
performed at Wright-Patterson AFB, Ohio, which has identified some areas that need to be investigated more closely. These 
areas include the remoted power supply connection and exposed circuit boards and flex circuitry. In Phase III of the program. 
Night Vision Corporation shall perform a more detailed analysis. 
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The PNVG uses relatively low voltage (less than 12 volts DC) connections from the aircraft to the pilot through the wiring 
harness. The VCATS program has proven the safety of this harness through many successful flight hours. In fact, the PNVG 
should actually be safer than VCATS, because it does not use a high voltage connection from the aircraft power. 

Inside of the helmet. Module IV flex cables are routed between the helmet shell and the protective EAL, thus minimizing the 
risk of electrical shock. The universal connector has several fail-safe mechanisms engineered into it to prevent inadvertent 
electrical shock.  In addition, the display controller is coated with a spray-on non-conducting conformal coating to both 
protect the electronics and add safety. Also, voltages and power in the controller should be low enough to not cause any 
significant risk to the pilot. 

The Image Intensifier Tube (IIT) power supplies on the PNVG helmet module are separated from the IITs by a few inches, 
and four insulated wires connect each of the two IITs. However, this power supply is only driven with 3 volts at a maximum 
of 60 milliamps. This means that the device uses a maximum of 180 milliwatts, which should be of litfle safety concern. 
Epoxy potting insulation on both ends of these wires provides protection and keeps out moisture. If aircraft power is not 
present, only the goggle power supplies receive their 3-voh DC supply from two AAA alkaline batteries, 

5.17 Optical Performance Testing 

The optical performance of the PNVG is extremely important for safety-of-flight certification. Internal laboratory testing of 
the PNVG unit was performed in early January 1999 at the AERL Night Vision Operation Laboratory. This analysis revealed 
the PNVG has similar optical performance when compared to the standard F4949 NVG. Additional testing is necessary to 
verify these preliminary results, which is why no performance numbers are presented in this paper. 

5.18 Symbology Analysis 

The PNVG displays flight symbology identical to VCATS except the symbology is yellow rather than green. The pilots who 
use the PNVG symbology should be aware of the possibility of being disoriented by looking at the attitude reference 
indicator's artificial horizon, which is referenced to the aircraft symbol on the PNVG display. The aircraft symbol is 
referenced to the pilot's helmet and not the aircraft, as it is with a head-up display (HUD) mounted on top of the instrument 
panel. Therefore, unless the pilot is looking straight ahead and perfectly level using PNVG, the artificial horizon will not 
match the outside world horizon, either viewed direcfly or through die PNVG. In other words, the artificial horizon 
symbology no longer matches the exterior world scene as displayed. This cannot be avoided on a helmet-mounted system 
because the pilot's helmet does move with respect to the aircraft (tilt, look over shoulder, etc). This mismatch could be 
disorienting to the pilot if not properly taken into consideration. All Nellis AEB VCATS-trained pilots are quite familiar with 
this issue and will have no surprises with PNVG, Any new pilots will be properly trained prior to use of PNVG. In most 
cases, the pilot will simply shut off the HMD attitude reference indicator. 

6. CONCLUSION 

The PNVG conceptual working model developed under the phase ISBIR demonstrated the feasibility of a very wide FOV 
image for night operations. The eleven advanced technology demonstrators delivered under Phase II and successfiil 
completion of safety-of-flight testing will allow the warfighter to evaluate the operational utility of the PNVG in actual flight 
tests on aircraft, ft is noted that for flight testing on aircraft other than the F-15C, additional safety-of-flight testing and 
analysis will be necessary, such as cockpit compatibility, electromagnetic compatibility, and emergency ground egress. As a 
resuh of performance-based evaluations in both simulators and in operational aircraft, a better understanding will be gained of 
the PNVG's impact on such areas as improved situational awareness, reduced fatigue during long missions, ejection 
compatibility, and overall increased mission performance and safety, 
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ABSTRACT 
Dtmng operational testing of the panoramic night vision goggles (PNVG) over the past eighteen months, the prototype 
systems have shown wear which has resulted in degraded performance. When a PNVG degrades to a point that pilots 
find objectionable, the PNVGs are sent back to the lab for repair. The lab has set up a program to assess the PNVGs 
received from the field to verify the probable source of the objectionable characteristic(s). Once determined, the PNVGs 
are shipped back to the manufacturer for repair. After repair, the PNVGs are again shipped to the lab to verify repairs 
and assess the overall condition before returning the PNVG to the field for further operational testing. This paper 
discusses the selected series of tests that are performed to diagnose the more common recurring problems and to 
determine if the manufacturer satisfactorily repaired them. These tests include the assessment of: gain, maximum 
luminance output, visual acuity ("resolution"), objective lens focus range, eyepiece diopter setting, and image 
discontinuity at the inboard/outboard channel boundary. The results of this testing are presented along with a 
comparison of data taken before and after repair with data taken during previous evaluations. 

INTRODUCTION 
Under a Phase II Small Business Innovative Research (SBIR) program, a total of 10 PNVGs were delivered to the Air 
Force Research Laboratory for testing and for eventual operational utility evaluations (OUEs) conducted by pilots in the 
field. Although these PNVGs were designed for flight evaluation, they were not built to the level of ruggedness that 
might be achieved in a final, fielded design. As a result, the PNVGs required repair during flight testing. Since the 
PNVGs were not designed for any level of field maintenance, the only way to repair the PNVGs is to send them back to 
the manufacturer. However, because of the sometimes ambiguous deficiencies noted by the pilots, and the relatively 
high cost of PNVGs repaired, it was decided that a controlled procedure should be established to: I) verify and document 
the nature of the pilots complaints through measurements of the PNVGs and 2) verify the condition of the PNVGs after 
repair and prior to returning them to the field. This paper describes the tests that were selected and some of the results 
obtained fi-om PNVGs sent back for repairs. 

PROCEDURES 

Gain/Maximum Output Luminance 
The gain of a night vision goggle (NVG) is an assessment of its abilify to amplify available light. The maximum output 
luminance of an NVG is determined by providing a uniform input luminance (that fills the field of view) and increasing 
the input luminance until the output luminance no longer increases. This is the point at which the auto gain feahire of the 
NVGs starts to control the system gain. These are measured using a Hofftnan ANV-I20. This device implements a test 
outlined in earlier documents [Task, 1993] in which the luminance output of the NVG is measured and compared to the 
luminance input from a spatially large, Lambertian, 2856K blackbody source. Gain is calculated simply by dividing the 
luminance output by the luminance input. 

Visual Acuity 
Visual Acuity [Marasco & Task, 1999] measures how well a human observer can see high contrast targets at specified 
light levels through the PNVG. The targets are a series of high contrast, square-wave gratings in steps of one Snellen 
acuity point (e.g. 20/24, 20/25, etc), illuminated to 5.8x10'^ foot-Lamberts (fL) (quarter moon) and to 5.8x10'* fL 
(starlight) with a light source having a blackbody color temperature of 2856K. The test PNVG is placed 30 feet from the 
targets. Trained observers focus the NVGs on the target gratings and view the gratings through each ocular of the 
PNVG, one at a time using their dominant eye. The targets with the highest horizontal and vertical spatial frequencies 
the observer can clearly see, in terms of Snellen acuify, are then recorded. The trained observers (typically 3 are used 
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and their results averaged) are required to be highly practiced with the test procedure and must have 20/20 vision or 
vision corrected to 20/20 and no astigmatism. 

Objective Lens Focus Adjustment Range 
The objective lenses of the inboard channels of the PN^'Gs are adjustable, permitting the observer to focus on objects 
located about 2 feet away to infinity. However, in order to give the PNVG user confidence that the objective lens focus 
is indeed set for best image quality at the infinity end, it is desirable to have the objective lens go "past" infinity. This 
enables the observer to adjust back and forth across the infinity setting to obtain the best possible focus. If the objective 
lens focus mechanism is not adjusted correctly, it may stop the lens travel short so that it does not go through infinity. 
This test is designed to insure the objective lens can be focused at and through the infinity setting. An IR LED, which 
serves as a point source of light, is located about 190 feet (anything past about 150 feet can be considered optical infinity 
for the PNVG objective lens) from the PNVGs. The objective lens focusing knob is then adjusted until the image of the 
LED is as small as possible such that this setting is not at the end of travel. Ideally, one would like the image to get 
smaller as the objective lens is focused at a distant object, then get larger as the adjustment is pushed past the minimum 
size image. This insures the PNVGs can be focused "past" infinity. 

Eyepiece Focus 
The current PNVG design has a fixed focus eyepiece. This means the virtual image of the image intensifier tube output 
screen is located at a fixed distance from the observer's eye. For various reasons beyond the scope of this paper, the 
original specification for the PNVG called for the eyepiece focus to be set to -0.75 diopters. To verify this focus setting, 
a hand-held dioptometer is used (Task, 2000). For this procedure, a single observer measured the diopter setting three 
times and the average was recorded as the diopter value. 

Image Discontinuity 
Extending a night vision device's horizontal field of view by combining the output of multiple image intensifier tubes 
creates the possibility of image discontinuities between the in-board and out-board channels due to the difficulties in 
aligning the optical systems. These discontinuities may be manifested as excessive overlap, gaps, magnification 
differences, image rotation differences, or image shifts. This procedure is designed to photographically assess and 
measure these defects by imaging a large 8 ft by 8 ft grid through the PNVG in-board and out-board channels 
simultaneously and comparing the defects to the size of grid features (Marasco & Task, 1999). 

The PNVGs are mounted and positioned a known distance from the back-illuminated grid board (grid lines are spaced 8 
inches apart). With the room lights off and the grid board lighting set to a very low level, both the in-board and out- 
board PNVG ocular fields of view are simultaneously photographed using a camera with a wide angle lens. Using the 
distance to the grid board and the grid board line spacing, it is possible to calculate the angular subtense of each of the 8- 
inch grid squares. Using this information to scale the photograph, it is possible to quantitatively assess image 
discontinuity. 

Spectral Measurements 
During operational testing of the PNVG, Army pilots noticed some color smearing in a PNVG II image. It was the 
observation of researchers at USAARL, Ft. Rucker, AL, that the problem could be corrected by attaching yellow 
absorption filters. However, Air Force fliers did not report this image anomaly. The question went largely 
uninvestigated until after the review of several PNVG image discontinuity' photos. In these photos, a faint blue double 
image was found at the edges of the PNVG II output. Analysis of photos showed that the double image was not found in 
the PNVG I. 

This issue is due in part to the spectral characteristics of the image intensifier tube's P43 phosphor. The P43 phosphor is 
attractive for use in the PNVG because the phosphor's primary emission spike is spectrally narrow. In order to take 
advantage of the narrow central spike, the two dim, secondary emissions (known as side lobes) must be attenuated. The 
PNVGs are equipped with an interference filter to block the side lobes and pass only the primary P43 phosphor spike. 

Spectral measurements were used to examine the relative intensity of the blue image. The PNVG was prepared for these 
measurements by mounting it on an optical table and focusing them to infinity. A single PNVG objective lens was then 
aligned to the aperture of an integrating sphere so that the entire field of view is filled. The integrating sphere was 
illuminated with a 2856K source producing a luminance of approximately 0.7X10"' fL. The spectroradiometer 
measurement head, having a 4.1-degree field of view, is positioned several inches behind the test NVG on the test 
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channel's optical axis and focused into the eyepiece. NVG output is then measured for two different view angles: on 
axis and 15 degrees off axis. 

EXAMPLES OF RESULTS 
The following is an example of the kind of data obtained from the field that accompanies a PNVG that has been returned 
for repair or refurbishment. Only the comment in parentheses was added for emphasis in this paper: 

PNVGII,Conflg.4,S/N02 -5 JUNO 
Got opportunity to check out: 
- Left inner channel is dim. Appears to be "gained down." 
- Very difficult to focus. 
Left outer - 20/60 
Left inner - 20/50 veiy dark 
Right inner-20/40 
Right outer - 20/60 
Headache after wearing for 20 min 
* compared with Oct 27, 99 entry (7 months prior to this entry).   The goggles have experienced a large 
reduction in performance 

PNVG I, Config. 1, S/N 08 -8JUN00 
- Return to Sytronics for MX. 
- Visual acuity is poor - focus at infinity needs work 
- Loose VA. Please tighten 
- Scratch in Rt outer channel 

As illustrated above, the nature of the complaint was not always exactly clear. For the first case (the PNVG II), there 
were two characteristics to check: 1) the left inboard channel appeared to have lower gain than it used to compared to the 
other channels, and 2) the visual acuity may have been reduced. It was hard to determine what the cause might be (as 
evidenced by the comment that the "goggles have experienced a large reduction in performance" since the previous entry 
of Oct 27, 99). The reference to focus difficulty could be due to mechanical fi-iction (i.e. it is physically hard to turn the 
knobs) or could be a reference to the image quality obtained (i.e. it does not focus as clearly as it used to). Gain and 
visual acuity assessments were considered the two key parameters to concentrate on in the evaluation. The comment 
about headache after wearing for 20 minutes could be caused by any number of things. One possible culprit could be 
image alignment problems, making it another parameter to investigate closely. 

The second case (PNVG I) provided a hint that the focus range of one of the oculars may not be focusable to or past 
infinity. The reference to VA was presumably "visual acuity" although it was difficult to determine how to "tighten" the 
visual acuity. The following are the log entries for these PNVGs when they came back fi-om the repair: 

PNVG II, Conflg. 4, S/N 02 13 JUN 00 
Received goggle from Sytronics. Initial observation: 
All four tubes exhibit dark shaded areas. These are caused by "poison" m the cathode and will most likely kill 
entire tube within few months. I notified Sytronics before any repairs. 
Left outer, right inner and right outer tubes re-adjusted for gain and Automatic Brightness Control (ABC). 
Focus on all four objectives re-adjusted. Inner channels read 20-22. 

PNVG I, Conflg. I, S/N 08 21JUN00 
Goggle received fi'om Sytronics. 
a. Initial check showed left side dead. 
b. Right side misaligned and soft image. 
c. Stow mechanism (trapeze) loose. 
d. Left inner tube has dark shading (poison of photocathode) 
e. Left outer tube has dark shading [diagram] 
All items (except tube shadings) were corrected between June 30 and July 5,2000. 
1. Left power supply re-wired. 
2. Right monocular re-adjusted, but central intensifier is soft (see 27 March comments). 
3. Stow mechanism re-tightened. 
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4. Goggle shipped July 6, 2000 to Sytronics. 

The following sections show the test results for these two PNVGs with their reported problems before and after repair. 

Gain 
Since there is a certain amount of variability in repeatability and reproducibility of gain measurements, only changes in 
gain of greater than 13% are considered significant [Aleva, 1998]. Although the repair contractor stated that gain and 
ABC (i.e. maximum luminance) was adjusted for 3 of the 4 channels of the PNVG II (all but the left inner channel) it is 
apparent from Table 1 that only the right channels had a significant increase in gain as a result of the repair. It should 
also be noted that even before repair the left inner channel, which was stated to be "dim," had the highest gain of all 4 
channels (PNVG II) and the second highest maximum luminance. This makes it unclear as to what conditions caused the 
pilots to note the luminance deficiency in the left inner channel. Table 2 summarizes the results of the maximum 
luminance output measurements, showing an increase in maximum output luminance for the left outboard and right 
inboard channels of the PNVG II after repair. The PNVG I data for both Tables 1 and 2 indicate essentially no change 
before and after repair, which makes sense since the pilot complaints did not involve any gain or luminance related 
issues. 

Table 1. Gain measured at 3.7x10"* fL input before and after repair. 
PNVG I PNVG n 

Before After Before After 
LFT OUTB. 3568 3919 3132 2993 
LEFT 4422 4405 3655 3567 
RIGHT 4878 5027 3602 4954 
RT OUTB. 4846 5189 2981 4181 

Table 2. Maximum output luminance (fL) measured on three different dates. 
PNVG I PNVG H 

Before After Before After 
LFT OUTB. 2.74 2.72 2.19 3.06 
LEFT 2.74 2.89 2.41 2.41 
RIGHT 2.41 2.49 1.84 2.33 
RT OUTB. 2.48 2.70 2.52 2.47 

Visual Acuity (Resolution) 

Table 3 and Table 4 list the results of acuity testing at starlight and quarter moon luminance conditions respectively. 
These tables show minor improvements in visual acuity (smaller numbers) for most of the channels after repair, which is 
expected based on the pilot complaints and the stated repairs. However, previous research on the techniques to measure 
visual acuity indicates that the magnitude of these changes is probably insignificant compared to the 
repeatability/reproducibility of the measurements [Pinkus et al., 1999]. 

Table 3. Starlight Snellen Acuity (20/XX) measured before and after repair. 
PNVG I PNVG II 

Before After Before After 
LFT OUTB. 44 42 40 38 
LEFT 32 37 29 29 
BINOCULAR 35 35 27 28 
RIGHT 43 41 29 28 
RT OUTB. 43 41 43 40 
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PNVGI PNVGII 
Before After Before After 

LFT OUTB. 39 39 34 32 
LEFT 29 30 25 26 
BINOCULAR 28 32 25 25 
MGHT 39 35 25 26 
RTOUTB. 38 38 39 34 

Objective Lens Focus Adjustment 
Focus issues noted in PNVG II, Configuration 4, serial number 02 were corrected by insuring the objective lens focus 
range went past infinity. 

Eyepiece Diopter Setting 
None of tlie pilot complaints seemed to be a result of eyepiece focus setting. Although the diopter settings of Table 5 are 
somewhat varied, they do not indicate that there should be any difficulties due to this parameter. 

Table 5. Mean Eyepiece Setting (in Diopters) measured on three different dates. 

PNVGI PNVG II 
Before After Before After 

LFT OUTB. -0.8 -0.6 -0.7 -0.6 
LEFT -0.6 -0.5 -0.4 -0.5 
RIGHT -0.5 -0.5 -0.3 -0.5 
RT OL-TB. -0,4 -0.2 -0.2 -0.3 

Image Discontinuity 

Figure 1. PNVG II image discontinuity before repair.    Figure 2. PNVG 11 image discontinuity after repair. 

Since the manufacturer's procedure for adjusting image intensifier tube gain was unknown, changing the relative 
position of the tube to the eyepiece, thus changmg PNVG image discontinuity, was considered possible during repair. 
Image discontinuity photos taken before and after repairs were compared (Figure 1 and Figure 2). Little change was 
noted in photos of either PNVG I or PNVG II. 

Spectral Measiiremento 
Fipn« 3 shows the spectral distribution for PNVG II, Configuration 4, serial number 0003, on axis and 15 degrees off 
axis. The spectral measurements indicate that the current filter is sufficient to block the blue and red side lobes on axis. 
However, at 15 degrees off-axis the blue side lobe appears. The intensity of the blue lobe ranged fi-om 2% to 17% of the 
corresponding green primary emission depending on the ocular. 
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Figure 3. Normalized spectral measurements of PNVG11, Config. 4, S/N 0003, Right Central Channel, at 0 and 15 
degrees off axis. 

DISCUSSION AND CONCLUSIONS 
The characterization of PNVGs for diagnosis of image quality problems and post repair assessment yielded a number of 
observations. Given the sometimes ambiguous comments from the pilots regarding the deficiencies of the PNVGs due 
to wear and tear in the field, it is apparent that a controlled process of quantitatively verifying PNVG performance before 
and after repair is needed. One curious item of note is the large difference in visual acuity ascribed to the PNVGs from 
the field compared to the more controlled assessment of PNVG visual acuity accomplished in the laboratory. The 
repeatability and reproducibility of NVG visual acuity is a good topic for future research. 
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ABSTRACT 

Future night vision goggle (NVG) capabilities have 
dramatically improved with the advent of the "Panoramic 
Night Vision Goggle" (PNVQ) systems. Ingenious uses 
of optics and image intensifier tubes have significantly 
expanded the pilots' field of view (FOV) wearing NVGs 
from 40 degrees to a 100 degrees FOV. Flight and 
laboratory tests have demonstrated a marked increase in 
situational awareness in concert with the 160 percent- 
increased FOV. Additionally, test and evaluation sorties 
on multi-type airframes have won high accolades from 
pilots all too familiar with flying with the older 40-degree 
FOV goggles. However, despite these innovation, there 
remain design hurdles critical to fielding and sustaining 
these new devises. A modular platform concept is 
proposed for the PNVG 11 version. This would give 
mainteiners flexibility in minimizing mainteiunce 
downtime by eliminating conunon solder repairs typically 
found in current NVG designs. A modular design would 
also allow the image performance to be assessed using the 
recently purchased and costly Hoffman ANV-126 tester. 
Advanced optical designs on the PNVG prohibit the same 
field level repaire that are being performed on currenfly 
fielded NVGs with more simple lenses. Modular lens 
sectioiK would allow a lens change as quick as a 
photopapher using a 35mm canKra would. This modular 
design concept will prevent services from having to revert 
to a centralized depot-level repair of these high demand 
devises. An item that can be repaired in the field is an 
item that's available for sortie generation. Night vision 
goggle maintenance in the Air Force has evolved into a 
self-sustained operation that's given it's users shorter 
mamtenance repair times and higher availability rates for 
these devises. There's never been a better time for a 
nwdular NVG design than with the advent of the PNVG 
system. 

INTRODUCTION 

There are two configurations of the Panoramic Night 
Vision Goggles and several versions of each, 
incorporating various features. The first configuration, 
PNVG I, was designed primarily for use in high 
performance aircraft. Its robust design integrates frame, 
lens and goggle components enabling retention of the 
devise dimng an ejection. 

PNVG II mcorporate the same field of view as version I, 
but utilizes the more traditional frame assembly designed 
to integrate with current NVG helmet nwjunte. The 
PNVG II prototype design borrowed off-the-shelf frame 
components for its frame and mount assembhes. This 
allowed the PNVG II to integrate wifli all the 
conventional NVG aviator hehnet mounts in the US 
inventory. In addition to aligning tiie NVG mount design 
with helmet mounts abeady in service, it also saved the 
cost of redesignmg a new flame assembly. The IBCS of 
these type frames were convenient in allowing test and 
evaluations of the PNVG's advances in optics and image 
intensifiers. However, many of the benefite gained using 
off-the-shelf frame assemblies will be significantly ofifeet 
if they're used during production. This paper will 
primarily focus on improvement opportunities desired for 
current NVG frame assemblies and requfred for fiiture 
PNVG II assemblies. The term PNVG will refer to the 
PNVG II configuration unless otherwise indicated. 

BACKGROUND-MAINTENANCE HISTORY 

PNVG's technological design advancement brings with it 
sustainment issues common to most system advances. 
Typically the more conqilex a system, the larger the 
logistical footprint. This point becomes more critical 
when considering the hazardous two-prong arenas the 
PNVGs will be used, flight and war. This paper will 
discuss some of the chaUenges and concerns anticipated 
during the final design and sustainment phases of this 
important new system. To appreciate these issues, one 
must be familiar with the evolution of NVG maintenance 
in the Air Force. 

In Ae "early days" of NVGs in the Air Force, field 
technicians perfomKd only visual inspections of NVG 
sptems. If there were any anomalies noted, the goggles 
were packaged and sent to the depot for more in-depfli 
examination. Aircrew Life Support technicians 
maintaining the goggles wouldn't see tiie goggles again 
for several weeks. This created an unacceptable turn- 
around time for these high demand devises. This drove 
the evolution of a two-tier field maintenance program, 
Intermediate-Level 0-Level) and Organizational-Levels 
(O-Level), 
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The 0-level technicians still performed only visual 
inspections but began utilizing a hand-held Assessor that 
provided a resolution grid. The Assessor allowed 
technicians to quickly assess the NVG's image qualities 
for obvious defects in various Hght conditions. Distortion 
inspections however, required the technician to fabricate a 
tic-tac-toe type grid to access the goggles for image 
distortion. Another target was necessary to measure the 
size and position of dark spots in the image intensifier 
tubes that would obscure the pilots' view. Once again, if 
any defects were suspected, the goggles were sent to the 
higher I-level maintenance. 

Avionics (Sensors) technicians assumed the I-Level 
maintenance duties. I-Level maintenance tasks included 
all inspections and repairs necessary to maintain the 
goggles. With the additional maintenance tasking came a 
more sophisticated test set, the TS-3895. Like the hand- 
held Assessor, the TS-3895 test set provided a basic 
resolution target that allowed the technician to assess the 
NVGs visual clarity, in both the high and low light 
conditions. It also provided the means to check the 
goggles' electrical functions for excessive current drain 
and the operation of the power packs. I-level technicians 
were qualified to perform all authorized repairs on the 
night vision goggles including soldering and nitrogen 
purging. 

Although very dedicated, the Avionics technician's 
support of the NVG program was often secondary to their 
primary support of the aircraft's' ship-side avionics. This 
two-tier maintenance program did reduce repair times 
compared to sending NVGs off base, but still lagged 
behind the ever-increasing demand for an even shorter 
turn around time by the user. 

The proliferation of NVGs fiirther burdened the Avionics 
branches as reflected in the increased turn-time for I-level 
NVG maintenance. Another factor was the aggressive 
force reductions that lessened the maintainers available to 
perform the maintenance. 

Life Support Command Managers saw opportunities to 
reduce the maintenance turn-time by fiirther reducing the 
maintenance levels maintaining their NVGs. They began 
training their O-Level technicians to assume I-Level 
duties. Those trained were provided the TS-3895 tester in 
addition to nitrogen for purging. These new I-Level 
maintainers performed all NVG inspections and repairs 
except soldering. 

Soldering night vision goggles requires a "High 
Reliability" solder certification due to the goggles critical 
nature.    Due to the frequent turnover of active duty 

technicians, it was fiiistrating to continually pay for this 
training. Many units continued to rely on the Avionics 
technicians for solder support via local support 
agreements. Since solder-repairs were relatively 
xmcommon NVG maintenance tasks, it made more fiscal 
sense to establish local support agreements for soldering 
than to invest in costly repetitive solder training. Once 
again the goggles were being sent away for solder-type 
repairs. Avionics frequently lacked either the manpower 
or time to quickly perform these solder repairs while also 
maintaining their own equipment. Although mission- 
ready rates for night vision goggles are not tracked, any 
experienced NVG technician would attest to the lengthy 
downtimes for goggles requiring extensive repairs. 

Life Support Command Manager's once again moved to 
make for more mission ready devises. They increased the 
manning at units maintaining night vision goggles. 
Additionally, solder training was added as a 
recommended optional training requirement to the 
Aircrew Life Support career field. However, many Life 
Support units have opted for continued use of the local 
support agreement with the Avionics shops. 

The following discussions propose particular design 
concerns to current NVG systems that could and should 
be resolved with production of any PNVG II systems. 
They are areas affecting reliability and ready-rates for 
these critical devises. 

MAINTENANCE/DESIGN LIMITATIONS 

a. Soldering 
Despite the simplicity in design, NVG repairs requiring 
soldering are extremely time-consuming. Two thin wires 
bring current via the helmet mount, from the power pack 
into the image intensifier tubes inside the monocular 
housing. Very often these wires break from another 
design flaw that will be described later. Anytime the 
wires break, the monocular housing holding the wires 
must be either replaced or the wires reattached to their 
solder point. Prior to any soldering, the image intensifier 
tubes must be removed. Any heat conduction down the 
wires from the solder iron would irreparably damage the 
costly image intensifier tubes. This leads to lengthy 
repairs and excessive down times. 

b. Lengthy Repairs 
Even the most common and simple NVG repairs are very 
time consuming. Scratched lenses and broken monocular 
housings have become common as both the use and life of 
the goggles increase. Replacing the lenses or tubes fnst 
require draining the goggles of their nitrogen charge. The 
lens assemblies are first removed to gain access to the 

410 



intensifier tube. After the tube is removed, the monocular 
housing is disassembled from the pivot adjustment shelf 
(PAS) to gain access to the wires requiring soldering. The 
damaged housing is then removed by de-soldering the 
wires joining the housing to the prkted circuit board. The 
new housing is installed and the new wires soldered in 
place. The goggles' conqjonents are then reattached to 
the housing. However, as part of the re-assembly of the 
NVG, the technician must still adjust the eyepiece and 
objective lens assemblies for proper focus. 

This lengthy repair process is very common and takes an 
experienced technician at least two hours. If the 
technician is not familiar with these procedures and 
forced to rely on the technical order, add at least four 
more hojirs. However, if the damaged goggles were sent 
to an Avionics back-shop, an average of at least two days 
turn time can be expected. This time-consuming repair 
process has become even more common as the aging 
goggles require replacement of tubes, lenses and 
housings. 

Many units currently nmintain several spare goggles to 
allow for this now accepted high maintenance down time. 
This costly way of emuring mission readiness is an 
unlikely answer when considering the potential high-cost 
of PNVGs. The maintenance downtime of NVGs could be 
significantly reduced with basic design improvements. 

c. Purge Valves 
Night vision goggles' current design require a nitrogen 
charge in the monocular housing to prevent damagmg 
moisture from entering the inner housing where the image 
intensifiers are stored. NVG's are charged with nitrogen 
through a process called Purging. 

During purging, the outer purge valve is removed to allow 
insertion of a metallic adapter into the plastic sleeve. 
Inserting the metalUc adapter into the threaded plastic 
sleeve frequently results in stripped threads. When this 
occurs, the entire monocular housing must be replaced as 
described above. Once the adapter is in pkce, the iimer 
purge valve is loosened to allow a flow of nitrogen that's 
being blown in from the outer valve. 

To gain access to the inner valve, an offset (L-shaped) 
screwdriver is recommended in the technical order. 
Despite using the proper tool, the space between the 
housings is too tight to effectively accommodate any 
tools. This usually results in damaged aliuninum valves 
or plastic valve sleeves as the technician tries to vent the 
nitrogen. The purge procedure was rewritten establishing 
an alternate purge metiiod that called for use of only the 
outer valve.  Although this eliminated fiirther damage to 

the inner purge valve and port, it was not as effective a 
purge mefliod. 

The new procedure, "Zero Pressure," required tiie 
removal of the outer purge valve to allow insertion of the 
nifrogen. Once the system was charged, the nitrogen line 
was removed so that the valve could be reinstalled. This 
exposed the nitrogen filled chaniber to the atmosphere as 
the technician reinstalled the valve, leaving zero pressure 
in the chamber. 

Cross threading is an extremely common problem while 
inserting either the metal purge adapter or the metal purge 
valve mto the plastic sleeve. When cross threading occurs 
the entire monocular housing must be replaced. 

The system's design would be dramatically irr^jroved by 
providing more creative and less labor intensive means to 
eliminate moisture from the image intensifier tube 
clwmber. Perhaps the use of a moisture absorbent liner or 
a desiccant-type devise could be incorporated in future 
desigm. 

Inqjroved purge valves could also be the answer to this 
dilemma. Future housing designs could utilize valves 
similar in design to those found on pneumatic tires. This 
would allow the technician to quickly purge the chamber 
with nitrogen by attaching a gas-station type hose to the 
valve. Depressing the valve's nipple would easily purge 
the chamber during both filling and repairs. This would 
dramatically extend the life of the homing by eliminating 
damages incurred during the purging processes utilizing 
today's methods and designs. 

Figure 1. Purge Valves 
d. Housings 
Housings were recentiy improved by eliminating the 
saddle to housing configuration. Previously, the "saddle" 
was glued to the monocular housing and served to join the 
housing to the PAS. This saddle to housing bond pomt 
was often damage by aircrews during removal of the 
goggles. They would remove the NVGs by grasping them 
with one hand and forcing the goggles away. Although 
not recommended, this action was sometimes necessary as 
the flyers were often flying the jet with their other hand. 
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This removal process would often over-torque the bond 
joint causing it to snap. 

Another housing design limitation is the threaded sleeve 
on top of the housing that holds the adjustment Inter- 
Pupillary Distance (IPD) screw. The metal screw turning 
within the plastic threads quickly strips the threads 
requiring the replacement of the entire monocular 
housing. 

The addition of metallic threaded sleeve into the plastic 
housing would dramatically extent the housing's life. A 
replaceable lightweight durable sleeve made from 
advanced composites would be ideal. This low cost 
alternative would allow technicians to replace the 
damaged threaded section instead of the entire housing. 
Although this might add some weight to the goggle, it 
would significantly improve the goggle's durability while 
lowering the overall maintenance cost. 

e. Knobs 
Ergonomically designed adjustment knobs for Tilt, 
Fore/AFT, and IPD would dramatically enhance any 
future designs. Compare the infinity focus adjustment 
knobs of the AN/AVS-6 to the AN/AVS-9 (F4949). The 
F4949's knobs are superior to the knobs of the AN/AVS- 
6. They're designed for flyers wearing flight gloves. 
Bigger knobs are easier to find and use. 

The current Tilt lever is difficult to locate and 
cumbersome to use-especially while wearing flight 
gloves. Imagine performing these adjustments while 
wearing three layers of gloves, as is done when flyers' are 
suited for a chemical environment. Keep in mind that the 
Tilt, Vertical & Fore/Aft are actually used in flight, as 
opposed to the IPD and diopter focus knobs which are 
only used during preflight adjustments. Rocker-type 
knobs, like those found on many binoculars might prove 
ideal for most of the NVG adjustments. 

f. In-FIight Goggle Storage 
An A-10 mishap involving a NVG storage case tangling 
with the flight controls has drawn new concern for the 
design of NVG storage cases and alternate storage 
methods. This is particularly true for the fighter 
community since there's limited cockpit space to store a 
box-shaped case. A small, firmly padded helmet bag-type 
design would protect the goggles and could be easily 
stored itt either their flight suit leg pocket or map bins. 
Another concept is a hard-moimt on the interior of the 
flight station. The pilot could remove the goggles and 
attach them to this mount. 

Figure 2. Increased Tilt 
g.   Increased Adjustment Range 
Increasing the range of mechanical motion in future 
goggle designs would allow better fit for the aircrews. 
One way is to provide a wider range of tih. Current 
goggles provide only + 4 degrees tilt from the center 
position. A wider range would improve the optical 
alignment process by making it quicker and more 
personally accommodating. It would also help helicopter 
guimers and loadmasters look down easier with less neck 
strain. 

Increased Fore and Aft movement would allow a more 
comfortable wear for flyer's wearing prescription 
spectacles. It would also improve the look-under 
capability required when scanning gages. 

h.   Wire-to-Circuit Board Design 
Current from the helmet mount is delivered to a flexible 
circuit board in the pivot and adjustment shelf (PAS). 
The current is then delivered to the image intensifier tubes 
via two wires extending from the monocular housing. The 
two wires are soldered to the flexible circuit board and 
tend to flex at the solder joint as the housing is moved 
side-to-side during IPD adjustments. These adjustments 
are performed during the preflight optical alignment 
process. The flexing of the wires at the solder joint 
eventually causes either a cold solder joint where no 
current is flowing, or causes the wire to completely break. 
When this occurs, the image either flickers or will not 
illuminate, thus requiring the extensive repairs described 
earlier in "Lengthy Repair." 
A more durable electrical system is needed to enhance in 
the next generation of night vision goggles and is 
proposed in the following section. 
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i. Excessive Housing "Wobble" 
The monocular hoiisings rest on a pin that runs the length 
of the pivot adjmtment shelf. The housings slide side-to- 
side along the pin as the user adjusts the goggles for 
proper inter-pupillary distance or IPD. There's an 
inherent wobble of the monocular housings as they ride 
on this pin. The wobble is not dramatic, but certainly 
effects how the image is transmitted to the user's retina. 

Technicians invest time ensuring the focal points on the 
eyepiece lenses are parallel or collimated. The monocular 
housings are held parallel when they're inserted into the 
ANV-126 tester's ports. The housings wobble defeats 
the coUimating efforts attained during optical 
adjustments. Improved precision in the mechanical 
movements of future NVG designs is needed to eliminate 
or reduce this wobble. 

MODULAR DESIGNS 
Current NVGs utilize designs requiring lengthy repair 
processes to perform even the most sinqjle repair taste. 
The following modular designs proposals mempt to 
suggest various design inqirovement opportunities that 
would dramatically reduce the maintenance tum-times 
while extending the overall life of fiiture NVG systems. 

a. Rapid Repair 
A more robiKt electrical system requiring minimal (or 
none) solder repairs would be ideal. One such system 
coidd be a track-type system similar to those found in 
track lighting systems. This concept would allow rapid 
repairs to extensively damaged systems. The technician 
could quicMy "slide" the faulty conqjonent from the track 
and replace it with a spare. This would enable the 
technician to quickly replace the damaged conqjonent 
with a serviceable one without hatnpering the mission. 

Figure 3. Modular NVG Design 

b. Preventive Maintenance 
A modular NVG design would allow incorporation of 
preventative     maintenance    procedures    to     current 

maintenance schedules. Removing abrasive components 
such as sand would decrease the maintenance downtime 
while extendmg the life of the overall system. A modular 
design would allow the goggles to be easily "broken- 
down" and cleaned in the way someone might breakdown 
a weapon for cleaning. 

c. Tester Compatibility 
PNVGs will require routine inspections for image 
quaUties such as resolution and gain that are currently 
perfomKd using the newly purchased ANV-126 Hoflftnan 
testers. The ANV-126 tester has two ports to 
accommodate the two objective lenses found in current 
NVG designs. However, ^efour objective lenses found 
on the PNVG will prevent technicians from performing 
these critical checks using the tester's current design. The 
tester would require extensive modilBcation to 
accommodate the four objective lenses. 

Figure 4. Hofiinan AN-126 Tester 

According to the tester's item manager, the Air Force 
recently spent approximately $5M outfitting units with 
fliese new high-tech testers. A modular design would 
allow the PNVG to easily integrate with the new ANV- 
126 tester by allowing the technician to separate the 
goggle sides and independently impect them in the tester. 
The tester would still require minor modifications such as 
an adapter plate and power cord. The cost associated with 
these modifications would pale compared to a conqjlete 
redesign and/or purchase of the new testers. 

d. Optics 
It's assumed the lemes on any future NVG designs will 

eventually require repairs due to normal wear. The 
conqjlexity of the folded optics on the PNVG's outboard 
objective lenses is beyond the repair capabilities of both 
technicians and support equipment currently in the field. 
Based on the problems described earlier, returning to a 
depot-level repair system is a highly undesirable scenario. 

A modular lens design would solve this dilemma. Lenses 
could be  designed  in modular  sectiom  and  would 
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incorporate the complex folded optics found in the 
outboard objective lenses. Additionally, the PNVG 
eyepiece lenses incorporate a two-section lens design. 
Any damage to either of the sections will require the 
replacement of both lenses. Like the objective lenses 
described earlier, repair of these lenses is beyond the 
capabilities of both technicians and equipment currently 
in the field. 

Lens modules could be designed with bayonet-type fitting 
like those foimd on camera lenses. This would allow for 
quick repairs to damaged lenses. Modular lenses would 
also allow N\'^Gs to be quickly modified with different 
coated lenses to meet various cockpit and mission 
configurations. The ability to easily change lenses will so 
ensure the ability of the PNVGs to evolve with the 
development of new optical coatiags and lens 
configurations. 

e. Pivot Adjustment Shelf Components 
A system utilizing individual components for its pivot 
adjustment shelf would provide several advantages. It 
would allow the technician to replace the specific faulty 
sub-component instead of the entire assembly. Cost 
savings are the obvious benefits realized with this 
concept. Another benefit would be allowing technicians 
to disassemble the NVG for preventive maintenance as 
described above. 

Conclusion 
Lessons learned in recent and not-too-distant conflicts 
demand inter-changeable components and rapid repair 
capabilities in modem weapon systems. Users have 
grown to rely heavily on night vision technologies and 
expect these important systems to be available when 
needed in the next conflict. Any fiiture NVG system must 
be easily maintained at the field level. 

Although these design suggestions would require some 
investment, they are long over due. Their incorporation 
would certainly yield a product that's much easier to use, 
maintain and sustain during any fiiture war-environment. 
The current monocular housing and PAS designs were 
great 15 years ago, but have been slow to evolve into 
more maintenance and user-fiiendly designs. There are 
many improvement opportunities available for those 
willing to invest in them. 

The push in optical and tube design that PNVG's have 
made needs to be met with a similar advances platform 
design. Hopefiilly this will spark innovation in creating a 
new NVG mount design that blends weight concerns with 
both the functionality and sustainability of the devises. 

Tomorrow's combat missions will be built on the 
assimiption of the availability of night vision goggles and 
regardless of their complexities, will be expected to be 
available and ready for mission use-not awaiting repairs. 
The advent of Panoramic Night Vision (PNVG) escalates 
this concern. The PNVG will have twice as many lenses 
and tubes as do conventional NVGs. Logically, the 
potential for system failure is multiplied by as many. 
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ABSTRACT 
Due to the design of the eyepieces of the panoramic night vision goggles (PNVG) and the newer integrated panoramic night 
vision goggles (IPNVG), the eyepiece will have a fixed focus. This means the eyepiece will be set to some fixed value resulting in 
a virtual image of the image intensifier tube at some fixed distance between infinity and the observer. This eyepiece setting is 
specified in terms of diopters where the diopter value is the negative of the reciprocal of the virtual image distance in meters. 
Cat's Eyes night vision goggles (NVGs) used by the US Navy reportedly had a fixed focus of about -1.0 diopters. This paper will 
discuss the theoretical basis for the diopter setting and the results of various field surveys and in-home tests to determine 
observers 'preferences regarding eyepiece focus settings and objective measures of their resulting visual acuity. 

INTRODUCTION AND BACKGROUND 
The panoramic night vision goggles (PNVG) produce an intensified field of view of approximately 100 degrees horizontal 
by 40 degrees vertical by combining the images from a total of 4 image intensifier tube channels'. Both eyes see the central 
part of the field of view through the two inboard channels, but only the right eye sees the right outboard channel and only 
the left eye sees the left outboard channel. The inboard and outboard channels are combined by using two eyepieces 
cemented together at an angle to produce two "windows" through which the inmge is seen (see Figure 1). Normally, 
eyepiece focus is obtained by instaUing the eyepiece lens in a movable lens cell that can be moved closer to or further from 
the output of the image intensifier tube. This adjustment moves the virtual image produced by the eyepiece closer to or 
further from the observer. However, the PNVG eyepiece arrangement makes it almost impossible to make an eyepiece that 
can be moved (i,e, focused). Therefore, it is desirable to select a single, fixed focus setting for the eyepiece that would be 
acceptable to all potential users of the PNVGs. 

There are currently a dozen PNVGs that have been fabricated under a Phase 2 Small Business Innovative Research (SBIR) 
program primarily funded by the US Air Force Research Laboratory Hebnet Mounted Seiwory Technology (HMST) 
program office. These PNVGs were specified to have a fixed focus eyepiece of-0.75 diopters which means the virtual image 
produced by the eyepieces would be located about 1.33 meters from the observer (1/0.75), Four of these PNVGs were 
measured using a Imndheld dioptometer (see Figure 2) that showed the actual settings ranged from -0,2 to -1,0 diopters'. 
These PNVGs have been flown by several aircrew members without any conylaints regarding image quality and focus that 
could be attributed to the diopter setting indicating that a fixed diopter setting within this range should be acceptable. 

The US Navy adopted the Cat's Eyes NVGs over a decade ago and only recently has converted to the newer, higher 
resolution AN/AVS-9 NVGs, The Cat's Eyes NVGs have a fixed-focus eyepiece, reportedly specified to be about -1.0 
diopters, because of the unique "see-through" beamsplitter design. Duruig the 10 years or so that the US Navy flew with 
these NVGs there was no documented indications that the pilots lad any problems with the fixed focus eyepiece. 

ITie US Air Force currently flies F4949 (AN/AVS-9) NVGs which have adjustable eyepieces with a range of about +2 to -4 
diopters. These eyepieces are adjusted by the aircrew members themselves for "best focus," One approach to determining 
what eyepiece focm would be appropriate is to measure the settings that crewmembers are selecting for themselves currently 
using the adjustable eyepieces. 
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All rated aircrew members must pass a flying physical before they are permitted to fly. This physical includes an eye test 
that measures the individual's visual acuity for both far (infinity - 0 diopters) and near (about 16 inches - about 2.5 diopters). 
Therefore anyone passing a flight physical should be able to focus on an image produced anywhere from 16 inches (-2.5 
diopters) to infinity (0 diopters) implying that the eyepiece fixed focus lens could be set anywhere within this range (0 to - 
2.5 diopters). However, if the individual had to be fitted with bifocal lenses in order to see this range (near and far) this 
indicates the individual's accommodative range was less than 2.5 diopters. Since the upper lenses are set for the "far" vision, 
and this is the part of the eyeglasses the individual would be looking through to see the NVGs, it would be inadvisable to 
have the NVG image produced too close to the individual. 

In order to obtain more information that might facilitate a selection of a fixed eyepiece focus for the new integrated 
panoramic night vision goggles (IPNVG), three activities were undertaken: a controlled in-house pilot study of eyepiece 
focus preference and repeatability, eyepiece measurement of a dozen US Navy Cat's Eyes NVGs, and measurement of 
USAF aircrew members' eyepiece settings using AN/AVS-9. This paper provides a summary of these efforts and the 
results. 

Figure 1. Panoramic night vision goggles Figure 2. Dioptometer used to measure eyepiece settings 

DJ-HOUSE STUDY OF EYEPIECE FOCUS SETTING 
Method 
A brief pilot study was conduct using AN/AVS-9 NVGs with adjustable eyepiece focus. A total of 6 observers participated. 
The observers ranged in age from 31 years to 47 years with a mean of 38.8 years and a standard deviation of 5.6 years (3 male, 3 
female). All observers had 20/20 distance vision and wore either contacts or eyeglasses. There were two parts to this study. In 
the first part the NVG eyepieces were set to -0.5 diopters and -1.5 diopters and the visual acuity of the observers was measured 
using the "walk-back" method ^. For the second part, observers were asked to adjust the two oculars of the NVG until they were 
comfortable with the result. The observer's visual acuity and eyepiece focus setting were then measured and recorded. This was 
done on three consecutive days for a total of three trials for each observer. All viewing was done at an "optimum" illuminance 
level of about 1/4 moonlight illumination. 

Results 
;s (-0.5 

observers did 

RCSUIIS 
For the first part, there was no statistically significant difference in visual acuity between the two diopter eyepiece setting 
and -1.5) . The average visual acuity at -0.5 was 20/24.2 and the average for -1.5 was 20/25.0. Four of the six observe 
sUghtly better with the -0.5 setting and two did slightly better with the -1.5 setting. 

The results of the second part of the study are best represented in Figure 3. Each observer set the right and left oculars of an 
NVG a total of three times. The graph in Figure 3 shows the observer/ocular combination (IL through 6R) at the bottom of the 
chart. For each of these observer/ocular combinations, the observer set the eyepiece focus 3 times as depicted by the diamond, 
square, and triangle symbols shown in the legend. A line was drawn from the two extreme eyepiece settings done by each 
observer for each eyepiece indicating the range of settings that a particular observer set for that eyepiece. Presumably, this line is 
representative of the range of values for which the observer was satisfied with the setting. The horizontal line at -0.75 diopters is 
a potential eyepiece value to be selected for the IPNVG.   Note that this -0.75 line goes through the range of 9 of the 12 
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observer/eyepiece combinations. For the 3 combinations it misses (noted by a circle around the combinations - IL, 2L, IR), the 
amount it misses by is not very much. The maximum "miss" is IL which misses by -.25 diopters. The average for the 36 
readings (2 oculare, 6 observers, and 3 trials each) was -0,74 diopters; very close to the -0.75 under consideration for the IPNVG 
focus. The two heavy, horizontal hnes show the average plus one standard deviation and the average minus one standard 
deviation for reference. 
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Figure 3. Summary of results of eyepiece focus setting.  The average of all readings was -0.74 diopters. 

FIELD STUDY OF EYEPIECE SETTINGS 
An unpublished Air Force study conducted in the early 1990's surveyed ANVIS night vision goggle users on a number of 
characteristics . One of the elemente of the survey was for the aviators to set the eyepiece focus on the NVGs as they were 
trained to do. Some of the aviators had been taught to jiBt set the eyepiece focus to zero diopters. The remaining 109 aviators 
adjusted the eyepiece focus for 'Tjest focus." This resulted in an average eyepiece setting of-1.1 diopters with a standard 
deviation of about 1.2 diopters. One problem with this survey is that the eyepiece settings were determined from the diopter 
scale on the NVGs. Even though the particular ANVIS night vision goggle that v/as used had been calibrated at the lab to insure 
correctness of the scale, the scale was rather course with an estimated "least count" of 1/4 diopter. To vahdate this data a field 
study was conducted at Nellis AFB, NV with experienced NVG aviators. 

Method 
One problem with collecting field data is the lack of control. NVG qualified pilots adjusted their NVGs as they had been trained 
and then were asked to let us check the eyepiece focus setting on their NVGs. Since the diopter scales on the NVGs are not 
always vaUd indicators of actual diopter setting, each ocular was measured using a dioptometer (see figure 2). Prior to 
measurement the dioptometer had to be adjiBted for the investigator's eye by adjusting the eyepiece of the dioptometer. This was 
done by setting the dioptometer to zero diopters (see figure 2) and then adjusting the eyepiece for best focus while viewing a 
distant object (greater than 200 feet - see figure 3). Once this adjustment was done, the investigator could use the device to 
determine the eyepiece focus setting of the NVGs, The dioptometer -^s positioned at the eyepiece of the NVG (see figure 4) 
and then it was adjiKted (ming the scale portion, NOT the eyepiece adjmtment) until the inmge in the NVG eyepiece was in 
good focus. Best (most repeatable) measuremente were obtained by blocking light coming into the NVGs and using the 
scintillation pattem.as a focusing target. After the dioptometer was adjusted to obtain best focus, the diopter reading was 
obtained directly from the scale on the dioptometer (see figure 2). The scale was marked every 0.2 diopters and could easily be 
interpolated to the nearest 0.05 diopters. 

Data was collected from 11 aviators tlmt flew during the data collection period. In addition, eyepiece focus settings made by 5 
other aviators were also measured with 2 of the 5 participating twice to obtain an indication of repeatability. 
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Figure 3. Adjusting the dioptometer for investigator's eye       Figure 4. Measuring diopter setting of F4949 NVGs 

Results 
The average for the 16 pilots (2 with repeated measures) for the 2 oculars (36 data points) was -0.96 diopters with a standard 
deviation of 0.78 diopters. This is relatively close to the -1.1 diopters obtained in the unpublished Air Force survey. The average 
setting for the 11 pilots that flew actual missions with the NVGs that they had adjusted during our measurement visit was -0.63 
diopters with a standard deviation of 0.63. 

One individual in particular had a relatively high reading of-2.5 diopters in each eye. In an effort to determine the significance 
of this relatively high setting, we adjusted an NVG to -0.75 diopters in each eye and asked die individual to look through the 
NVGs at the Hoffman 20/20 NVG tester to see if he found tiiis setting acceptable. His response was that he could probably adapt 
to this settmg but that when he just quickly looked into the tester (which provides a series of bar patterns of different levels of 
resolution), he could only see about 20/35 Snellen acuity whereas with the setting he had adjusted to (-2.5 diopters) he could 
readily see something better than 20/25 Snellen acuity. Whether this is a dark focus affect, an instrament myopia effect, or 
something else remains to be seen. However, if there are individuals within the NVG flying population that have difficulty 
accommodating to a fixed focus eyepiece settmg of about -.75 diopters then we need to address this issue. 

CAT'S EYES NVG MEASUREMENTS 
Method 
A total of 12 Cafs Eyes NVGs were obtained from the US Navy to measure their fixed focus eyepiece diopter setting. Since 
there was an indication that the Cat's Eyes might have astigmatism, a slightly different measurement stirategy was used. 

Figure 5. Cat's Eyes NVGs focused on distant bar target Figure 6. Using dioptometer to measure Cat's Eyes 
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A grating pattern was set up at the end of a long room (150 feet away- see figure 5) and the NVG objective lens was adjusted for 
best fociK, The dioptometer was then adjusted for the investigator's eye as before and focused to produce the best image of the 
vertical bars. This diopter reading was recorded and the grating was then turned 90 degrees to produce horizontal bars. Again, 
the dioptometer was adjmted for best focus of the horizontal bars. If astigmatism was present the horizontal and vertical bare 
would be in focus at different diopter settings on the dioptometer. No consistent astigmatism effect was found. A total of four 
observers made nKasurements of each of flie 24 oculars. 

Results 
A total of 6 measurements were nade for each Cat's Eye ocular: 3 measurements iBrom one observer and 1 measurement each 
from 3 more observers. There was no significant difference between observer measurements. These 6 readings were averaged to 
obtain a single diopter value for each of the 24 oculars. The average diopter value for the 24 oculare was -0.24 diopters with a 
standard deviation (for the 6 readings) of 0,07 diopters. The optical power of the 24 oculars ranged from -0.07 diopters to -0.42 
diopters. This is significantly different than the reported specified value of-1.0 dioptere. 

DISCUSSION and CONCLUSIONS 
From the results of the different sections presented above, it is apparent that there is no obvious eyepiece diopter value that 
should be selected. The in-house study points to a -0.75 diopters as a reasonable choice, the Nellis field date suggests 
something between -0.6 and -1,0 diopters, and the Cat's Eyes data suggests that -0.25 was an acceptable value for Naval 
aviators. In addition, the unpublished Air Force survey effort noted earlier had an average eyepiece setting of-1,1 diopters 
with a standard deviation of about the same size , The unpublished manuscript by Gleason* concluded wifli several options 
that all involved a fixed setting with "snap-on" auxiliary lenses. In the Gleason study, they found the best visual acuity was 
at -0.75 diopters, with -0.5 diopters a close second. In addition, in their "long-term" wear study they found subjects 
commented (unsolicited) on discomfort for the fixed -1,5 diopter setting (long-term was for a 4 hour period)^"*. Based on 
these results, it appears that a fixed focus value somewhere between -0,25 and -1.0 diopters should be reasonable. The 
concem with selecting too high of a minus value (e.g. -1.0) is that hyperopes (far-sighted folks) might have difficulties. On 
the other hand, there are some individuals that are adamant that they need a high minus value (e.g, the Nellis anecdote 
related previously). 

Another factor that needs to be considered is the visual capability of the individual if he/she needs to remove the NVGs and 
just use unaided vision. If the individual is presbyopic (focus ability about gone due to age), and he/she needs glasses in 
order to see the NVG image set for -1.0 diopters, then that person's vision will be adversely affected if the NVGs are 
removed. 

It is apparent that further work needs to be done in this area. However, it appears the current best solution to the fixed focus 
problem is probably to select either -0.5 or -0.75 diopters for a setting and provide selected "snap-on" lenses, at least for the 
current program of the IPNVG, to achieve other settings (to be determined). This will allow for an actual field evaluation of 
the IPNVG with different eyepiece focus settings and may lead to an acceptable, single value for eyepiece focus. 
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Abstract 

Technology is advancing to the point where night vision goggle designs being developed have wider fields of view to help 
achieve an increase in situational awareness. The appropriate diopter setting for the eyepiece of these goggles needed to bo 
determined. Aircrew members were surveyed to determine the range of diopter settings they were using. In order to 
determine what fixed setting would work the best, two diopter settings were chosen (-1.0 and -0.5) to preset aircrew 
members' goggles. The aircrew flew with these prcsettings and then filled out a 14-qucstion survey about the diopter 
settings. 

Keywords 

Diopter, dioptometer, field of view, night vision goggles, AN/AVS-9, Panoramic Night Vision Goggle (PNVO). Integrated 
Panoramic Night Vision Goggle (IPN VO), eyepiece diopter setting. 

1. Introduction 

Night vision goggles (N VGs) were developed by the US Army, but the US Air Force first used them for flying, in the early 
1970's, as a temporary aid for helicopter pilots.' The majority of currently fielded U.S. Air Force aircrew 
goggles are the AN/AVS-9 (Figure 1), which have a 40-degree field of view (FOV) and adjustable eyepieces. A large 

.survey of U.S Air Force NVG users in 1992 and 1993 revealed that an increased FOV was the number one enhancement 
desired by aircrew, with increased resolution a close second.^ The current prototype goggle, the panoramic night vision 
goggle (PNVG) (Figure 1) has lOO-degree horizontal by 40- degree vertical FOV, but it has a fixed-focus eyepiece. Currently 
in development, the Integrated Panoramic Night Vision Goggle (FPNVG) will have a 95-degree horizontal by 38-degree 
vertical FOV, and it may also have a fixed-focus eyepiece. 

Figure I   PNVG and AN/AVS-9 

Three studies were performed to help determine what fixed diopter setting of the eyepiece will work for most aircrew. Tliese 
studies were conducted at several Special Operations Squadrons in Ft. Walton Beach, Florida. This location was selected 
because of the large number of highly experienced night vision goggle trained aircrew in the Special Operations community. 
The first study investigated the diopter setting to which aircrew were adjusting their own goggles just prior to their missions. 
A second study a4dressed how repeatable aircrew were at setting their eyepieces following current NVG preflight protocol. 
The third study addressed how aircrew would tolerate a fixed-focus eyepiece. 

Further author information - 
SharcAnecKawpaflj.afmil: htlp://www.hcc.afrl.afmil; telephone: 937/255-8894 fax: 937/255-8366 
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2, Study I 

Study I was conducted at 5 US Air Force Special Operations Squadrons in the Ft Walton Beach, Florida area. It occurred in 
August 2000 over the course of a week. The purpose was to measure and record as many eyepiece settings from qualified 
NVG aircrew as possible. 

2.1 Methodology 

2.1.1 Participants: Ninety-five aircrew participated in the diopter setting study. There were 94 males and 1 female. Ages 
ranged from 21 to 59, with a median of 33. The 4*, 5*, 8*, 9"', and 711* Special Operations Squadrons participated. These 
squadrons were selected for their large numbers of highly NVG qualified aircrew. There were 32 pilots, 12 navigators, 20 
loadmasters, 14 flight engineers, 8 gunners, 8 radio operators, and 1 life support technician. 

2.1.2 Apparatus: The aircrew used their squadron's own goggles for this study. There are three power source mounts for 
the goggles and three types of power sources/goggle attachments: hand-held battery pack, opera mount, and the helmet 
battery pack. The helmet mount has a battery pack in the back of the helmet to power the goggles. The hand-held battery 
pack is small and lightweight. Tlie opera mount is also a handheld power source, but much bulkier and looks like a helmet 
battery pack on a stick. Tlie pilots and loadmasters use the helmet mounts. The remainder of the aircrew would typically use 
either the hand-held battery pack or the opera mount. These goggles are pre-flighted by aircrew members using the AN V- 
20/20 (Hoffman 20/20). The ANV-20/20 (Figure 2) is a portable case containing optics with a resolution chart, which allows 
aircrews to adjust their goggles to infinity focus.'' An investigator used a hand-held dioptometer (Figure 3) to read the diopter 
settings off the eyepieces of the NVGs after they were set by the aircrew member. A diopter is an expression of the eyepiece 
focus described as the reciprocal of the image distance." 

Figure 2. ANV-20/20. Figure 3. Dioptometer. 

2.1.3 Procedure: The aircrew preflighted their own goggles as they normally did for their night missions. Preflighting is a 
term aircrew use to describe the focusing of the night vision goggle, typically done shortly before departing on their flying 
mission. After the crewmember adjusts the goggles for the distance between the crewmember's eyes, the crewmember looks 
into the ANV-20/20, sees a resolution chart, grossly adjusts the objective lenses by focusing on the coarser lines on the 
resolution chart, then adjusts one eyepiece at a time. The crewmember focuses the eyepiece by first turning the eyepiece 
counterclockwise which will blur the image in the positive diopter direction. Next, the crewmember turns the eyepiece 
clockwise until the image is clear. For that ocular, the crewmember then returns to the objective lens and "fine tunes" the 
objective lens so that the image of the fine lines on the resolution chart come into clarity. There are several procedures for 
recording visual acuity. Some aircrew members use the high-light level acuity/low-light level acuity of both eyes, and some 
aircrew record the visual acuity of each eye individually. We specified only that the aircrew record the acuity, as they would 
normally do in th^ir squadron's logs. The goggles were then handed to the investigator, who read the left ocular diopter 
setting to the nearest 0.05 diopter (D) and recorded it on a data sheet. This method was repeated for the right ocular. 
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The eyepiece of the dioptometer was calibrated for the investigator. The investigator first sets the objective lens to 0 D. Next 
the investigator must find an object greater than 200 feet away (Figure 4). Looking through the dioptometer, the investigator 
rotates the eyepiece counterclockwise to blur the image and then rotates the eyepiece clockwise until the image is crisp and 
clear. 

Figure 4. Focusing the dioptometer. 

To read the diopter setting of the goggles, the investigator, in a darkened room, keeps the eyepiece of the dioptometer fixed. 
The investigator puts the objective piece of the dioptometer close to the eyepiece of the goggle. While focusing on the 
scintillations, the investigator rotates the objective lens of the dioptometer, counterclockwise (to blur the scintillations), and 
then clockwise to bring the scintillations into the best possible focus. Scintillations arc the "noise" of the image intensifier 
tubes, which appeared as sparkles.   The diopter value was then recorded. All goggles were read from left ocular to right 
ocular. The aircrew member determined a visual acuity value by looking at the resolution chart in side the ANV-20/20. The 
visual acuity of the aircrew member was recorded on the data sheet. 

2.2 Results 

There were 95 aircrew participants who preflighted their goggles. The diopter settings of the 190 oculars (95 aircrew X 2 
oculars) ranged from^3.9 to +0.5 D with a median of-l.05 D. Figure 5 shows the estimated Weibull distribution (see 
Appendix for a description of Weibull distribution) for the 190 oculars. 

LB=-14.77 
Soale=13.98 

Shape=17.33 

Diopter Setting 

Figure 5. Estimated Weibull distribution for 95 aircrew. Referenced values 
are 5*, 50* and 95"" percentiles. 
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3. Study II 

Study II was conducted at the same time as Study I. The purpose was to see how consistent these highly trained aircrew were 
at preflighting their goggles. 

3.1 Methodology 

3.1.1 Participants: Eighteen aircrew members participated in the second study. There were 8 pilots, 3 loadmasters, 2 flight 
engineers, 3 gunners, and 2 radio operators. Ages ranged from 21 to 45 years, with a median of 32 years. 

3.1.2 Apparatus: The apparatus in this study was the same as that used for Study I. 

3.1.3 Procedure:   The same procedure was used as in Study I, except each crewmember preflighted his/her goggles a total 
of five times. After the goggle was handed to the investigator, who read the settings of both oculars with the hand-held 
dioptometer, the investigator reset the eyepiece ocular to zero and handed the goggle back to the aircrew member. 

3.2 Results 

Figure 6 contains the diopter settings per aircrew individual for each of the five repetitions. The 
repeatability limit (rL) was defined as: approximately 95% of all pairs of adjustments from the same aircrew individual and 
same ocular should differ in absolute value by less than the rL. There were some individuals, such as number 15, who were 
much more variable than other individuals. Since some of the non-pilots appear to be less experienced than the pilots in 
adjusting their goggles, it was decided to utilize just the pilots (numbers 1-8) in computing the rL. The rL of the pilots was 
1.2 D. 

The pooled standard deviation of the left and right oculars for Figure 6 was determined for each aircrew number. There was 
not a significant correlation between the age and pooled standard deviation of the 18 aircrew (R = 0.30, p = 0.2574). This 
implies that there was not a relationship between an individual's age and the spread of his/her five settings. 
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Figure 6. Diopter values for each crewmember, ocular, and adjustment are in the above figure. Within each aircrew number's window, the 
left ocular values are on the left and the right ocular values are on the right. The legend is the value of the adjustment (1-5). Aircrew 
numbers represent aircrew positions as follows: 1-8 pilot, 9-11 loadmaster, 12-13 flight engineer, 14-16 gunner, 17-18 radio operator. 

4. Study III 

The main purpose of Study III was to find out how aircrew liked certain fixed diopter settings. Since the median diopter 
setting from the first study was-1.05 D, it was decided to use-1.0 D as a starting eyepiece setting. When many of the 
aircrew felt that -1 .OD was unacceptable, a diopter setting of-0.5 D was selected as a second setting to test. 
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4.1.1 Participants: Ninety aircrew participated in tlie November 2000 eye focus part of Study III. There were 41 pilots, 17 
navigators, 12 loadmastere, 12 flight engineers, 4 gunners, 2 radio operators, and 2 flight surgeons. These crewmcmbers 
came from the 4*, 5*, 8*, 9*, 20*,and 71 l^Special Operations Squadrons. 

Seventy-seven crewmembers filled out the questionnaire. There were 34 pilots and 43 non-pilots, consisting of 2 women and 
75 men with ages ranging from 24 to 57 yeara and a median of 36 years. Forty-three aircrew flew with the -1.0 D setting and 
34 aircrew flew with the -0.5 D setting. There were 4 individuals who responded to both the ^.5 and -1.0 D setting 
questionnaires. The NVG flying hours of all aircrew ranged from 15 to 3000 hours with a median of 500 hours. 

4.1.2 Apparatus:   The equipment was the same as in Study I, except there was a questionnaire. A logbook was used instead 
of data sheets and the eye focus aircrew settings were performed on a calibrated pair of goggles from AFRL. The 
questionnaire included background information such as name, sex, squadron, age, aircrew position, and NVG flying hours. 
Further questions focused on their flight with a fixed eyepiece. These questions included: (1) whether they adjusted the 
preset goggles in flight, and if they adjusted the preset goggles and why, (2) how long they wore the goggles continuously in- 
flight, and if they looked away from their goggles for an extended period, why, and for what duration, (3) whetlier they 
preferred their current goggle with the adjustable eyepiece focus or a fixed-focus goggle with a wider FOV, (4) six questions 
with rating scales for finding their opinions on the chosen fixed settings, and (5) a comments section at the end. Although the 
quesrionnaire had 14 questions, only a couple are considered for analysis here. We have analyzed an abridged vereion 
covering the sex of the aircrew member, the age, the aircrew member's NVG hours, briefly covering whether they preferred 
their own setting or the preset eyepiece, which was better with regard to eyestrain, blurriness, situational awareness, and 
threat detection. 

4.1.3 Procedure: For this study, aircrew preflighted a pair of laboratory-owned and eyepiece-calibrated AN/AVS-9. This 
goggle was handed to the investigator who read the settings to the nearest 0.25 D and recorded it in the logbook. The aircrew 
member's flight goggles were previously preset to either -1.0 or -0.5 D using the hand-held dioptometer. The aircrew 
member used the ANV-20/20 to ensure that their visual acuity was acceptable by the aircrew member's own standards for 
flying. The specific visual acuity that is acceptable depends on the particular goggle. They recorded their visual acuity in our 
logbook. They flew their scheduled night sortie. When they returned to the squadron, they filled out the questionnaire. 

4.2 Results 

There were 185 aircrew total from (Study I and Study III) that were used for diopter setting analysis. 
Their ages ranged fi-om 20 to 59 yeare, with a median of 34 years. Seventy-three pilots and 112 non-pilots participated, 
including 7 women and 178 men. 

The settings of the 370 oculars (185 aircrew x 2 oculars) ranged from -3.9 to +0.5 D with a median of 
-4).90 D. Figure 7 shows the estimated Weibull distribution for the 370 oculars. 

LB=-31.43 
Scate=30,75 

Shape=44.09 

Diopter Setting 

Figure?. Estimated Weibull distribution for all aircrew (referenced values are 5'*, 50* and 95* percentiles). 
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Figure 8 shows separate estimated distributions for the pilots and non-pilots. The parameter estimates for pilots only were: 
LB=-13.91, Scale=13.06, and Shape=18.11. The average of the left and right diopter settings was determined for each 
aircrew individual. There was a significant difference in these averages (p = 0.0216) between the pilots (N = 73) and other 
aircrew (N = 112) using the Wilcoxon rank sum test. 

-3       -2       -i        0 
Diopter Setting 

Figure 8. Estimated Weibull distributions for pilots versus others (reference values are 50* percentiles). 

Ocular disparity is the difference in diopter settings between the right and left eyepiece. The absolute difference in ocular 
disparity ranged from 0 to 2.5 D with a median of 0.4 D. Of the 185 aircrew, approximately 29% had ocular disparity greater 
than 0.5 D. 

Table 1. This table shows a summary of the comparison of fixed settings vs. the aircrew member's personal settings. We 
compared fixed focus of either-1.0 D or-0.5 D to adjustable focus. The fixed settings were compared to the aircrew 
member's personal setting, and how it affected: the mission, reducing eyestrain, situational awareness, reducing blurriness, 
and threat detection. 

Table 1. Percent of aircrew rating effect of fixed eyepiece setting the same, somewhat 
better, or much better compared to personal setting. 

Effect of 
Fixed Eyepiece Setting 

Percent Same or Better         | 
-1.0D(N=43) -0.5 D (N=34) 

compared to personal 60 47 
mission accomplishment 86 71 
reducing eyestrain 76 53 
reducing blurriness 51 38 
situational awareness 86 67 
threat detection 85 67 

5. Discussion/Analysis 

The Study I excursion was a data gathering mission to determine to what diopter values aircrew were setting their goggle 
eyepieces. The data were examined to determine the best possible single diopter setting which might work for the NVG 
using community. The median setting of-1.05 D resulted in a starting fixed setting of-1.0 D. We were also able to see that 
the settings ranged from -3.9 to +0.5 D. How variable the aircrew were in adjusting their oculars was another concern, since 
with a fixed-focus aircrew would not have an option of different diopter settings in each ocular. Twenty-nine percent of 
setting disparities were over 0.5 D, possibly indicating that refresher courses in NVG focusing could be helpful. This is 
important because a person's eyes do not accommodation sufficiently to differential stimuli greater than 0.5 D.* Suppression 
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does not occur when the diopter difference between the two eyes is less than about 0.5 D.* While people may have different 
diopter requirements in each eye, they should have been corrected to 20/20 Snellen acuity, and most people do not have large 
differences m their eye prescriptions. This brings up the concern that a significant percentage of the aircrew were likely 
adding eyestram and accommodating with both eyes inappropriately. Of couree, a fixed-focus eyepiece would alleviate this 
issue for most aircrew. 

Looking at the 18 aircrew that performed the repeatability study, there are several issues to be discussed The repeatability 
was calculated for the pilots. The pilots had a repeatability limit of 1.2 D; so for an individual pilot, focusing one eye could 
be 1.2 D different from one preflight to another. This raises several potential issues. It is possible that individuals are not 
truly sensitive to the eyepiece adjustment of their goggles, ff we were to take an aircrew member and set his goggles within 
1.2 D of his personal eyepiece setting, this should be tolerable. The aircrew member did not wear these setting for more than 
the time required to focus in the ANV-20/20. While they may have been able to achieve an acceptable level of visual acuity, 
it is possible that some of these settings may have caused the aircrew eyestrain during flight. 

It was observed that the pilots and loadmastere were able to focus their goggles with a narrower range compared to the other 
aircrew members. Their use of a helmet mount for the goggle may play a role in their ability to set eyepieces within a tighter 
range. With goggles anchored at a fixed distance from the individual's eyes, their hands are not needed to support the weight 
of the goggles during the focusing procedure. For mission safety, both pilots and loadmasters must be able to see more 
clearly, with better visual acuity, and less eyestrain than other aircrew members. The other aircrew members do not usually 
use their helmets to mount their goggles; instead, they typically use the opera mount or the battery pack to power the goggles 
Neither of these devices can offer the same stability as the helmet mount. If supporting the weight of the goggles, an aircrew 
member's hands may become less steady from one eye focusing to the next. In addition, the distance of their eyes to the 
goggle would hkely differ fi-om each eye focusing. Other members do not wear the goggles as much in flight, so diey may 
not take the same time to ensure the most clear eye focus. It can be noted that some of the greatest differences in ocular 
dispanty for goggles were from the gunners; this could be because, in the aircraft, they do not wear the goggles very often or 
for very long on their missions. 

If one were forced to pick an acceptable diopter setting, one could draw a line through Figure 6 cutting through the 
adjustment range of most of the 18 aircrew. This would be done with the assumption that all settings within each individual's 
range would be acceptable for that aircrew member and not cause too much eyestrain. Wlien we pass such a line through 
-1.0 D, It essentially passes through all but 3 aircrew members' settings. Pilot #6 and pilot #7 were within 0 5 D of this line 
so they may be able to find this setting acceptable. If ^.5 D were selected, 10 aircrew would likely not find this setting 
acceptable. The Study I and Study II analyses helped us select -1.0 D as a starting setting for Study III. 

The settings from Study III were combined with the Study I settings, yielding an even clearer picture of where aircrews were 
setting their goggles. The estimated Weibull distribution for all the aircrew combined showed the 50* percentile to be 
-0.93 D. It has been reported that the optimum power is between -1.0 and ^.5 D by Pearce et. al.' and between -2 25 and 
-1.0 D by Mouroulis and Woo.   The pilots had a left shift in their diopter setting plot. Pilots were approximately -0 3 D 
(50  percentile of-1.11 D) more minus from the rest of the aircrew (50'" percentile of-«.82 D). This could be because they 
tried to achieve the sharpest visual acuity possible. These results are remarkably similar to an Air Force Research Laboratory 
technical report on an 1993 survey in which an average eyepiece setting of-l.l D was observed.^This result, a setting 
around -1.0 D, has also been supported in the literature indicating tliat acuity is maximized for a target at a distance 
corresponding to about 1.0 D of accommodation.' In a short-term wear study conducted by Gleason and Riegler it was 
found that the best eye focus was -1.0 D. with this setting yielding the best average visual acuity across all conditions and 
subjects. 

Examining the questionnaire data, it appears that the -1.0 D fixed setting was less distasteftil to the aircrew than the -0 5 D 
fixed setting; however, both the -1.0 and -0.5 D fixed settings were worse than personal settings for many of the aircrew 
The greatest concern of tlie aircrew with the fixed setting appeared to be blurriness. 
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6. Conclusion 

Is fixed focus or adjustable focus best for night vision goggles? Single-focus eyepieces are simpler, lighter, and cheaper 
because focus mechanisms are not needed; shorter single-focus eyepieces would reduce a goggle's overall length, bringing 
the center-of-gravity closer to the head while maintaining eye relief It has not been possible to find a perfect setting for all 
users, but -1.0 D may be acceptable to a large number of aircrew. The aircrew have become used to the ability to set their 
own goggles. Since aircrew members desire as much control over their missions as possible, it is likely that they would 
prefer to maintain this if possible. Tlie views of the aircrew have been positively supported in the literature, that visual acuity 
is always better with an adjustable-focus eyepiece, than with a fixed-focus eyepiece.'"   Recent developments may permit a 
limited range of eyepiece adjustable focus for the integrated panoramic night vision goggle. This would likely be a 2 D 
range. Based on modeling, an eyepiece having a -0.25 to -2.25 D range is probably best. According to the Weibull 
distribution, this range would not cover approximately 25% of aircrew. Approximately 9% would want more negative 
adjustment, and approximately 16 percent would want more positive adjustment. 

However, given people's ability to accommodate, if we assumed aircrew could accommodate ±0.5 D, the relative range 
would span +0.25 to -2.75 D, which would exclude only about 7% of the aircrew. Approximately 5% of ocular settings 
would be more negative than -2.75 D and approximately 2% would be more positive than +0.25 D. Also, when designing an 
optical product there are certain production tolerances that are allowed. We would not want the margin of error to be shifted 
in the more positive direction. If the settings were more positive than 0 D in the most positive direction, and if there was only 
a 2 D span of settings, the crewmembers that required the more negative settings would not be satisfied. 

If adjustable lenses do not come into production, we may need to provide "snap on lenses"on a fixed focus eyepiece. These 
"snap on lenses" would be additional lenses that would attach to the eyepiece and would have minus or plus power. If we 
had a fixed eyepiece, based on the data we would likely choose -1.0 D. We might also provide a -1.0 snap on lens that 
would provide a total -2.0 D, which would only have approximately 13% of aircrew requiring more negative power. A 
+0.75 D lens would be utilized to provide a net-0.25 D. This would leave only approximately 16%of people to the right of 
this range who would require a more positive setting. These people that would be out of the range may not be satisfied due to 
the possibility of eyestrain, fatigue and possibly blurriness. 

If we must have a fixed eyepiece, we would likely select -1.0 D. This appears to be the best setting. Snap on lenses would 
help meet the needs of the aircrew that require it. If variable focus becomes available, it will likely be well received by the 
aircrews and other NVG users. It would be advisable to be able to have a range that would effectively include crewmembers 
that would require +0.25 to -2.75 D. If a limited adjustable eyepiece can be designed with future goggles, then this should be 
undertaken, since there is no one diopter setting that will best serve all of our goggle users. 
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Weibull Distribution 
Appendix 

Following is a description of the Weibull distribution." This distribution was used to model diopter settings. 

\<^J\   a   / 
e     "   ''    where0<aaiidO<p 

a = scale parameter, p = shape parameter, x© = lower bound (LB) 

F(x}=l-e •   " transformsto:Lnl-Lnia-F(x)]} = -p*Ln(a)+p*Ln(s-x,j) 
regression equation; Y •= intercept + Slope * X" 

f Intejrcftpt "j 
so: p = slope, and a=e '       ^ 

Parameter estimates are obtained by transforming the cumulative distribution F(x) to a form that can be used in linear 
regression. In the transformed cumulative distribution, estimates of F(x) are the cumulative proportion at every level of X 
from the observed data. The lower bound is determined by using the Xo value that makes the transformed cumulative 
distribution tlie most hnear (i.e., yields the highest correlation). The scale and shape parameter estimates are determined from 
the intercept and slope estimates of the linear regression. 

It is possible for the lower bound (Xo) to be an unattainable value. For example, absolute differences must be non-negative 
yet Xo may be negative. This negative lower bound is necessary to obtain the best fit of the transformed cumulative 
proportions. A desired goal in fitting the Weibull distribution is for the percentiles of the estimated distribution to match 
closely with the percentiles of the data. What should occur is the area under the curve < 0 should closely match the 
cumulative proportion at X = 0 from the data. 
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4. MEASUREMENT OF NIGHT VISION GOGGLES AND RELATED 
COMPONENTS 

The articles in the present section describe techniques used to measure other NVG 
parameters, such as gain, field of view, dark spots, distortion, magnification, image 
rotation, etc. Pinkus & T^k (1998) presents the results of an interlaboratory study 
designed to determine the level of repeatability and reproducibility that can be achieved 
for measuring the NVIS-weighted transmission coefficient of aircraft transparencies 
(windscreens and canopies). This article is not about measuring NVGs per se but 
describes a me^urement procedure for a component that may significantly rnipact the 
performance of NVGs used in aviation. 

These articles are reprinted to provide the reader with a reference and background to 
better understand the measurement of NVGs and related components. 

Aleva, D. L., T^k, H. L., & Goodyear, C. D. (1998). Repeatability and 
reproducibility of NVG gain measurements using the Hoffman ANV-126 test 
device. SAFE Journal, 28(2), 106-111. 

Marasco, P. L., Pinkus, A. R., & Task, H. L. (1998). Photographic assessment of 
dark spots in night vision device images. Proceedings of the 36''' SAFE Association 
(pp. 20-25). 

Marasco, P. L., & Task, H. L. (1999). Optical characterization of wide fleld-of- 
view night vision devices. Proceedings of the 37th SAFE Association, 
http://www.safeassociation.com 

T^k, H. L., Hartman, R. T., Marasco, P. L. & Zobel, A. R. (1993). Methods for 
measuring characteristics of night vision goggles. (Report No. AL/CF-TR-1993- 
0177). Wright-Patterson AFB, Ohio, Armstrong Laboratory. (DTIC No. A277046) 

Pinkus, A. R., & Task, H. L. (1998). Interlaboratory study (ILS) of the standard test 
method for measuring the night vision goggle-weighted transmissivity of 
transparent parts. (Report No. AFRL-HE-WP-TR-1998-0016). Wright-Patterson 
AFB OH: Air Force Research Laboratory. 

431 



THIS PAGE IS INTENTIONALLY LEFT BLANK 

432 



Aleva, D. L, Task, H. L.. & Goodyear, C. D. (1998). Repeatability and reproducibility of N 
Hoffman ANV-l 26 test device. SAFE Journal, 28(2). 106-111. 

VG gain measurements using the 

Repeatability and Reproducibility of NVG Gain Measurements 
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INTRODUCTION 
Night vision goggles (NVGs) are being used extensively 
by our special operations forces for covert night 
operations. Often the individual operational units 
purchase the NVGs directly from the manufacturer. Upon 
delivery to the unit, the NVGs are tested to verify that 
they meet the gain specifications. The Hoffinan 
Engineering ANV-126 portable test set is used for this 
purpose. However, the reproducibility of the NVG gain 
measurements obtained with the ANV-126 was unknown. 
Therefore, operators were uncertain as to whether to reject 
NVGs whose gain measia-ements were slightly below the 
criterion value. In addition, there was concern among 
NVG researchers and operators that the intensifier tubes 
in some NVGs might be greatly mismatched for gain, 
resulting in the luminance seen by the operator being 
significantly higher in one eye than the other. 

Two specific objectives which are addressed herein were: 
• Objective 1: Determine the accuracy 

(repeatability and reproducibility) expected when 
measuring NVG gam using the Hoffinan 126 test device. 

• Objective 2: Determine the distribution of 
Binocular Gam Ratios for fielded NVGs in both the linear 
gain radiance region and in the automatic brilliance 
control (ABC) radiance region of operation. 
These objectives were addressed by an NVG gain data 
collection effort conducted at HQ AFSOC/LGMA NVG 
maintenance facility at Hurlburt Field, Florida. The 
testing took place during the period 18-20 November 
1996. 

OBJECTIVE 1 
If a test device is going to be used to make acquisition or 
acceptance decisions then it is necessary to determine the 
accuracy of the device to insure the validity of any 
resulting decision. The Air Force has acquired a number 
of ANV-126 NVG test devices but the reproducibiUty of 
the NVG gain measurements obtamed with fce device is 
unknown. Som-ces of variance expected are changes in 
gain of the NVGs themselves, the operators making the 
measurements, the test device itself and differences 
between test devices. 

Method 
In order to establish an estimate of the reproducibility of 
NVG gain measurements using the ANV-126 test device it 
was necessary to collect data on several NVG oculars 
usmg several test devices and operators. It was desirable 
to mclude as many test devices as possible to obtain a 
good estinate of the variance between devices. The test 
plan was designed in accordance with ASTM Publication 
E-691 (1992) which outlines procedures for testing 
repeatability and reproducibility. 

Operators, The operatore were five scientists from 
Armstrong Laboratory (Aircrew Training Research 
Division [AL/HEA], Mesa Arizona and Human 
Engineering Division [AL/HEC], Wright-Patterson Air 
Force Base, Ohio) and one representative from Hoffinan 
Engineering. All had previous experience using the ANV- 
126 to measure NVG gain. 
Test Sets. The test sets were nine Model ANV-126 Night 
Vision Device Test Sets for Ground Support Maintenance. 
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The ANV-126 is produced by Hoffinan Engineering. It is 
a self-contained portable test set designed for field 
operational checks and depot-level NVG maintenance. 
Four of the test sets were resident at the Hurlburt facility, 
two were brought from Eglin Air Force Base, one fi-om 
Hoffinan Engineering, and one each from AL/HRA and 
AL/CFH. All test sets had been calibrated within one year 
of the test (range from 1 day to 8.5 months). 

NVGs. The NVGs utilized in this testing were all F4949 
D model. These NVGs were currently in use at Hurlburt 
Field by the SOF and were in the repair facility for 
periodic maintenance. 

Procedure. Ten NVGs (20 oculars) were tested using 9 
test sets and 6 operators (measurement personnel). NVG 
gain was measured using the standard procedures in the 
ANV-126 users' manual (1996) which include exposing 
the ocular to the maximum ANV-126 test level radiance 
input for 60 seconds prior to measurement. All gain 
measurements were made at the 0.1 X 10"' £L radiance 
level. 

Each operator tested 10 NVGs on each of 9 test sets. Six 
measurements were made of each NVG (3 for each 
ocular). Operators did not reset input level between 
measurements (i.e., the procedure was to exercise goggle, 
measure Left ocular, measure Right ocular, measure Left 
ocular, measure Right ocular, measure Left ocular, 
measure Right ocular, go to next NVG). It took an 
operator 30 - 45 minutes to measure all 10 NVGs with one 
test set. Operators by test set order was counterbalanced 
in case of learning or fatigue effects. 

The day to day repeatability issue was addressed on Day 
2. In this case we were concerned about the variability of 
the individual test sets over time. The procedure on Day 2 
was the same as on Day 1, with the exception that 3 
operators (Operators A, B, and F) tested each of 5 NVGs 
(all odd-niuribered NVGs from Day 1) on each of 8 test 
sets (test set 9 was foimd to be defective). This, along 
wiih corresponding data from Day 1, allowed the 
assessment of repeatability of individual test sets over a 2- 
day period. 

Results 
Repeatability. Repeatability refers to the consistency of 
test results obtained by a single operator with a single test 
set. A repeatability limit was calculated for each of the 20 
oculars. The repeatability limit tells us that for any pair of 
measurements by the same operator using the same test set 
and in a short time period, there is a probability of 0.95 
that the  second measurement will be within +/- the 

repeatability limit of the fu-st measurement. The 

repeatability limit is given by Repeatability = 2.11-^(J^ 

where cr^ is the error variance. The average repeatability 

limit for the Day 1 measurements was 138 or 2.4 percent 
of the mean gain (overall mean gain = 5786. 
Repeatability was not found to increase or decrease 
significantly as a fimction of gain value (p = 0.67). 
Therefore, the repeatability of an individual gain 
measurement may be calculated by using the average 
repeatability value: 

Repeatability limit — 138. 

On Day 2, three operators measured 5 NVGs (10 oculars) 
using 8 test sets. Repeatability (same ocular, same 
operator, same test set) over Days 1 and 2 averaged 4.1 
percent of the mean gain for all oculars. Again, 
repeatability was not found to increase or decrease 
significantly with gain value (p = 0.46); the calculated 
repeatability over the two-day period is given by: 

Repeatability limit = 240. 

Reproducibilitv. Reproducibility refers to the consistency 
of test results obtained by various operators using 
different test sets. A reproducibility limit was calculated in 
a manner similar to the procedure used to calculate the 
repeatability limit. However, the reproducibility limit is 
based on comparisons across all operators and test sets. 
The calculation of the reproducibility limit takes into 
account both operator and test set variances as well as the 
error variance for a single operator and test set. The 
reproducibility limit is represented by: 

Reproducibility = 2.11 J[<T] +<JI+ <J]XO + '^l] 

2 2 where C^ is the test set variance, C^ is the operator 

variance, C^^^ is the variance of the test set by operator 

interaction and  CT^   is the error variance.    Unlike the 

repeatability limit, which remained fairly constant across 
the range of gain values measured, the reproducibility 
limit was found to increase significantly with increased 
gain value (p = 0.0013); reproducibility limits for the 20 
oculars ranged between 7.5% and 10.5% of the measured 
gain average. The reproducibility limit of an individual 
gain measurement is represented by: 

Reproducibility limit 
— 186 + 5.6% of the gain measurement. 

434 



Discussion 
While the repeatability and reproducibility limits do not 
give us an estimate of the accuracy of the gain 
measurement, they do allow us to calculate a range within 
which 95% of all differences between pairs of 
measurements can be expected to fall. For example, if our 
first measurement of an NVG ocular indicates a gain of 
5800, then we can calculate the repeatability limit by: 
5800 + 240 and 5800 - 240. This tells us that 95% of all 
second readings of that ocular by the same operator using 
the same test set within a 24 hour period can be expected 
to fall between 5560 and 6040. Likewise, we can 
calculate a reproducibility limit by: 186 + 0.056 * 5800 = 
510,8. This tells us that 95% of all second readings by a 
different operator using a different test set can be expected 
to fall between 5289 and 6311. 

Differences due to operatore were much smaller than 
dififerences due to test sets. The gain values for test sets 
varied between an average of 5512 for test set 8 to an 
average of 5967 for test set 7. This is a range of 455. The 
average gain values for operators varied between 5765 for 
operator A and 5806 for operator C; this is a range of only 
41. Thus, the range of values due to test sets is an order 
of magnitude greater than that due to operators. The 
highly trained operators appear to be responsible for 
relatively Uttle of the variability in the gain measurements. 

Difficulties encountered with test set 9 indicate that the 
test sets should be checked for proper fimctioning between 
routine calibrations. The ANV-126 users' manual should 
be consulted for the probe check procedure. 

OBJECTIVE 2 
There has been concern expressed by NVG researchers 
and operators that a large gain ratio (higher gain/lower 
gain) between the left and right NVG oculars may cause 
problems during NVG operations. Some evidence 
suggests that large gain ratios (greater that 1.5) imy cause 
binocular rivahy and illusions of depth perception related 
to the Pulfiich Phenomenon (PulMch, 1922). There is 
currently no specification regarding gain ratio for NVGs. 
The purpose of this phase of the gain testing was to assess 
the extent of the problem. Gain ratios for a large 
population of NVGs were measured at Hurlburt Field, FL 
on 19 November 1996. 

It is assumed that the binocular gain ratio (the gain of the 
NVG ocular with the highest gain to the gain of the other 
ocular) in the linear gain region is a reasonably accurate 
estimate of the binocular luminance ratio one might 
expect firom an NVG. With this assun^tion, it is desirable 

to establish a maximum allowed binocular gain ratio to 
ensure that the luminance difference in the two channels 
of the NVGs will not be objectionable to the NVG user. 
In addition, it is desirable to measure the binocular 
luminance ratio of the NVGs when the tubes are in the 
ABC mode since this may be significantly different from 
the ratio obtained in the linear region. Again, the reason 
for this is to ensure binocular luminance compatibility. A 
separate study will determine what maximum allowed 
binocular gam ratio and ABC mode luminance ratio 
should be established. The purpose of this activity was to 
determine what levels of binocular luminance disparity 
exist in currently fielded NVGs. This activity had aheady 
been partially accomplished by Air Force Special 
Operations Command (AFSOC) which had collected gam 
date on 252 NVGs operating in the linear gain region. 
Table 1 is a summary of these data reduced to show 
binocular gain ratios: More than 97% of these NVGs had 
a gain ratio of 1.28 or less indicating the NVGs are 
reasonably well balanced in gain between right and left 
channels. These same data are shown in graphic form in 
Figure 1. 

Table 1. Sumnarv of AFSOC data for 252 NVGs 
showing percentage of NVGs achieving different levels of 
binocidar »ain ratios. 

Gain Ratio % of NVGs 
1.04 19.4 
1.08 37.7 
1.12 55.6 
1.16 77.8 
1.20 89.3 
1.24 92.9 
1,28 97.2 
1.32 97.6 
1.36 98.8 
1.40 99,2 
1.44 99,6 

Operators. The operators were three of the five scientists 
from Armstrong Laboratory (AL/HRA) who took part in 
the Objective 1 testing. 

Test Sets. The test sets were 3 of die 9 Model ANV-126 
Night Vision Device Test Sets for Ground Support 
Maintenance that were used for Objective 1. These test 
sets were identified as test sets 1,2 and 3. 

NVGs. Fifty-nine Model F-4949D NVGs were tested. 
These included Uxe 10 NVGs used for the Objective 1 
testing. 
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Percent of NVGs vs Binocular Gain Ratio 
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Figure 1. AFSOC gain data showing percent of NVGs achieving various levels of binocular gain ratio. Only one NVG 
exceeded a ratio of 1.50 (it was 1.57). 

Procedure. Each NVG was measured according to the 
procedures used to measure gain from the phase I testing. 
However, after gain was measured at an input illumination 
of 0.1 X 10'^ fL, the input level was increased to the 
maximum provided by the test set (approximately 1.4 X 
10"^ fL). The illumination level placed the NVG in the 
automatic briUiance control (ABC) operating mode. Gain 
then was measured from each ocular under ABC 
conditions. 

Results 
The data were analyzed in a fashion similar to that shown 
in Table 1 and Figure 1. The results of the ratio 
measurements are shown in Table 2 and Figure 2 for the 
linear region and the ABC region. The results, in the 
linear region, revealed that only one NVG (s/n 3781 gain 
ratio = 1.72) had a gain ratio higher than 1.5. The average 
gain ratio was 1.11. In the ABC region, no NVGs had a 
gain ratio higher than 1.5, with the highest being 1.22 and 
the average being 1.06. 

Repeatability and Reproducibilitv of Ratios.   In a similar 
manner as described above, the repeatability and 
reproducibility of the NVG gain ratio between oculars was 
calculated. The repeatability limits (same operator, same 
test set) for gain ratio measurement can be calculated by: 

Repeatability limit 
= -0.037 +6.4% of the gain ratio. 

Similarly, the reproducibility limits (different operator, 
different test set) can be calculated by: 

Reproducibility limit 
= -0.064 + 13.4% of the gain ratio. 

Discussion 
These data permit a practical decision on establishing an 
acceptable level of binocular luminance disparity until 
data is available from other studies to determine if the 
interim binocular ratio should be changed (increased or 
decreased) based on visual performance and acceptance. 
Given the fact that many thousands of NVGs are currently 
fielded without significant user complaints regarding 
luminance disparity it is probable that the vast majority of 
these NVGs are in an acceptable binocular disparity 
range. The AFSOC data indicates that more than 97 
percent of the NVGs they tested were at or below the 
binocular gain ratio of 1.3 which was the maximimi level 
of disparity recommended in the Boeing Handbook for 
Equipment Design (Farrell and Booth, 1984). More than 
93 percent of those tested in the current evaluation were at 
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or below 1.3 in the linear region and all were below 1.3 in 
the ABC region. 

..———       == 
Gain Ratio Linear-#NVGs Linear - Cum % ABC - #NVGs ABC-Cum % 

1.00 0 0 0 0 
1.04 15 25.4 30 50.8 
1.08 32 54.2 48 81.4 
1.12 44 74.6 52 88.1 
1.16 49 83.1 53 89.8 
1.20 51 86.4 56 94.9 
1.24 54 91.5 59 100 
1.28 55 93.2 59 100 
1.32 56 94.9 59 100 
1.36 56 94.9 59 100 
1.40 56 94.9 59 100 
1.44 57 96.6 59 100 

Binocular Gain Ratio - Hurlburt Data (59 NVGs) 

Gain i^tio (max/min) 

Figure 2. Results of gain ratio measurements of 59 NVGs in the linear and ABC regiom. 

As was discussed above for gain measuremente, 
repeatability and reproducibility can be calculated for the 
measured gain ratio of a particular NVG. If, for example 
the measured gain ratio is 1.11, Ae repeatabiUty can be 
calculated by: -0.037 + 0.064 * 1.11 = 0.034. Therefore, 
95% of all differences between measurements of this 
NVG by the same operator vsing the same test set within a 
short period of time coidd be expected to fall between 
1.076 and 1.144.   Sunilarly, the reproducibility can be 

calculated by: -0.064 + .134 * 1.11 = 0.085. Therefore, 
95% of all differences in the ratio measurenKnt of this 
NVG by a different operator using a different test set 
could be expected to fall between 1.025 and 1.195. 

CONCLUSIONS 
The repeatabiUty (same test set, same operator) and 
reproducibility (different test set, different operator) of 
gain measurements using the Hoffinan 126 test device 
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have been quantified. These values should be usefiil to 
the operational units in setting limits for the 
acceptance/rejection of NVGs. However, this does not 
erase all uncertainty from the NVG acceptance/rejection 
question. Assume, for example, that the criterion for 
acceptance were gain equal to or greater than 5000. Table 
3 gives the reproducibility limit and reproducibility range 
for several gain values around 5000. As we can see from 
the table, gain values between 4600 and 5400 resuh in 
uncertainty, as the reproducibility range spans both the 
unacceptable and acceptable regions. NVGs which test in 
this range may require fiuther evaluation. However, we 
can feel confident that, for a criterion of 5000, NVGs 
which test below 4500 should be rejected and those which 
test above 5500 should be accepted. 

Table 3. Reproducibilitv Limits and Ranges for a 
Selected Set of Gain Values 

Gain Meas Repro Limit Repro Range 
5500 494 5006 - 5994 
5400 488 4912-5888 
5000 466 4534 - 5466 
4600 443 4157 - 5043 
4500 498 4062 - 4938 

most of the NVGs tested did not exceed 1.5 in either the 
linear or the ABC region of operation.   This fmding was 
consistent with the fact that no NVGs were identified at 
Hurlburt Field as being regularly shunned by aircrew. 
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ABSTRACT 
Visible defects in night vision device (NVD) images, 
arising from image intensifier (I') tube defects and dirt on 
the device's optics, can become more than cosmetic 
blemishes. They can act as visual distractions and may 
be large enough to mask critical information pilots need 
to conduct normal night vision operations. This paper is 
concerned with the assessment of NVD dark spots. 
Current methods of assessing dark spots examine only the 
image intensifier tube, ignoring spots due to dirt and dust 
introduced during night vision device assembly. Current 
methods are limited in the size of spot that can be counted 
and do not address the issue of spot contrast. This paper 
discusses a photographic method for classifying, locating, 
and counting dark spots in an assembled night vision 
device. 

Also documented in this paper is an experiment to 
determine an observer's ability to classify round dark 
spots, conducted as part of an effort to determine the 
accuracy of the photographic test procedure. To quantify 
the defects, they were classified by size and then counted 
Inspectors used a comparison key as* an aid in 
categorizing dots by size. The defect specification should 
not exceed the classifiers' visual discrimination 
capabilities. This study directly examined the dot size 
classification performance of observers using dots of 3, 4, 
and 6 minutes of arc (MOA) in diameter. 

INTRODUCTION 
A dark spot is anything appearing dark to an observer 
viewing the output of an I^ tube with the input illuminated 
by a uniform light. Dark spot defects can be caused by 
photocathode bums, broken or contaminated (blocked) 
fibers in the fiber optic twister, bad channels in the 
microchannel plate, phosphor bums, or dust on the 
outside surfaces of the I^ tube. These defects manifest 
themselves as black spote of varying sizes and can be 
located anywhere in the field of view. Centrally located 
black spots may have a greater deleterious affect on the 
observer's visual perfornance than do those located in the 
periphery due to the importance of foveal vision [Ronchi, 
1957]. 

Not all blemishes appear perfectly black. An obstraction 

imide the I" tube's fiber optic twister might appear gray 
but could still obscure valuable visual information, 
especially in dim light. For the purposes of these tests, a 
minimum contrast, C (as defined by Equation 1), of 30 
percent was adopted. Blemishes exceeding a contrast of 
30 percent were counted as a dark spot [MIL-I- 
49428(CR)]. In Equation 1, L, and £, are the luminance 
of the bright background and the luminance of the dark 
spot respectively. 

c= (1) 

For years, pilots and aircrew members experienced in 
NVD operations have known that dark spots in the NVD 
field of view were distracting. In response, as part of a 
program to develop an ejection compatible NVD for the 
U.S. Air Force, an effort was started to improve NVD 
image quality by significantly reducing the number and 
size of blemishes, or dark spots, in the NVD field of view. 
Available dark spot specifications, such as those for the 
Army's Aviator's Night Vision Imaging System (ANVIS) 
and the Navy's Cat's Eyes NVD were considered too 
loose. Older specifications called for 10.3 MOA spots as 
the smallest to be graded [MIL-I-49428(CR)]. New 
requirements necessitated the measurement of spots as 
small as 3 MOA [F33657-91-R-0045]. 

Classifying and counting dark spots of this size is difficult 
using current methods. The diameters of countable spots 
were considerably smaller than previously required for 
any NVD. Initial efforts at spot measuremente used a ten- 
power (lOX) microscope to directly view the image 
intensifier tube output [MIL-I-49428(CR)]. The 
magnification was low enough to allow an observer to 
view the entire tube output all at once and made for quick 
tube examinations. Unfortunately, it was difficult to use 
this method to quantify the small blemishes countable 
under the new dark spot requirement nor could it account 
for (krk spots due to dirt infroduced during NVD 
assembly. Increasing the microscope magnification 
improved the sensitivity of the procedure, but this 
approach was limited by the luminance output of the I^ 
tube. Also, the observer could no longer view the entire 
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tube output, significantly slowing the process and 
reducing their ability to accurately catalogue a spot's 
location. 

Figure 1. Current dark spot target design. 

To overcome the disadvantages of current dark spot tests, 
a new procedure was developed, involving photographing 
the NVD output under lighting controlled to yield the best 
photographs. Then, a trained observer would examine the 
photographs to catalogue the size and zone of tube 
blemishes. 

Dark Spot Photography 
This experiment was conducted in a room with light 
control capable of complete darkness. Before attempting 
the assembly and positioning of the required equipment, 
the eyepiece lenses of the NVD and the data acquisition 
camera were focused to optical infinity. The camera lens 
was also set to infinity by focusing on a sufficiently 
distant object. 

With the room lights on, the Dark Spot Target (see Figure 
1) was positioned against a wall, perpendicular to the 
optical axis of the NVD under test. The minimum target 
dimensions were calculated using trigonometry and based 
on testing a 40-degree field-of-view NVD at a testing 
distance of 5 feet (60 inches) fi^om the NVD objective 
lens. Zone diameters were also calculated using 
trigonometry. Zone 1 was a 5 degree radius circle 
centered in the NVD field of view. Zone 2 was an 
annulus having an inner radius of 5 degrees and an outer 
radius of 13 degrees. Zone 3 encompassed everything 
outside of the 13 degree radius circle. The target was 
plotted on white paper with lines one eighth of an inch 
thick, subtending about 7 MOA (Figure 1) and mounted 

to white foam-core board. Small marks were added to 
horizontal and vertical lines through the outer zone at 1 
degree intervals, to aid NVD alignment. 

The test NVD was then positioned using its helmet mount 
and other optomechanical parts on a tripod such that the 
test ocular was five feet fi-om the target and roughly 
centered on the target at the same height as the target 
center. A Nikon 35 mm single lens reflex camera with a 
28 mm focal length vwde-field-of-view Nikon lens was 
then mounted to another tripod and placed in position 
behind the test NVD. 

Next, a lamp was fitted with a 7.5 Watt fi-osted 
incandescent light bulb and attached to an aluminum rail, 
which was bolted to a photographic tripod. A mask was 
placed over the lamp housing to reduce the lamp to a 31 
mm diameter source. An 8 X 10 inch, one quarter inch 
thick Plexiglas piece was fixed to the end of the rail, 
perpendicular to a line fi-om the lamp to the center of the 
target. Light shaping filters were held by their edges to 
the Plexiglas sheet with cellophane tape. Then, the 
distance between the lamp and the fiher was adjusted to 
closely match the filter's design distance. The lamp and 
filter were positioned slightly behind, above and off to 
one side of the camera such that the camera did not cast a 
shadow into the test NVD's field of view. 

Light Shaping Filter 
Several characteristics of the NVD output make 
photography difficult. The I^ tube itself inherently has a 
three to one center to edge luminance falloff (see Figure 
2) making the center of the NVD image much brighter 
than the edge. This effect is not very noticeable to an 
observer due to the human eye's logarithmic luminance 
response [Cornsweet, 1970]. However, it is much easier 
to capture this luminance falloff on film. This undesirable 
phenomenon can mask the desired information printed on 
a photograph. 

Another phenomenon that hinders NVD photography is 
the illumination of the target. Theoretically, if a 
Lambertian extended light source is used to illuminate the 
entire target, a "Cosine-to-the-Fourth" luminance falloff 
would be seen on the target [Dereniak, 1984]. This is 
noticeable because of the size of target required to fill the 
entire NVD field of view. 

To overcome the effects of these phenomena, a filter 
exhibiting non-uniform absorption was used to alter the 
illumination falling on the target. To design the lamp 
filter, the two falloffs were normalized and multiplied 
together as a fiinction of angle, labeled "Total Falloff in 
Figure 2. Filter transmissivity would have to have the 
inverse profile with large attenuation in the center and 
gradually decreasing towards the edges of the target, as 
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shown in Figure 3, The scale in Figure 3 was nonnalized 
based on the light passed throu^ the center equaling 
unity. Filters were generated using a computer drawing 
package and printed onto overhead transparency material 
using a laser printer. 

Figure 2. NVD luminance falloff. 

Figure 3. Theoretical lamp filter profile. 

The next step was to illuminate the target with the non- 
uniform light source. After alignment of the NVD and 
camera, the limiinance profile on the target was measured 
usmg a low light photometer. Overall luminance could be 
adjusted by changing the distance separatmg the lamp and 
the filter. Normally, data photos were token with a target 
luminance profile of approximately full moon (2.0X10-2 
foot-Lamberts(fL)) in the center and approximately three 
times fall moon (6.5X10-2 fL) near the edge of the field 
of view. While this was not the profile required for 
perfectly uniform photographs, it did, however, prove 
adequate. 

Fine alignment began with the room lights turned off and 
the filtered lamp turned on, illuminating the target. The 
NVD was turned on and focused on the target using the 
NVD objective lens. Next, the target was centered in the 
field of view by adjustmg the height and tilt of the 
NVD/camera combination. Fmal alignment and centering 
were performed by counting the hash marks between the 

Zone 2 circle and the edge of the NVD field of view. The 
NVD and camera were centered on the target when an 
equal number of marks were counted to left and right, 
above and below the Zone 2 circle. 

X 

Spot AnalySisC; 
Figure 4. Equipment setup. 

Photography and Processing 
The fihn used was Kodak Technical Pan 2415, black and 
white, fine-grain with an ASA of 25. It was well suited 
for NVD dark spot photography because it was capable of 
very high-resolution photographs due to its fine grain 
size. The photos were then taken using a series of 
exposure times ranging fi-om 0.25 to 8 seconds at f 5.6. 
Exposure times of one or two seconds yielded the best 
data. Computer generated contrast templates (see Figure 
4) were then placed on the wall target in four places and 
photographed at the same f-number and exposure times as 
the dark spot date. These contrast reference photos were 
used later to determine if a spot in a date photo can be 
counted, exceeding the 30 percent contr^t limit, or 
ignored. The film developing procedure required 1 to 1.5 
minutes in Dektol developer, 4 minutes in fixer solution, 
and then rinsed for 8 minutes. 

Data photographs were then enlarged and printed using a 
common printing process. To review the date, full 8 X 10 
inch prints were made first. The best fi^mes were chosen 
for the left and right oculars and then reprinted on 11 X 
14 inch paper for analysis. 

Template Design 
To analyze the 11 X 14 inch photos, a transparency 
overlay was created based on large target details easily 
processed by the combination of test NVD, the camera, 
and the developing and printing processes. First, the 
diameters of the circles dividing Zone 1 from Zone 2 and 
Zone 2 from Zone 3 on the data photograph under 
analysis were measured. A convereion factor, in MOA 
per inch, was then calculated by dividing the number of 
arc minutes the zone subtended by the zone diameter. 
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This yielded two conversion factors per photograph, 
which were averaged to get a single conversion factor for 
the entire photograph. This factor was then used to 
determine the diameter of the spots on the spot template 
for the corresponding categories of spot sizes. 

Spots of the appropriate diameters were printed using a 
laser printer, reduced on a photocopier, and then printed 
on overhead transparency film. The spots on the 
completed overlay transparency were then measured 
under a microscope to verify their size. 

Figure 5 shows an example of the spot reference template. 
The template used pairs of spots to defme the different 
categories into which dark spots may fall. Sets of spot 
pairs were grouped for use in the different zones, 
speeding the data reduction process by eliminating the 
need to hunt for the proper spot sizes of a given 
classification and a given zone. 

Zone 1 

3 •        #4 

4*  m6 

em m9 

Zone 2 

6 

19 

Figure 5. Spot pau-s for dark spot classification. 

Data and Analysis 
After printing the reference spot overlay, analysis could 
begin. The photographic process yielded photos like 
Figure 6. The examinafion started in Zone 1 and 
gradually proceeded through the other zones, working 
clockwise. Only spots that were defmitely large enough 
were examined fiuther. Spots of marginal size were not 
counted. If a spot was considered large enough to count, 
its contrast was visually checked against the contrast 
reference photos. Spots that appeared grayer than the 30 
percent contrast area on the reference photo were not 
counted. Spots near 30 percent but still of questionable 
contrast were also ignored. Only spots that were 
defmitely large enough and dark enough to exceed the 30 
percent contrast threshold were counted. Blemishes on 
the photos that were considered dark spots were then 
circled. Once the examination was completed, the 
examiner would have a photo with all the counted spots 
circled and a table of the number of spots that fell into 
each category in each zone. 

SPOT CLASSIFICATION STUDY 
Early dark spot specifications employed large 
classification ranges [MIL-I-49428(CR)]. This was 
primarily due to the belief that manufacturers could not 
fabricate f tubes with smaller spots and that observers 

could not classify spot sizes with great precision. With 
the new set of image quality requirements [F33657-91-R- 
0045], allowable spots and bin sizes became smaller by 
about a factor of three, which raised a question about 
classification precision. A study was undertaken to help 
establish spot classification judgement criterion based on 
observers' visual capabilities. The results also can be 
applied to other spot size judgement tasks that use this 
range of size. 

Figure 6. Example data photograph. 

PROCEDURE 
Ten trained observers (three women and seven men) 
participated in the spot classification study. All had normal 
distance vision correctable to 20/20 Snellen acuity without 
astigmatism. The observers were placed in a well-lighted 
room and were presented a series of high contrast targets, 
round, black spots on white backgrounds. Three, four, and 
six MOA dot sizes were used as references against which 
test dots were judged to be either larger or smaller. The test 
dots were mounted to white foam-core board to facilitate 
handling during the experiment. An 8 by 8 foot piece of 
white foam-core was used as the stimulus surround and a 
small ledge held the dots near the center. All targets were 
viewed at a distance of 100 feet. The white background was 
11.6 fL and the contrast (Michelson, Equation 1) of all dots 
was 0.88. 

Each trial consisted of the observer viewing a pair of dots; a 
reference standard dot and a test dot. The 48 dot pairs (a 3, 
4, or 6 minute reference with one of 16 test dots), positions 
(reference on left or right), and repetitions (six per 
condition) were randomly presented in a within-subjects 
design. For ten observers, this yielded 2880 data points per 
reference dot size. 
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An observer was seated 100 feet from the dote. While their 
eyes were covered, a reference and a test dot were placed on 
the holder. The observer was then asked to view the pair 
and state which dot was smaller, tiien close their eyes while 
the next pair was set up for viewing. 

RESULTS 
This study showed that human evaluators could 
reasonably accurately classify small spots as being larger 
or smaller than a reference. Figures 7, 8, and 9 show the 
mean correct spot size classification as a function of the 
size difference (in tenths of a MOA) between a reference 
(center values 3,4, and 6 MOA) and a test dot. Observers 
exhibited 100 percent accuracy in classifying test dots 
when the difference was at least 0.4 MOA for all spot 
standards tested. It should be noted that the data were 
asymmetrical about their respective standards. One 
would not expect any significant difference when 
comparing larger or smaller dot sizes to the standard. To 
Anther simpUfy analysis, the data were folded about the 
standard. From these combined data the ranges for 95 
and 99 percent probability of correct classification were 
interpolated. Tables 1 & 2 show these interpolated range 
values for the three standards in MOA and as a 
percentage. 

Table 1. Errors based on the 95 percent probability of a 
correct classification. 

Reference 
(MOA) 

Error Bounds 
(± MOA) 

Error Bounds 
(± Percent) 

3 0.182 6 
4 0.190 5 
6 0.194 3 

Table 2. Errors based on the 99 percent probability of a 
correct classification. 

Reference 
(MOA) 

Error Bounds 
(+MOA) 

Error Bounds 
(+ Percent) 

3 0.290 9 
4 0.276 6 
6 0.370 6 

DISCUSSION AND CONCLUSIONS 
Older dark spot test methods could not quantify the image 
qualify of new f tubes. The photographic method 
dociunented in this report achieved tiie required 
sensitivify and accuracy. Experimentation showed that 
human evaluation of photographic dark spot data was 
viable and reasonably accurate. Observere achieved a 99 
percent classification accuracy for spots at least ± 9 
percent different than a given standard size. For larger 
reference spots, error as a percentage of the reference 
decreased with spot size. 
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Figure 7. Mean percent correct classification for a 3 MOA 
reference. 
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Figure 8. Mean percent correct classification for a 4 MOA 
reference. 
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Figure 9. Mean percent correct classification for a 6 MOA 
reference. 

This indicated several things. First, spot ctosification 
specifications could be more stringent that originally 
thought. Bin sizes could be made narrower due to 
relatively high precision in cl^sification. Also, 
increasing the magnification m the printing process for 
Dark Spot Photos could decrease errors m photographic 
spot classification. 
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ABSTRACT 
An advanced night vision device, the Panoramic Night 
Vision Goggle (PNVG), presents the wearer with a large 
horizontal field of view (100 degrees) by combining the 
output from multiple image intensifier tubes. This 
significantly complicates the testing and evaluation of 
this state-of-the-art device. Current tests were 
considered insufficient and required modification to fully 
characterize conventional night vision device 
parameters. In addition, new tests were required to 
characterize parameters unique to the current PNVG 
design. This paper discusses the optical performance 
testing of the PNVG, concentrating primarily on four 
night-vision-device parameters: field of view, visual 
acuity, eyepiece diopter setting, and image discontinuity. 

INTRODUCTION AND BACKGROUND 
Night vision goggles (NVGs) have become a key 
technology for covert military and law enforcement 
operations at night in both fixed wing and rotary wing 
aircraft. With the success of NVG technolo^ came a 
flood of NVGs in different configurations designed to 
improve their characteristics and usefulness. In order to 
evaluate these different NVG designs it was seen as 
desirable to have a collection of measurement procedures 
capable of characterizing new systems and acquiring data 
necessary for critical comparisons. Much work was done 
in the early 1990's to design and document tests used to 
characterize conventional NVGs. However, depending 
on the design of the NVG (folded optics, offset 
input/output axes, eyepiece combiners, etc.) some of the 
procedures become more difficult to apply. 

One such system that required unique tests to fully 
characterize its capabilities was the Panoramic Night 
Vision Goggle, or PNVG. This design combines the 
outputs from four image intensifier tubes into one 
continuous image, providing the wearer an unusually 
large (100 degrees horizontal, 40 degrees vertical) field 
of view. The PNVG comes in two basic designs, the 
PNVG 1 and PNVG II. The first and more exotic PNVG 

I liberally incorporates folds into the imaging optics to 
achieve a design that fits close to the wearer's face and is 
ejection compatible. PNVG II is a more conventional, 
less folded design, intended to be less expensive and to 
interface with existing AN/AVS-6 NVG hardware for 
use on platforms that do not require ejection 
compatibility. 

While many of the procedures documented earlier could 
be applied to the PNVG, some could not. This paper 
documents the procedures specifically designed for the 
PNVG to measure field of view, halo diameter, visual 
acuity, eyepiece diopter setting, and image discontinuity. 
In addition this paper documents some of the results of 
these and other optical tests conducted on several PNVG 
prototypes. 

MEASUREMENT PROCEDURES 
Field of View 
The most significant parameter associated with the 
PNVGs is probably the total field of view (TFOV) since 
the objective of the PNVG program was to provide the 
pilot with significantly more TFOV than existing fielded 
systems. However, the field of view of PNVG is 
somewhat complicated because of the way it is achieved. 

There are a total of 4 oculars that are aimed in 3 different 
directions. The center two oculars are pointed directly 
ahead. The left and right outboard channels have their 
optical axes pointing 30 degrees to the left and right of 
the center channels respectively. Each ocular is designed 
to provide a 40 degree circular field of view; although 
the full 40 degree FOV of each ocular may not be visible 
to the observer because of eye position. This 
combination of ocular axes and the interaction of visible 
FOV with eye position makes it somewhat difficult to 
easily characterize field of view. 

Two approaches were taken to characterize the PNVG's 
total field of view. The first method was simply to verily 
that the PNVG's total field of view was at least 100 

445 



degrees (all except one of the PNVGs demonstrated this 
total field of view) and the other method was designed to 
directly measure the individual ocular FOVs and the 
angular locations of their FOVs with respect to the right, 
in-board ocular, which was used as a reference channel. 

To conduct the first test, the PNVG was fixed to a bench 
and placed a known distance from a wall. Two small 
marks were made on the wall a distance from each other 
that subtended 100 degrees from the position of the 
PNVG on the bench, 50 degrees off to each side of the 
test goggle (see Figure 1). If both marks were visible, 
then the PNVG field of view was at least 100 degrees. 
This test was sufficient to determine if the requirement of 
the wide, 100-degree, field of view was met. 

a= M 
\ / 

\ / 

\ / 

\ 
\ O 

/ 

Figure 1. Relative position of LEDs for the assessment 
of field of view. 

Table 1. Field angles for center, left edge, and right edge 
of PNVG oculars. 
Ocular Left Edge Center Right Edge 
Right In-board -20 deg Odeg +20 deg 
Left In-board -20 0 +20 
Right Out-board +10 +30 +50 
Left Out-board -10 -30 -50 

A similar approach was used for the second FOV test in 
that the right channel objective lens of the PNVG was 
positioned a known distance from a long horizontal rail. 
Two red LEDs were positioned a distance to either side 
of the center point corresponding to ± 20 degrees. The 
observer then viewed through the right central channel 
only and adjusted the position of the PNVG until the two 
red LEDs were visible at the right and left edges of the 
FOV. The PNVG was then kept in this position for all of 
the following measurements. While observing through 
the left ocular only, and moving the eye if necessary, the 
LEDs were then positioned at the left and right 
boundaries of the left ocular field of view. If the PNVG 
was perfectly aligned and the oculars were exactly 40 
degrees, the position of the LEDs would shift to the left 
by the observer's inter-pupillary distance. By knowing 
the edges of the left ocular field of view, it is possible to 
determine where the center of the left ocular FOV is 

directed. The edges of the left and right outboard ocular 
FOVs were measured in a similar fashion and their field 
angles with respect to the right ocular axis were 
determined and compared to what they should be. If the 
PNVG were perfectly assembled the field angles for the 
different oculars should be as shown in Table 1. 

Visual Acuity 
This procedure was designed to measure how well a 
human observer could see high contrast targets at a 
specified light level through the PNVG. 

High contrast, square-wave acuity targets were used as 
the visual acuity opto-types. These square-wave targets 
were in steps of one Snellen acuity point (e.g. 20/24, 
20/25, 20/26, etc). The test PNVG was fixed to a bench 
at a distance of 30 feet from the acuity targets. The 
observer was then allowed to dark adapt for about 10 
minutes. An illuminator with a color temperature of 
2856K was used to light the target acuity targets to a 
luminance level corresponding to quarter moon 
illumination (5x10"^ foot-Lamberts (fL) and starlight 
only illumination (5x10"'* fL). The observer then focused 
the test PNVG objective lenses (central only; outboard 
objective lenses were fixed focus for these PNVGs) on 
the square wave acuity target. A technician then 
prompted the observer to read the chart, first through 
each channel of the NVG using their dominant eye, and 
then through both oculars using both eyes (binocular 
vision). The target with the highest spatial frequency the 
subject could clearly see was then recorded. This 
procedure was repeated three times per observer. 

Hs^G 

-=           30fi              r ± 
Figure 2. Relative position of equipment for visual 

acuity measurements. 

Three trained observers familiar with the operation of the 
test PNVG having 20/20 vision or vision corrected to 
20/20 and no astigmatism were used. Each observer 
viewed through each ocular 3 times selecting the highest 
spatial frequency pattern that could be resolved. These 
three readings were averaged across the three observers 
for each ocular of each of the PNVGs measured to obtain 
a final "visual acuity" value through the PNVG oculars. 
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Figure 3. Measurement of eyepiece focus. 

Eyepiece Focus 
The current PNVG design features a fixed focus 
eyepiece. In order to improve observer visual 
performance, the manufacturer set the eyepiece to ^.75 
diopters. Ehie to the optical complexify of the PNVG, it 
was considered necessary to verify this using a 
diopterecope. To do this, an activated PNVG was fixed 
to a bench and focused into collimated light source that 
projected an image of a grid. Once acceptable image of 
the grid was achieved, a calibrated, eight power 
diopterscope was used to measure eyepiece diopter 
setting by focusing the scope through the NVG eyepiece 
onto the grid. The diopter setting was then read directly 
from the diopterecope. This was repeated three times for 
each eyepiece and averaged. 

Figure 4. Relative positions of charts used in the 
assessment of image discontinuity 

Image Discontinuity 
Extending a night vision device's horizontal field of 
view by combining the output of multiple image 
intensifier tubes creates the possibility of image overlap 
errore arising from poor alignment of the optical system. 
These errors can be the result of excessive overlap of the 
adjacent fields of view, gaps in coverage in the 
observer's field of view, image discontinuities, or shifts, 
as objects move between the adjacent fields of view. 
This procedure is designed to visually assess and 
measure these defects by unaging a grid through a night 

vision device and comparing the defects to the size of 
grid features. 

To start, the test NVG was placed in a mount that was 
firmly fixed to a test bench a known distance in front of a 
focusing target. A large grid was then position at the 
edge of the cenfral ocular's field of view and oriented 
such that the plane of the grid was perpendicular to a line 
from the grid to the test NVG. Then the grid was 
observed through the NVG from the proper eye position. 
The technician would then describe the grid in terms of 
grid features that would appear or not appear in the field 
of view of the central and outboard ocular and determine 
the magnitude of the continuity errora. 

This technique can be used to quantify image 
discontinuities if the angular size of the grid elements is 
known. The size of one grid square could be calculated 
using trigonometry once the separation between the lines 
of the grid and the distance between the test goggle and 
the grid were measured. 

An alternative method of capturing the image 
discontinuities between central and outboard channels 
was developed using photography. The PNVGs were 
mounted and positioned a known distance from a large (8 
ft by 8 fl.), back-illimiinated grid board with lines spaced 
8 inches apart. With the room lights off and the grid 
board lighting set to a very low level both the in-board 
and out-board ocular FOVs were photographed using a 
camera with a wide angle lens (see Figure 5). 

Figure 5. Geometric arrangement to photograph both the 
left central and outboard oculars of a PNVG 11. 

From the distance to the grid board and the grid board 
line spacing it was possible to calculate the angular 
subtense of each of the 8-inch grid squares. Using this 
information and the photograph obtained using the 
Figure 5 set-up it was possible to quantitatively assess 
image discontinuity. 
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Ideally, the angular size of a grid square should be small, 
on the order of a few milliradians. However, it is 
important to choose a grid size and grid line thickness 
that the NVG under test can image. This test should be 
conducted using distances of 30 feet or longer if any of 
the NVG objective lenses are fixed and focused at 
infinity in order to minimize errors due to the inherent 
misfocus common in infinity focused NVG lenses when 
tested at distances shorter than "infinity." 

Gain 
The gain of an NVG is an assessment of its ability to 
amplify available light. For the PNVG, gain was 
measured using a Hoffinan ANV-120. This device was 
used to implement a test outlined in earlier documents 
[Task, 1993] in which the luminance output of the NVG 
is measured and compared to the luminance input to the 
NVG from a spatially large, Lambertian, 2856K black 
body source. Gain is calculated simply by dividing the 
luminance output by the luminance input. 

Maximum Output Luminance 
The maximum output luminance of an NVG is an 
assessment of the maximum brightness an NVG can 
produce when presented with a uniformly bright input. 
For the PNVG, this was measured by using a Hoffinan 
ANV-120 to implement a test outlined in earlier 
documents [Task, 1993] in which the luminance from a 
Lambertian, 2856K black body source is increased to a 
level where the NVG output cannot become brighter. 

Eye Relief 
This procedure is to measure the physical distance 
separating the last optical surface of the NVG eyepiece 
and the front surface of the user's cornea. For the PNVG, 
eye relief was measured using a test outlined in earlier 
documents [Task, 1993] in which a video camera was 
used to monitor the collapse of field of view as a 
function of distance. This method normally required the 
technician to monitor all edges of the collapsing field of 
view. However, only the top and bottom of the PNVG 
oculars were monitored since the individual fields of 
view were not perfectly round. 

RESULTS 
Over the course of several months, eleven PNVG 
systems were characterized to some degree at 
AFRL/HECV. Unfortunately, due to the limited 
availability of the PNVG prototypes, not all tests were 
performed on all systems. Far more data were collected 
than presented here. The following is a summary of the 
data collected between January and May 1999 on four 
systems. Only a representative sample of data from some 
of what are considered the more important tests and the 
tests documented in this paper appears below. For 
comparison purposes, similar data collected from an 

AN/AVS-9, F4949 D in 1995, when the goggle was new, 
was also provided. 

Field of View Results 
Table 2. Field of view PNVG I and PNVG II. 

PNVG I Left Edge Center Right Edge 
Right Central -17.6 deg 0.3 deg 18.2 deg 
Left Central -23.3 -4.5 14.3 
Right Outboard 14.2 33.2 52.1 
Left Outboard -13.1 -32.7 -52.3 
PNVG II 
Right Central -18.2 2.0 22.2 
Left Central -20.1 0.0 20.1 
Right Outboard 12.5 32.3 52.2 
Left Outboard -11.9 -32.3 -52.7 

One should note that while that each of the F 4949 
oculars is as large or larger that any individual PNVG 
ocular, the total PNVG field of view (105 degrees) is far 
larger than that of the F 4949 (40 degrees). This is the 
benefit of the PNVG's additional, non-overlapping 
outboard channels. 

Visual Acuity Results 
Table 3. Acuity   Moon. 
Conf., 
S/N 

Left 
Out. 

Left 
Cent. 

Both Right 
Cent. 

Right 
Out. 

1,05 20/33 20/30 20/29 20/34 20/30 
2,01 20/33 20/33 20/32 20/31 20/32 
4,02 20/36 20/27 20/26 20/27 20/34 
5,01 20/42 20/28 20/27 20/29 20/34 
F4949 20/26 20/26 20/26 

Table 4. Acuity Starlight. 
Conf, 
S/N 

Left 
Out. 

Left 
Cent. 

Both Right 
Cent. 

Right 
Out. 

1,05 20/37 20/37 20/33 20/40 20/35 
2,01 20/38 20/36 20/34 20/36 20/36 
4,02 20/41 20/31 20/29 20/30 20/36 
5,01 20/50 20/33 20/35 20/33 20/41 

F4949 20/35 20/36 20/36 

Tables 3 and 4 above 
approximately as well 
starlight illumination 
somewhat by the vari 
might argue that at 
outperforms the F 4949 
The PNVG's faster f/# 
better use of available 
low light acuity. 

show that the PNVG performs 
as the F 4949 at _ moon and 
on  target.     While  obscured 

ability in the PNVG data, one 
starlight,  the  PNVG  actually 

This is not entirely unexpected. 
objective lenses allow it to make 
light than the F4949, improving 

Eyepiece Focus Results 
Table 5 indicates that the original PNVG feature of a 
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fixed focus eyepiece, set to ^.75 Diopters was not easy 
to achieve. This could be due to two reasons. Either 
manufacturing techniques are not quite capable of setting 
this parameter repeatability or the mechanics are not 
capable of holding the eyepiece elements in place for 
long periods of time. More effort is required to optimize 
this PNVG parameter. 

This paper has been cleared by ASC 99-2354 
in this series of tests but this photo indicates it should 
be). In addition, the horizontal lines of the two oculars in 
Figure 6 are not co-linear indicating the one of the ocular 
channels has an image rotation compared to the other. 

Table 5. Eyepiece Diop ter Setting. 
PNVG, 
Conf, S/N 

Left Out 
(D) 

Left Cent 
(D) 

Right 
Cent(D) 

Right 
Out(D) 

1,1,05 -1.0 -0.5 -0.8 -0.8 
1,2,01 -0.4 -0.4 -0.3 -0.2 
11,4,02 -0.2 -0.5 -0.5 -0.5 
II, 5,01 -0.6 -0.8 -0.8 -1.0 

Image Discontinuity Results 
The data listed in Table 6 was collected using the first 
Image Discontinuity procedure described above. One 
should remember that the sign of the Shear 
measurements between channels is with respect to the 
central image. Outboard images which appear lower 
than the central image are considered to have negative 
shear. Also, the image flaw labeled "Holes" is an 
assessment of the lack of overlap between central and 
outboard oculars, or holes in the field of view. A 
negative sign in the "Holes" category overlap in adjacent 
fields of view. One should also note that due to the way 
these measurements were made, there is a measurement 
threshold, below which the defect is noticeable but not 
measurable. Noticeable image flaws smaller than 3 
minutes of arc were Usted in Table 5 as "Minor." 

Table 6. Discontinuity. 

PNVG, 
Conf., S/N 

Shear (MOA) Holes (MOA) 
Left Right Left Right 

L 1,0005 Minor -4.8 Minor Minor 
L 2,0001 Minor Minor 23.9 28.6 
n, 4,0002 7 14 -7 9 
n, 5,0001 -4.8 -9.5 Minor Minor 

Although the photographic procedure (the second Image 
Discontinuity procedure described above) has not yet 
been fiiUy developed, it is apparent from the few photos 
taken so far that we should be able to use it to estimate 
the errors of interest. The following photo (Figure 6) 
were taken through the left oculars and right oculars 
respectively. In each of these photos it is apparent that 
there is some discontinuity between the pair of oculars 
captured in the photo. For example, in Figure 6 the 
horizontal lines are almost matched at the top of the 
interface between the oculars but they are very clearly 
separated at the bottom of the photo indicating that there 
may be a slight magnification difference between the two 
oculars (note: magnification of oculars was not me^ured 

Figure 6. Image discontinuity photo taken through the 
left central and outboard oculars simultaneously. 

In Figure 6 the faint double line in the center of the photo 
indicates the two ocular channels do not have their input 
and output optical axes properly aligned (this has been 
termed "collimation" in test procedures for earlier 
NVGs). This results in a minor "double image" at the 
interface of the two ocular channels. All of these effects 
are not readily apparent when viewing through these 
PNVGs at natural outdoor scenes. It is expected that 
fiirther work will be done on this measurement procedure 
to provide quantitative results instead of just qualitative 
insight. 

Gain Results 
Table 7. Gain. 

PNVG, 
Conf, S/N 

Left 
Out 

Left 
Cent 

Right 
Cent 

Right 
Out 

1,1,05 5158 3579 4579 4316 
L 2,01 3850 4400 4297 3082 
n,4,02 4758 5569 5888 4978 
n,5,oi 4743 5595 4368 6270 
F4949 D 8427 7837 

The data in Table 7 indicate that the tested PNVG 
systems did not exhibit gain as high as the F 4949. It 
should be noted that the newness of the PNVG tube and 
optical design created difficulties for the manufacturer in 
setting system gain. This should be overcome in later 
versions. Also, the comparison F 4949 was a prototype 
high gain design. 

Maximum Output Luminance Results 
Table 8 shows that the tested PNVGs exhibited 
maximum output luminance between 2.15 and 4.9 fL. 
This wide spread in the data is most likely due to the 
newness of the PNVG image intensifier tube and the lack 
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of experience on the part of the manufacturer in setting 
this parameter. This should be overcome in later 
versions. 

One should note from the data listed in Table 9 that the 
PNVG I was able to exhibit eye relief on par with the F 
4949 in spite of its folded optical design, which tends to 
reduce eye relief. Eye relief performance of the optically 
simpler PNVG II well exceeded both the PNVG I and 
the F 4949 due in part to its simpler optical design and 
faster f/# optics. 

DISCUSSION AND CONCLUSIONS 
The procedures documented in this paper and in Task, et 
al, 1993 still stand incomplete. Little is known about the 
repeatability and reproducibility limits of these tests, as 
defined by ASTM E 177-90a and ASTM E 691-92. 
Some attention has been paid to determining the 
repeatability of the AFRL NVG test procedures. But, at 
this time only work on gain measurement repeatability 
has been published (Aleva, 1998). Unfortunately, the 
results of this work were less than encouraging. Future 
work is clearly required to resolve this issue. 

However, even after considering all this, one can still 
draw relevant comparisons between PNVG systems. 
PNVG II tends to have better visual acuity performance 
and longer eye relief than PNVG I due in part to the 
simpler optical design. It is also possible to draw 
relevant comparisons between the PNVG and the F4949 
since both sets of data presented here were collected 
using the same equipment, experimental conditions, 
laboratory, and technicians. One can conclude, from the 
data provided here, that the PNVG is capable of 
performing at least as well as the F4949 D NVG. 

Table 8. Maximum Luminance Output. 
PMVG, 
Conf, S/N 

Left Out 
(fL) 

Left Cent 
(fL) 

Right 
Cent (fL) 

Right 
Out(fL) 

1,1,05 2.95 2.40 3.24 3.22 
1,2,01 3.01 2.49 2.63 2.15 
11,4,02 2.90 2.56 2.29 3.07 
11,5,01 2.21 3.92 2.15 4.92 
F4949 D 2.77 2.82 

Eye Relief Results 
Table 9. Eye relief 
PNVG, 
Conf, 
S/N 

Left Out 
(mm) 

Left Cen 
(mm) 

Right 
Cen(mm) 

Right 
Out(mm) 

1,1,05 24.5 25.8 24.8 24.5 
1,2,01 24.8 24.7 24.3 25.0 
11,4,02 30.4 29.9 31.4 31.3 
II, 5,01 29.9 27.7 28.8 27.4 
F4949 D 23.7 23.0 

Some of the inconsistency in the PNVG data can be 
attributed to the fact that the systems examined were 
prototypes and not production quality models. The 
newness of the PNVG image intensifier tube and optical 
design created difficulties for the manufacturer in setting 
certain parameters. This should be overcome in later 
versions. Much improvement is expected as the 
manufacturer becomes more familiar with this complex 
imaging system. 

It should also be pointed out that the PNVG is clearly 
superior to the F4949 in one category in particular, field 
of view. And, the operational benefit of this much- 
needed improvement is just now becoming known. 
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PREFACE 

The work described in this technical report was funded under Program Element 

62202F Project 7184-18-07 entitled "Night Vision Devices" and Program Element 63231F 

Project 3257 entitled "Helmet-Mounted Systems Technology" (HMST).  The primary 

purpose of this report is to document the night vision goggle (NVG) measurement methods 

that have been developed to quantify the performance of the NVGs. The motivation was to 

develop standardized procedures that could be used for any NVG without dissecting the 

NVG and measuring the component parts. These methods were used to evaluate the I- 

NIGHTS night vision goggics/helmet-mounted displays developed under the HMST 
program. These procedures are still being developed and the reader should understand that 

some of these procedures may be modified in the future to improve their accuracy, 
repeatability, and/or utility. 
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INTRODUCTION 

Night vision goggles (NVGs) have become a key technology for fighting and 

flying at night in both fixed wing and rotary wing aircraft.  With the success of NVG 

technology came a flood of NVGs in different configurations designed to improve their 

characteristics. In order to evaluate these different NVG designs it is highly desirable to 

have a collection of standardized measurement procedures to permit critical comparisons 

between devices. The purpose of this report is to document some of the measurement 

procedures that have been developed to assess the characteristics of night vision goggles. 

In each case it is assumed that the NVG cannot be disassembled, which would permit the 

measurement of individual components, but instead must be measured as a whole.  It 

should be further noted that the procedures described herein are still subject to further 

revision as more experience is gained from their application. Depending on the design of 

the NVGs (folded optics, off-set input/output axes, eyepiece combiners, etc.) some of the 
procedures are more difficult to apply than others. 

Prior to evaluation of any NVG it is critical that the NVG be properiy prepared to 

insure fair and accurate measurement of its characteristics. The optics should be carefully 

cleaned and adjusted. If the NVG has adjustable objective lenses and/or eyepiece lenses, 
these need to be set for infinity and zero diopters respectively. For measurements 

involving brightness and brightness gain the NVG should have fresh batteries to insure 

optimum results. During testing the NVGs should be checked periodically to make sure 
the optics are still clean (no fingerprints!). 

454 



BRIGHTNESS AND BRIGHTNESS GAIN 

1.1 Introduction 

Brightness and brightness gain are measurements of the luminance output of 

NVGs as a function of luminous input. In strictest terms, these parameters should really 

be called luminance and luminance gain, because the measurements conducted for this 

part of the evaluation are photometric. Brightness implies visual perception, an 
unmeasurable quantity. However, since brightnes.s and brightness gain have been the 
terms used traditionally, we will conform to this convention. 

Night vision goggles cannot work in complete darkness. They are essentially 
amplifiers of visible and near-infrared radiation. The measurement of brightness and 

brightness gain give some indication of how well a night vision system amplifies natural 

ambient light. Brightness is a measurement of the limit imposed on the maximum goggle 

output by the automatic gain control and gives an indication of how easily a user could 

see the intensified image of a well lighted area. The NVG's brightness gain is the ratio of 
the output luminance from the goggle to the input luminance to the goggle. 

NVGs have an unusual spectral sensitivity, which makes the concept of brightness 

gain difficult to define. Gain involves a ratio of similar quantities, in this case, 

luminances, which are only defined for the spectral sensitivity of the human eye. 

Unfortunately, the eye and the NVG's image intcnsifier tube are sensitive to slightly 

different regions of the .spectrum. Problems arise because the NVGs can "see" sources 

which are undetectable by the human eye and. therefore, have zero luminance. This 
allows a condition in which infinite gain could be calculated. For example, a source 

emitting light with a wavelength of 900 nanometers would have zero luminance because 
the eye is relatively insensitive to infrared radiation. But when viewed through an NVG, 

which is very sensitive to this wavelength, the system will produce a non-zero output 
luminance. A non-zero output luminance divided by a zero input luminance will produce 
an infinite value for gain, 

. To overcome this problem, it is necessary to define a specific spectral distribution 
for an input light source which emits radiation in both the visible and near infrared 

spectral region. The visible portion of the emitted radiation provides a measurable, non- 
zero input luminance. A light source simulating a 2856 degree Kelvin (K) black body 
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Figure I. Test setup for the brightness gain procedure. 

radiator was selected because it is a standard lamp, is easily approximated using halogen 

bulbs, and is specified as a light source for testing image intensifier tubes in the ANVIS 
image intensifier assembly specification (6). 

1.2 Approach 

The input light source may be any device that approximates the spectral 

distribution of a 2856 K blackbody radiator, emits very uniform luminance across its 

field, and can fill the entire field of view (FOV) of the NVG under test. Either an 

integrating sphere or a uniform, wide field of view collimator is a good choice. 

The equipment arrangement for the brightness and brightness gain measurement 

using an integrating sphere is shown in Figure 1. The arrangement for use with a 
collimator is the same, except the collimator replaces the sphere. This procedure requires 

a light source with a desired luminance range of 10"^ footlamberts (fL) to 0.02 fL and a 

photometer which must be sensitive down to 10-5 fL. 

Controlling the output from the light source while maintaining the correct color 

temperature and uniformity of its luminance across the output field is essential for 

accurate results. This is best accomplished by using a variable slit or aperture between 
the bulb and the integrating chamber of the light source.  Altering the bulb voltage to 
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change the output level will alter the source's color temperature. All these factors must 

be carefully considered when choosing a light source because of their significant impact 
on the results. 

The photometer used was modified with a 7 mm limiting aperture over its 

objective lens for this procedure only. The 7 mm aperture was chosen because it is the 

same diameter as the widest eye pupil in low luminance conditions. Its presence required 

the photometer to be recalibrated to compensate for the reduced light gathering capacity. 

However, the aperture was necessary to ensure accurate luminance readings from NVGs 

with exit pupil forming optical systems. If the photometer objective lens is larger than 
the NVG exit pupil, erroneously low readings will be obtained. 

The photometer is positioned in front of the light source to check its calibration 
and ensure that the emitted luminance values are correct for the corresponding aperture 

settings. The NVG to be tested is positioned with the objective lens of one ocular as 

close to the light source as possible. The limiting aperture of the photometer is placed at 

the expected eye position of the NVG and pointed toward the approximate center of the 
NVG's field of view. The measuring field of view of the photometer should be no greater 

than 2° as stated in the ANVIS image intensifier assembly specification. 

Once all components have been positioned, the light source is ^justed to produce 
an input to the NVG objective lens of 10-5 fL_ -J^Q output luminance from the NVG is 

measured by the photometer and recorded. The aperture in the light source is then 

adjusted to produce a higher luminance and the photometer reading is again recorded. 

This is repeated until the lamp reaches its maximum luminance capability, 0.02 fL. 

The step SIKS between luminance levels should be spaced more closely at lower 
levels and fiirther apart at higher levels. Changing values by a factor of two is a good 
compromise between limiting the procedure to a reasonable number of data points and 

providing sufficiently fine interval spacing so as not to miss any interesting effects (see 
Table 1). 

1.3 Rraulte 

The results from this measurement procedure can be displayed in tabular form 
(see Table 1) with three columns of data: input luminance, output luminance, and the 

ratio of output to input labeled brightness gain. The raw data can also be displayed in 
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Table I. Example of brightness gain tabular data. 

Input luminance ffL) Output luminance (fL)      Brightness gain funitless) 

1.10X10-5 0.0200 1820 

2.30X10-5 0.0400 1740 

4.60X10-5 0.0800 1740 

9.20X10-5 0.170 1850 

1.84X10-4 0.350 1900 

3.67X10-'^ 0.720 1960 

7.34X10-4 1.23 1680 

1.47X10-3 1.24 849 

2.94X10-3 1.25 425 

5.88X10-3 1.26 214 

1.18X10-2 1.27 107 

2.35X10-2 1.27 54.0 

graphical form (Figure 2) with output luminance plotted against input luminance. The 

maximum output luminance value obtained is then recorded as the maximum brightness 

oftheNVG. 

As noted from Table 1, brightness gain is a unitless fraction describing the ratio of 

light out of the system to light into the system at specific input light levels, while 

brightness is the luminance output at the same input light levels, expressed in ft- 

Lamberts. Brightness gain is determined by dividing the output luminance by the input 

luminance (column three in Table 1). This can also be graphed as the brightness gain as a 

function of input luminance (Figure 3). The gain at 3.67 * lO"'* fL input is recorded as the 

brightness gain. This value is somewhat arbitrary and was chosen because most NVGs, 

tested in this fashion, reach their maximum brightness gain value at or near this 

luminance input level. 

1.4 Comments 

H must be kept in mind that the results are for a specific standard lamp color 

temperature. When spectral distribution or color temperature of the light source is 

different, different results will be obtained. 
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Figure 3. Brightness gain vs. input luminance 
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The brightness gain graph, such as Figure 3, provides some information on how 

well the NVG amplifies light. However, the luminance output curve shown in Figure 2, 

which is also obtained from this procedure, provides an indication of how much light the 

observer has to see in the NVG image. Since visual acuity of the observer varies 

considerably with light level (4) the latter curve provides some information as to the 

visual capacity of the observer to extract key information from the scene as displayed by 

the NVG. 

Table 1 and Figures 2, and 3 indicate that brightness and brightness gain are 

affected by the level of input luminance, although they are typically only recorded at 

specific values, brightness at its maximum value and brightness gain at an input 

luminance of about 3.67 * lO-^ fL. This can be misleading, since the NVGs are often 

operated at light levels other than those at which these maximum brightness and 

brightness gain values occur. 

All NVGs are equipped with an automatic gain control to protect the goggles from 

damage. The graphs of brightness and brightness gain are heavily influenced by the gain 
control circuit. It limits the maximum brightness leaving an NVG and determines at what 
input light level the slope of the brightness and brightaess gain curves begin to change. 

This procedure requires that the light source fills the full field of view of the 
NVG. If this is not the case, it is possible to obtain drastically different brightness and 

brightness gain results. The automatic gain control limits the total current flow within the 

image intensifier tube. The same current may be generated from a considerable amount 

of light on a small area of the NVG or by a small amount of light on a large area. In the 

first case, the output luminance will be much higher than in the latter. Figure 4 shows 

several brightness curves that were generated by filling up different fractions of the field 

of view. Note that, as the area of the light source is reduced at the input, much higher 

maximum output luminances are obtained. 
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GEOMETRIC IMAGE PARAMETERS 

2.1 Introduction 

The four parameters addressed in this section: 1) distortion, 2) image rotation, 3) 

magnification, and 4) optical axis misaHgnment, all deal with geometric aspects of the 

image produced by the night vision goggles. Thus, a single measurement procedure was 

developed to capture all four parameters simultaneously. 

Distortion, the non-linear mapping of the outside scene to the output image plane, 

is probably the most difficult parameter to characterize, because there are several types of 

distortion that may occur in NVGs. The optical system may cause barrel or pincushion 

distortion. The fiber optic twist, which is used in many, but not all NVG designs, may 

produce both shear effects and "S" distortion. Of all of these, the procedure herein 

described is primarily directed at characterizing the "S" distortion, although evidence of 
shear, barrel, and pincushion distortion may also be detected. "S" distortion originates in 
the fiber optic plug, which is used to invert the image intensifier's output image, when it 

is manufactured by heating and twisting approximately 180°. The "S" distortion is so 

named because there is usually a small amount of residual effect due to the twist that 
produces an "S" shaped curve from a straight line input. The more the output image 

departs from a straight line, the worse the distortion. 

Another problem encountered with NVGs is image rotation. For NVGs 

incorporating fiber optics, the fiber optic plug may be twisted somewhat more or less than 

180°, resulting in the output image being rotated compared to either the input image or 

the other ocular. This effect may also be exaggerated by inaccurate alignment of the 

mirrors in a folded optical system. 

Magnification is another geometric image parameter that must be addressed. 

Most NVGs are designed to have unity magnification. However, if there is a mismatch 

between the objective lens and the eyepiece lens, it is possible to have a small amount of 

magnification (or minification). The procedure can determine the amount of image size 

increase or decrease produced by the NVG lens and image intensifier tube system 

compared to the unity magnification of the unaided eye. 
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An additional problem area is optical axis alignment. Since the combination of 

objective lenses, folding optics, image intensifier and eyepiece lenses is relatively 
complex, it is possible to have a mismatch between the input optical axis and the output 

optical axis. Thus, objects that are at a particular point in object space may appear to be 

at a different point when viewed with NVGs. The parameter measured is the relative 

angular difference between the objective lens optical axis and the eye lens optical axis for 
NVGs. 

2,2 Approach 

The equipment required for this measurement includes a rotary t^le, on which to 

mount the NVGs, a collimator with single .small point image, a small, CCD array video 

camera, and a video monitor. It is also necessary to have digital calipers to accurately 

measure distance on the face of the video monitor. Figure 5 depicts the arrangement of 
the equipment for this mcMurement procedure. 

To conduct this measurement correctly, the CCD camera must be fitted with a 
comparatively long focal length lens, on the order of 100 mm to 120 mm. This makes the 

camera more sensitive to optical defect phenomena by creating a larger spot size and 

Collimated light      Translation     NVG with exit pupil positioned 
source  \ stage on the axis of the rotating table 

X       Magnifying lens 
i^ video camera 

a 

Video control 
unit 

Figure 5. Test setup for the distortion prwedure. 
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larger movements on the video monitor which are easier to measure accurately. The 

camera field of view must also be known in order to convert linear distance on the 

monitor into units of angular deviation. 

The video camera is adjusted in front of the coUimator, without the NVG in the 

system, until the small point image appears in the center of the video monitor. This 

aligns the optical axis of the video camera with the collimator. The NVG is then 

mounted on the rotary table between the video camera and the collimator such that the 

axis of rotation of the table is directly below the eye position of the NVG. The camera is 

then adjusted to position its objective lens directly over the table's axis of rotation. The 

spot of light within the collimator should now be visible on the monitor when viewed 

through the NVG. If the spot is no longer in the center of the video monitor, then the 

input and output optical axes of the NVG are not in alignment. By knowing the angular 

field of view of the video camera and the linear vertical and horizontal distance that the 

spot of light has moved from the center of the video monitor, the elevation (vertical) and 

azimuth (horizontal) angular misalignment value can be calculated. 

After the on-axis misalignment has been recorded, the rotary table is then turned 

both clockwise and counter-clockwise, until a line across the full field of view has been 

scanned. At each field angle the vertical and horizontal position of the spot of light on 

the video monitor is measured and recorded. 

23 Results 

At the end of the above procedure, one has a table of results that consists of three 
columns: 1) horizontal angular position, 2) vertical angular offset, and 3) horizontal 

angular offset. Table 2 shows results for a typical NVG. These data points can be 

graphed and analyzed in different ways to obtain information on each of the four 
geometric parameters discussed. To determine the presence of unusual distortion 
phenomena, the vertical and horizontal offset data was plotted against angular position in 

Figure 6. Curved, symmetric edges of the graph indicate barrel or pincushion distortion. 

Jagged discontinuities indicate areas of shear effects. 

Optical Axes Misalignment Analysis 

The misalignment from the input to the output optical axis can be determined 

from the zero position angular offset. The offset in both vertical and horizontal 
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Figure 7. Magnification: output azimuth angle vs. input azimuth angle. 
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Table 2. Geometric measurement procedure tabular data. 

Horizontal Position Vertical Offset Horizontal Offset 

degrees milliradians milliradians 

-15 -6.977 -3.189 

-14 -6.284 -2.903 

-13 -5.365 -2.549 

-12 -4.625 -2.580 

-11 -3.575 -2.331 

-10 -3.170 -2.357 

-9 -2.370 -2.057 

-8 -1.775 -1.686 

-7 -1.324 -1.643 

-6 -1.025 -1.177 

-5 -0.765 -0.917 

-4 -0.559 -0.700 

-3 -0.339 -0.426 

-2 -0.165 -0.286 

-1 -0.015 -0.197 

0 0.0 0.0 

I 0.068 0.166 

2 0.570 0.354 

3 0.823 0.466 

4 0.904 0.523 

5 1.134 0.889 

6 1.466 1.174 

7 1.800 1.143 

8 2.362 1.383 

9 2.863 1.394 

10 3.491 1.783 

11 3.922 2.154 

12 4.929 1.866 

13 5.137 1.880 

14 5.395 1.871 

15 4.559 2.040 
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dimensions from the zero degree field angle position in Table 2 is the amount of vertical 

and horizontal misalignment. A single quantity representing the angular misalignment 

between the two viewing axes, O, of the NVG is also determined by taking the square 

root of the sum of the squares of the vertical and horizontal offset (equation 2.1), 

0 = VF+F (2.1) 

where Y is the vertical angular offset in degrees and X is the horizontal angular offset in 

degrees. This measurement can be recorded in milliradians, degrees, or minutes of arc. 

Magniflcation Analysis 

If magnification other than unity magnification is present in the system, then the 
horizontal angular offset would increase at a uniform rate with respect to the horizontal 

field angle as the horizontal angular scan is produced. This can be graphed as the 
horizontal field angle plus horizontal angular offset versus actual input field angle. Since 

there is also typically some distortion present, this line may not be perfectly straight. To 

circumvent this problem, a linear, le^t-squarcs fit is made to the data to provide a best fit 

line with slope and intercept. The slope of the least-squares fit straight line is the 
magnification of the system. A reference slope of one, representing unity magnification, 

is also graphed for comparison with the measured value (see Figure 7). Note that this 

analysis can easily be modified to examine data from a smaller portion of the total 
system. If there is significant distortion at the outer edges, for example, the data 
reduction can be restricted to the central 80% of the field of view. 

Image Rotation Analysis 

Image rotation analysis is very similar to that done for the magnification, except 

the vertical (elevation) angular offset is graphed as a fimction of horizontal field angle. 

Again, a linear, least-squares fit line is computed and graphed along with the data (see 
Figure 8). The amount of image rotation, &, is the arctangent of the slope, ±m, of the 

best fit line (see Equation 2.2). 

a = tan"'(+m) (2.2) 
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Distortion Analysis 

The "S" distortion can be displayed on the same graph as image rotation. 
However, to obtain a clearer picture of the "S" distortion by itself, the linear best fit curve 

for image rotation can be subtracted from the vertical angular offset data. This difference 

can then be graphed against horizontal field angle. Current specifications require that the 

"S" pattern fit between two horizontal lines, such as those on the graph in Figure 9, that 

are spaced ±1,22 milliradians from the origin, corresponding to a +30 microns maximum 

allowed by the ANVIS image intensifier assembly specification. This value is for the 

fiber optic plug only and comes from the ANVIS image intensifier assembly 
specification. It can, however, be generalized to the NVG as a v^hole. For a quantitative 

measure of the "S" distortion, the maximum value is subtracted from the minimum value 
to obtain the peak to valley amplitude of the curve. 

2.4 Comments 

The angular offset in both the vertical and horizontal dimensions from the zero 

degree field position (Table 2) demonstrates the amount of vertical and horizontal optical 

axis misalignment. Ideally, the collimator output is used to define the optical axis of the 

video camera and the input optical axis of the NVG system. With exaggerated offset 
optical systems where the separation between the camera axis and the NVG input axis is 

greater than the collimator lens diameter, a slight modification of this procedure is 

needed. The me^urement is then accomplished by translating the coUimated light source 
from the eyepiece position to the objective lens position, measuring the change in 
position of the point light source on the video monitor. 

The evaluator must be carefiil not to introduce tip or yaw of the collimator into the 
system as the collimator is translated. Doing so would destroy the axis reference with the 
video camera and render the results meaningless. Strong, precision machined mounts are 
required to prevent this. 

Magnification other than unity magnification along the edges of the image is an 

indication of either pincushion or barrel distortion. These aberrations can be caused by 

either the relay or imaging optics, the fiber optics, or by some combination. 
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EXIT PUPIL SIZE (DIAMETER) 

3.1 Introduction 

NVG optics can be either non-pupil forming or pupil forming. The measurement 

of exit pupil size is a procedure performed on real pupil forming systems only. A pupil 

forming system, such as a telescope, has an area where the entire image can be seen as 

long as the eye is anywhere within it. However, as the eye begins to move out of the exit 
pupil the image first begins to dim and finally disappears when the eye entrance pupil is 

completely outside of this area (7). In pupil forming NVG optical systems, the exit pupil 

is the image of the aperture stop as viewed from image space. 

3.2 Approach 

The equipment arrangement for the exit pupil measurement using a coUimator is 
shown in Figure 10. An integrating sphere can also be used, provided the NVG field of 
view is filled. This procedure requires a translational target stand with a mounted screen 

of thin diffusing material. 

The objective lens of the NVG is placed close to the exit aperture of the 

coUimator, ensuring the NVG's field of view is fully illuminated. The translation stage 

with the diffusing screen is then placed behind the NVG eyepiece. With the NVGs on 

and the room completely dark, the real image (circle of light with the smallest diameter) 
formed by the eyepiece is brought into focus on the diffuser by moving the translation 

stand toward or away from the NVG. The diameter of the image, or exit pupil diameter, 
is then measured with digital calipers and recorded. This procedure is repeated five times 

to obtain an average value. 

3.3 Results 

The results from this measurement procedure can be displayed in tabular form 

(see Table 3). Due to the subjectivity of the measurement, the data is statistically 
analyzed so that the confidence interval (C.I.) of the measurements can be determined. 
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Figure 10. Test setup for the exit pupil diameter procedure. 

Table 3. Example of exit pupil diameter tabular data. 

Measurement Number Exit PuDll Diameter fmm> 
1 9.5 
2 9.5 
3 9.0 
4 9.3 
5 9.0 

Average 9.26 
Variance 0.25 
95% C.I. 9.26 ±0.35 
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3.4 Comments 

It may be noted that different materials can be used for the screen. Anything that 

is translucent and scatters light relatively uniformly could be used. Unfortunately, the 

thickness of the diffuser limits the precision of the measurement. When trying to 

determine the exact location of an image plane to a tenth of a millimeter, it becomes the 

limiting factor. Therefore, a thin diffusing material, such as cellophane tape, produces 

the best results. 
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EYE RELIEF 

4.1 Introduction 

As already noted, some NVGs are pupil forming and some are non-pupil forming 

systems. The procedure for measuring eye relief changes somewhat depending on which 

of the two types is being tested, but the basic definition remains the same. In this report, 

eye relief is defined as the physical distance separating the tet optical surface of the 
NVG eyepiece from the front surf^e of the eye, the cornea. 

A non-pupil forming system is similar to a simple magnifying lens in that, as you 

move your eye away from it, the edge of the field may be cut off (vignetted) (7). 
Therefore, the maximum eye relief for such a system is defined as the maximum distance 

between the last optical element in the NVG eyepiece and the cornea, such that the NVG 

user can still see the system's full, unvignetted field of view, minus 3 mm. For a pupil 

forming NVG, eye relief is the distance from the NVG's last optical element and the 
plane of the exit pupil minus 3 mm. Since the entrance pupil of the human eye must fall 

at the system's exit pupil for ideal viewing, the distance from the cornea to the eye's 
entrance pupil must be subtracted. 

These definitions do not conform to the ANVIS specification for eye relief, which 

has more to do with the diameter of the eyepiece lenses than the actual distance 
separating the NVG and the eye. The results from this procedure give a real distance 
which is useful in determining things such as system compatibility with protective 
equipment and eye glasses. 

4.2 Approach 

Figure 11 shows the equipment arrangement for the eye relief nwasurement. The 
procedure to measure non-exit pupil forming NVGs requires a collimator with a square 
grid insert with numbered vertical and horizontal axes to identify position, a micro CCD 
array camera with a 5 mm aperture, and a video monitor 

The CCD video camera's field of view must exce^i the FOV of the goggle under 
test. To achieve this, a short focal length lens is used to image the goggle output onto the 
CCD array. In this case, a lens with a focal length of 8.9 mm w^ used. As mentioned 
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Collimated light source NVG 

Video camera head 

Video control unit 
DC power supply 

Figure 11. Test setup for the eye relief procedure 

earlier, the ideal aperture size for night vision applications to simulate the human eye 

pupil is 7 mm. Due to equipment restrictions, a 5 mm aperture is used in conjunction 

with the video camera. This has only a marginal affect on the results. 

The video camera is adjusted in front of the coUimator without an NVG in the 

sy.stem, such that the origin of the grid pattern appears in the center of the video monitor. 

This will align the optical axis of the coUimator with that of the video camera. The NVG 

is then mounted between the coUimator and the video camera such that the entire FOV is 

filled with the grid image. In this procedure, both the NVG and the coUimator remain 

stationary while the miniature video camera is translated along the optical axis. Then the 

video camera and translational stage are positioned such that the camera lens is almost 

touching the surface of the NVG eye lens. With the room lights turned off and the goggle 

turned pn, the grid pattern should be visible on the monitor as viewed through the NVG. 
The location of the micropositioner is then recorded as the initial value, x/. The camera is 

then moved away from the NVG eyepiece lens until vignetting occurs.    The 
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micropositioner location is then recorded as a final value, xp This procedure is repeated 
five times for each ocular to achieve an average value. 

Eye relief measurements on exit pupil forming systems follow a similar procedure 
but require slightly different equipment. The CCD camera is replaced by a strip of thin 

diffusing material. Setup remains the same except the square grid insert for the 
coUimator becomes optional. 

With the goggles positioned in front of the coUimator, the thin diffusing screen is 

placed in contact with the NVG eyepiece lens and its initial position is read from the 
translational stage and recorded as xi Like the procedure for non-exit pupil forming 

systems, the diffuser is moved away until the intensified image emerging from the 

goggles reaches its smallest diameter, or achieves best focus if the square grid insert is 
used. Both should yield equivalent results. The position of the stage is then recorded as 

^/ Like the procedure for non-exit pupil forming systems, five measurements are taken 
on each ocular to calculate an average value, 

4.3 Results 

At the end of the measurement procedui^, the eye relief can be calculated using 
the following equations. It is often helpful to display the raw data in a table before 
making the necessary calculations (see Table 4), For non-exit pupil forming systems, eye 
relief, ER, is calculated with Equation 4.1 

Table 4. Example of eye islief tabular data 

Measureinent Number Eve Relief fmm> 

1 21.2 

2 20.9 
3 19.9 
4 20.5 

5 21.1 
Average 20.7 
Variance o.53 

95%C.I. 20.7 + 0.74 
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ER = (Xf -Xj) + pp-3mm (4.1) 

where pp is the distance from the vertex of the lens to the first principal plane of the video 

camera and 3 mm is the distance from the cornea to the entrance pupil of the eye. 

The eye relief calculation for exit pupil forming NVGs is conducted with 

Equation 4.2 

ER = {Xf-x^)-2mm (4.2) 

Due to the inherent subjectivity in the procedure, the data is statistically analyzed 

so that the confidence interval (C.I.) of the measurements can be determined. 

4.4 Comments 

For proper results, the micro CCD camera must provide a field of view greater 
than that of the NVG. If this is not the case, longer eye relief measurements will be 
obtained because the camera will not see the goggle's field starting to collapse until its 

own field starts to collapse. Overfilling the goggle's field of view is also critical to obtain 

reliable measurements. Vignetting will go undetected unless the goggle objective lens is 

completely filled. This will also result in longer eye relief measurements. 

Vignetting may not occur evenly throughout the entire field of view. Often, part 

of the field collapses followed by the remaining FOV. To account for this phenomenon, 

a grid target with divisions representing angular units was used. The skill of the 

evaluator also adds some uncertainty to this procedure. 

When organizing a test sequence to evaluate night vision equipment, this 

parameter should be measured first. Several other goggle evaluation procedures 

mentioned in this report depend on knowledge of the proper eye position for the 

alignment of equipment and accurate results. 
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VISUAL ACUITY 

5.1 Introduction 

Resolution is the ability of an imaging system to reproduce an image in fine 
detail. This procedure is actually a measurement of the human dependent analog to 

resolution, visual acuity. The method described herein relies on a subjective observation, 

in which a test observer views a USAF 1951 tri-bar resolution test chart through the NVG 

and determines the smallest discernible pattern. The average limiting acuity of the 

.system as seen by several observere can be extrM:ted from this observation, 

5.2 Approach 

The equipment required for this procedure includes a coUimator with an aperture 
larger in diameter than the NVG objective lens aperture and a positive 1951 USAF tri-bar 

resolution pattern, one that produces an image of dark bare on a white background, 

positioned at the collimator's focal plane. Three experienced observers with vision 

corrected to 20/20 visual acuity or better are needed. Figure 12 shows the arrangement of 
the equipment for this measurement procedure. 

The NVG objective lens is aligned to look into the coilimator and is focused on 
the 1951 tri-bar pattern such that a minimum of 50% of the intensified FOV is filled with 

the tri-bar pattern image in order to prevent degradation of the resolution due to high 

output luminances (see Figure 4). The input light level for this measurement is 
approximately equivalent to full moon, 2.35 * 10-2 fL from a 2856 K light source. 

Once the initial conditions are met, an observer places his/her eye in the proper 
eye position of the NVG. The observer looks through one ocular and is then asked to 

determine the smallest horizontal and vertical elements of the 1951 tri-bar resolution 
chart they can resolve. This procedure is repeated for each ocular and each observer. 
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Collimated light 
source NVG with exit pupil positioned on the axis of 

the rotating table 

Rotating 
table 

Figure 12. Test setup for the visual acuity procedure for center NVG FOV only. 

5.3 Results 

A table of raw data similar to Table 5 can be constructed. The smallest resolvable 
horizontal and vertical elements of the USAF tri-bar chart are then converted to either 

Snellen acuity or cycles per milliradian using Equations 5.1,5.2, and 5.3. 

Table 5. Example of resolution raw data, one ocular. 

Observer Group/ Group/ 3ar Width Bar Width 
Element Element (mm) (nun) 

Horizontal Vertical Horizontal Vertical 
1 2/6 2/5 0.0710 0.0783 
2 2/5 2/4 0.0783 0.0875 
3 3/1 2/6 0.0625 0.0710 
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To convert group/element values to arc minutes use Equation 5.1, 

0=6Otan-l||j (5.1) 

where 6 is the subtended angle in arc minutes,^ is the focal length of the collimator in 

millimeters and w is the width of each bar of the chosen group/element in millimetei^. 

To calculate Snellen acuity use Equation 5.2, 

X = 0*2O (5.2) 

where X is the denominator of the Snellen acuity ratio (i.e., 20/X). 

To convert from Snellen acuity to cycles per milliradian use Equation 5.3, 

Y=U19*20/X (5.3) 

where Y is in units of cycles per milliradian and 1.719 is a conversion factor in 
cycles/milliradian. 

The following example steps through each calculation. In this example, the 

observer's limiting resolution was recorded as group 2 element 5. The focal length of the 

collimator used was 1(X) mm and the bar width in the observed element was 0.0783 mm. 

First the subtended angle is calculated using Equation 5.4. 

/Q 0733\ 
0= mtm-H —    = 2.69 arcminutes (5,4) 

I   l(K)   j 

Knowing that the subtended angle is 2.69 arcminutes, Snellen acuity can be 

calculated with Equation 5.5. 

X =2.69*20 = 53.8 (5.5) 

. So in this example, the observer resolved the target with 20/54 Snellen acuity. If 
the result is required to be reported in cycles/milliradian use Equation 5.6 for the 

conversion. 
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r= 1.719* 20/54 (5.6) 

which results in 0.64 cycles/milliradians. 

After the raw data is collected, it is then converted to either Snellen acuity or 

cycles per milliradian and a table of final results can be constructed (see Table 6). The 
average acuity of the three observers is recorded as the resolution of the night vision 

goggle. 

Table 6. Example of resolution tabular data, one ocular. 

Observer Horizontal Acuitv Vertical Acuitv 

1 20/48 20/54 

2 20/54 20/60 

3 20/43 20/48 

Average Acuity 20/48.3 20/54 

5.4 Comments 

Once the collimator system has been fabricated and the focal length is known, it is 

recommended to make a conversion chart from milliradians to Snellen acuity for the 

USAF 1951 tri-bar chart. This will make data collection and reduction easier. 

This is a subjective method, which relies on the experience of the 3 observers, so 

that an average may be calculated with some certainty. Note that both horizontal and 

vertical elements are recorded and analyzed to test the system for astigmatism. 
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RESOLUTION 

6.1 Introduction 

Measuring visual acuity can be a long and tedious process. The use of human 

subjects is a complication because they must be trained in the use of NVGs and must be 

relatively familiar with the system under test and the evaluation prcwedure. Because of 

this, the need for a quicker, more objective evaluation procedure appeared. In response, a 
photographic resolution procedure was developed based on the visual ^uity test. 

6,2 Approach 

The equipment and test assembly are very similar to those used to measure visual 

acuity. A coUimator with a negative 1951 USAF tri-bar resolution pattern, one that 

produces an image of white bars on a dark background, positioned in its focal plane is 

used as an image source and a 35 mm camera to record the resolution data. 

The collimator must emit light which approximates the spectral distribution of a 
2856 K blackbody radiator and emit full moon illumination, 2.35 * 10'2 fL. Its output 
must overfdl the tested NVG's field of view and project an image of the 1951 USAF tri- 

bar chart that fills at least 50% of that goggle's field of view. This is required to avoid 
degradation of the resolution due to high output luminances. A negative 1951 tri-bar 

chart is used because it is easier to photograph through the goggles than the positive 

chart. 

The camera used in this evaluation is a standard 35 mm camera with a 150 nrai 

focal length lens well corrected for the third order aberrations and chromatic aberration. 
Like in other procedures mentioned in this report, the input aperture of the camera is 
limited to a 5 mm diameter to simulate the eye's entrance pupil at the correct light level. 
Photos are taken with Kodak 2415 technical pan film. Another equivalent film can also 

be used. 

, Once the collimator is properly adjusted, the goggles to be tested are aligned to 
the coUimator's output. The goggles are then checked to see if the negative tri-bar chart 

image is damaging the image intensifier tube. As noted earlier in this report, small 
illuminated areas, such as the individual bars of the 1951 USAF chart, will cause greater 
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localized gain than a fully illuminated goggle FOV because of the image intensifier tube's 

current control. This could leave minor burns on the NVG's phosphor screen. If the 

image seems to be overwhelming the goggle, the collimator's output luminance level is 

turned down slowly until the goggle is in no danger. This is to assure that the resolution 

photographs are taken at a high light level. 

Once a non-damaging goggle output level is obtained, the camera is placed in the 

eye position of the NVG and the entire system is adjusted to achieve best focus through 

the goggle. Several photos are taken for different exposure times, ASA and F-stop 

settings. The photos are then developed and enlarged eight by ten inch prints are made. 

The best photo is selected for each ocular as its resolution data. 

6.3 Results 

The smallest resolvable group and element in both the horizontal and vertical 

Collimated light 
source 

150 PL 
NVG achromatic 

lens. 

Figure 13. Equipment arrangement for the photographic resolution procedure. 
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direction are chosen from the photographs. Like the visual a:uity data, this data can be 

converted to and recorded in arc minutes, cycles/milliradian, or Snellen acuity units using 
Equations 5.1 through 5.6. 

6.4 Comments 

The first time a camera, lens, and coUimator are brought together to produce 

resolution photos, it would be wise to photograph the coUimator output directly with the 

camera and lens. This creates a reference photograph and measures the limiting 

resolution of the resolution test system. The reference photo also records any 

astigmatism that might result from using poorly corrected optics. 

This procedure is potentially hazardous to the NVG under evaluation because of 

the way the image intensifier tube processes physically small luminance sources. 

Excessively long periods of lime due to alignment, focusing, or setting exposure times, 
during which the goggle is exposed to the coUimator output are the main cause of 

problems. Damage could range from a slight phosphor blemish that fades with time to a 

serious non-removable bum. The risk of damage could be reduced by using a positive 

1951 USAF tri-bar pattern in the coUimator at the cost of losing some of the test system's 
ability to image it through the goggles. 
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VISUAL FIELD PARAMETERS 

7.1 Introduction 

The visual field parameters tested include intensified field of view, luminance 

uniformity, and modulation contrast. All of these parameters deal with data which is 

collected from a linear, photometric scan across the center of the NVG's visual field. A 

single measurement arrangement has been developed to capture information on all three 

parameters. Only small modifications in the procedure are required to collect the 

modulation contrast data. 

The measurement of the intensified field of view gives an indication of the 

angular size of the real world scene the NVG can process and present to the user at any 

one particular time. This normaJly does not change much from ocular to ocular or from 
system to system of similar design. But, it can be an important factor when comparing 

different NVG designs. 

Luminance uniformity measures the NVG output for uniform brightness 

throughout its entire visual field. A uniform luminance distribution implies that any 
photometric measurements taken in any part of the NVG field of view will result in 

similar measurements with only small deviations. However, previous tests on NVGs 

have demonstrated a common trend of variability in luminance across their field of view. 

Therefore, this is actually a test of luminance non-uniformity. 

When an NVG is presented with a high contrast target, like an object with a bright 

side and a dark side separated by a sharp border, the high luminous output from the 
lighted areas tends to spill into the darker areas, making small dark targets surrounded by 

a bright background more difficult to see. Modulation contrast provides an indication of 

the maximum contrast an NVG can produce when viewing a 100% contrast target. 

7.2 Approach 

The equipment required for these measurements include a rotary table on which to 
mount the NVG, a photometer, a uniform 2856 K light source, and a strip chart recorder. 

In addition to this, a high contrast, split field target is used for the modulation contrast 

measurement only.   Figure 14 depicts the arrangement of the equipment for this 
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measurement procedure when using a collimated light source. For most of this 

procedure, either a coUimator or an integrating sphere may be used, provided the NVG's 

full field of view is filled. But, the modulation contrast measurement must use the 

collimator as its light source. For the results of this procedure to be tniiy meaningful, the 

split field target must be removed to infinity. The best way to accomplish this in the 

limited space of the laboratory is to place it in the focal plane of the collimator. 

Collimated 
light source 

NVG exit pupil along the 
center axis of the rotating table 

Figui« 14. Test setup for the visual field measurements. 

The NVG is mounted on the rotary table such that the goggle's proper eye position 

is directly over the table's axis. The collimator is then mounted on the rotary table such 
that it is close to and centered on the objective lens of the NVG being tested. The 
illumination from the light source is then adjusted so that it is bright enough to maximize 

the luminance output of the goggle intensifier tube. Full moon illumination is a good 

choice. The photometer is positioned so that it measures the luminance on the 

phosphorus screen of the image intensifier tube through the eyepiece of the NVG. A 

measuring FOV of less than \I2° should be selected on the photometer. 

,In this procedure, the light source and NVG rotate together while the photometer 
remains stationary. The table is then rotated until the photometer is measuring a point 
just off the edge of the field of view of the NVG. The strip chart recorder is turned on 

and the rotary table is activated such that it sweeps through an angle greater than the field 
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Figure 15. Example of typical NVG field of view and luminance uniformity. 

of view of the NVG. The resulting chan recorder trace appears in Figure 15. 

The angular rate of the rotary table and the linear rate of the strip chart recorder 

need to be recorded and compared to generate a calibration factor. Re, which will relate 

the strip chart recorder measurement to degrees. Measurements made in this fashion 
would be meaningless without it. 

This procedure describes the measurement of field of view and luminance non- 

uniformity. These are just different reductions of the same plotted raw data. When 

measuring contrast modulation, the procedure is the same except a high contrast, split 
field target is placed at the image plane of the collimator. The resulting chart recorder 

plot has a somewhat different profile, as seen in Figure 16, than the plot for the field of 
view and luminance non-uniformity measurements. 

7.3 Results 

By the end of the procedure, at least two strip chart recorder plots per ocular have 

been generated. In the case of the intensified field of view and luminance uniformity, the 
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Figure 16. Modulation contrast strip chart recording for a t^ical NVG. 

graph will show a line that starts near zero luminance at the edge of the FOV, ris^ to 
maximum luminance, then falls back to T&TO luminance again at the other edge of the 
FOV, as in Figure 15. For modulation contrast, a graph is produced that shows the 
luminance profile across the bright and dark areas of the split field target (Figure 16). 

Intensified Field of View Analysis 

A qualitative ^sessment of the NVG field of view can be e^ily extracted ftom 
the strip chart recording by comparing data »:quired ft^om a recently tested system to 
older data. For a more ctetailed, quantitative analysis, the distance between the initial and 
final luminance inflection points on the strip chart recording must be measured and 
converted to degr^^s using Equation 7.1, 

e = iRJiR,) (7.1) 

where 6 is the field of view of the NVG, Re (de^in) is the caUbration factor, and Rd is 
the distance tetween the initial and final luminance inflection points. Figure 15 
illustrates the field of view for a typical NVG. 

Luminance Non-Uniformitv Analysis 

The same strip chart recording used for the intensified field of view measurement 
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is the basis for determining luminance uniformity across the field. If luminance were 

uniform, the graph would have a uniform horizontal line across the field. Luminance 

non-uniformity appears as a variation in the line across the chart graph, and typically is a 

fall-off in luminance from center to edge. Due to this fall-off and due to equipment 

limitations, it is difficult to measure the luminance at the edge of the goggle's FOV. 

Therefore, the luminance non-uniformity analysis is restricted to the central 807o of the 

tested system's measured field of view. Figure 15 demonstrates the luminance non- 
uniformity of a typical NVG. 

To calculate luminance non-uniformity, three specific measurements must be 

taken from the graph. These are the maximum luminance, L^ax, the luminance at the 

point bordering the right side of the central 80% of the measured field of view, L8O%R, 

and the point bordering the left side of the central 80% of the field of view, L8O%L- A 

value for luminance non-uniformity, LNU, expressed as a percentage, can be calculated 
from these numbers using Equation 7.2. 

LyV[/ = ^ai-=iW±i20M)*ioo% (7.2) 

The mathematical procedure required to calculate luminance non-uniformity is somewhat 

involved and is therefore ea.sier to express it as a single equation. More detailed 

examinations of the mathematics involved in the luminance non-uniformity calculation 
and the derivation of this equation are available in Appendix A. 

Modulation Contrast Analysis fNpar Field and Far Field Contrast) 

The strip chart recording from the measurement of the split field target is used to 
determine the modulation contrast. The data is reduced by listing near field and far field 

contrast, which would be the contrast measured at specified angles close to (5°) and 

farther from (10°) the edge of the dark field. Contrast is calculated by using the 
modulation contrast equation (Equation 7.3). 

'"max ^  Mnin(i) 

Ci is the contrast calculated at / degrees from the drop-off edge, L,„ax    is the 
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measurement at the highest peak of the graph, and Lmin(n >s the measured point at i 

degrees from the drop-off edge. Figure 16 demonstrates the modulation contrast for a 
typical NVG. 

7.4 Comments 

These methods provide a relatively easy objective assessment of the NVG visual 

field parameters as long as the specifications of the procedure are followed carefully. An 

error will result if the parameter is not measured with an input light source which 
produces a uniform output and fills the entire NVG field of view. These measurements 
provide hard copies (Figures 7.2 and 7.3) of information which can be extracted directly 
from the graphs. 

The analysis of the data collected using this procedure is somewhat subjective and 
is limited by the technician's ability to locate the points of interest accurately. Equipment 

limitations make an exact determination of the location of the edges of the measured 

FOV and the location of the light/dark border in the modulation contrast measurement is 
difficult. These factors must be considered when reviewing information about a tested 
system's visual field parameters. 
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COMBINER TRANSMISSIVITY 

8.1 Introduction 

Transmissivity is the ratio of the luminance of a light source measured through a 

medium to the luminance of the source measured directly (II). Some night vision 

goggles use a beam-splitter as an image combiner to relay the intensified image to the 

user. When the goggle is switched off, the combiner allows the user to see cockpit 

information without removing or manipulating their goggles. Combiner transmissivity is 

measured on these systems to determine how much of the light from the outside scene, 

such as an instrument panel of the cockpit, passes through the combiner. 

8.2 Approach 

Figure 17 depicts the equipment arrangement needed to measure the combiner 
transmissivity. This procedure requires a regulated light source and a telephotometer or 
spectral scanning radiometer. 

The spectroradiometer is placed at least six feet in front of and focused on the 
light source. The baseline spectral radiance (or luminance if using a telephotometer) of 

the regulated light source is measured from 380 nm to 1000 nm at 10 nm intervals. The 

NVG is then positioned such that the beam splitter is between the spectroradiometer and 
the regulated light source. The apparent spectral radiance (or luminance depending on 

the instrument) is once again measured through the beam splitter from 380 nm to 1000 

nm. The ratio of the radiance of the source as seen through the beam splitter to the 

radiance of the source viewed directly is calculated for each measured wavelength. 

8.3 Results 

Once the radiance values measured through the image combiner for each 

wavelength are known, they are divided by their corresponding radiance value from the 

baseline spectral scan of the light source. Fortunately the radiometer used performs this 

function 'and eliminates the need for the operator to calculate each ratio by hand. If the 

device used to measure transmissivity cannot handle mathematical manipulations, then 

the operator must calculate the percent transmissivity for numerous wavelengths to draw 
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Figure 17. Test arrangement for the combiner transmissivity procedure. 

480 580 680 780 

Wavelength (nm) 
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Figure 18. Example of typical NVG combiner transmissivity data. 
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the necessary graph. These percentages are then plotted against wavelength. Figure 18 

shows a typical NVG image combiner transmissivity curve. 

8.4 Comments 

Figure 18 illustrates that the transmissivity of the beam-splitter at any wavelength 

can be determined graphically from the data collected during the procedure. Note that 

one must be careful of reflections and stray light sources during this measurement. 

Spurious light will cause erroneously high transmissivity values, if detected during the 

measurement of the combiner, or lower transmissivity values if detected while measuring 

the source baseline. 
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UNINTENSIFIED FIELD OF VIEW 

9.1 Introduction 

The unintensified field of view is a measure of how much the eye can see outside 
the intensified field of view of the NVG. It is simply a measure of peripheral vision and 

is concerned strictly with the observation around the NVG. For NVGs which have a 

combiner as an eyepiece, this measurement will also include the unintensified field of 
view as seen through it, 

9.2 Approach 

This procedure requires the use of a field perimeter, a holding fixture for the 

NVGs, and trained observers. Figure 19 depicts the arrangement of the equipment and 
the position of the subject. 

Cutaway 
View 

NVG 

Target 

^-^ 
Recording 
Device 

Figure 19. Test arrangement for the unintensified field of view measurement. 

The NVG is mounted to the field perimeter so that the eye position of the observer 
is both in the correct eye position for wearing the NVG and in the correct position for 
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measuring the peripheral field of view. The point light target of the field perimeter is 

positioned outside the field of view of the observer and brought radially inward toward 

the eye position until the observer can see it. The angle at which the point becomes 
visible is recorded on a field map for the meridian measured. This is repeated every 15 

degrees until a full map of the field of view is obtained. This is measured for both the 

right eye position and the left eye position. A measurement without the NVG is also 

taken to provide a baseline graph. The results are typically recorded in units of 

steradians. 

9.3 Results 

Figure 20 is an example of a typical perimeter field graph. The number of 

steradians that are available to the observer without the NVG (baseline graph) is 

compared to the graph produced with the NVG. It may be possible to detennine from the 

chart what limits the visual field, facial features or the NVG. Once that information is 

obtained, the results are then expressed as a percentage, such as the unintensified FOV 
with the NVG is 87% of the baseline without the NVG. The number of steradians 

available with the NVG is also recorded. 

330 

300 

270 

240 

Figure 20. Example of typical perimeter field graph. 
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9,4 Comments 

This is a highly subjective measurement. It relies on the use of a human observer 
in addition to an operator of the field perimeter. The results will vary considerably with 

the facial features of the subject and with the use or lack of chemical, biological, and 
neurological protective equipment. 
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APPENDIX A 

Derivation of the Luminance Non-Uniformity Equation 

In the section of this report discussing the evaluation of NVG visual field 

parameters, an equation was given to compute the percent luminance non-uniformity of a 

system from three measurements made from a chart recorder trace (Equation 7.2). The 

origin of this equation is not perfectly obvious. This appendix will closely examine the 

luminance non-uniformity calculation and show the validity of Equation 7.2. 

Luminance non-uniformity is a comparison of the actual luminance profile of an 

NVG image to an ideal, flat, uniform luminance value. It can be expressed either as a 

percentage, as in this report, or as a ratio of center FOV luminance to edge FOV 

luminance, as in the ANVIS image intensifier assembly specification. Equipment 

limitations make measuring the luminance output at the extreme edge of the intensified 
image difficult. Because of equipment limitations and measurement difficulties, the 

evaluation is limited to the central 80% of the tested NVG's field of view. 

The calculation, expressed as a percentage, requires a low end, a mean, and a 
maximum luminance value. The maximum value can be measured directly from the chart 

recorder trace and is denoted as Lmax-  The other values are not as easily acquired. 

The minimum luminance value can be found by comparing L8O%L and L8O%R. 

These are the luminance values at the left and right most points, respectively, which 

define the central 80% of the NVG's measured field of view. The locations of these 

measurements on a typical chart recorder trace are shown in Figure A-1. Ideally, the field 

of view chart recorder trace, from which these measurements are taken, should be 

symmetric. Therefore, L^o%L and Igo^R should equal each other and equal the minimum 
luminance value. Unfortunately, this is rarely the case. The minimum luminance value, 

Liow is then calculated as the average of the two, as in Equation A.l. 

T       — ^0%L "^ '-fO%H (A.l) 

The mean luminance value, Lmean , is calculated by averaging the maximum 

luminance value and the minimum luminance value, as in Equation A.2, 
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II 

Figure A-1. Chart recorder ti^:e used to detennine luminance non-unifonnity. 

(A.2) 

Substituting ^nation A.1 into Equation A.2 yields 

4 (A.3) 

The actual luminance non-uniformity value, LNU^ is then calculated taking the 

difference of the maximum luminance value and the mean luminance value, dividing by 

the mean luminance value, and multiplying by 100% to express it as a percentage 
(Equation A.4), 

r * rr f      *-* max-" Z^seon 
100% (A.4) 

Substituting Equation A,3 into Equation A.4 will yield a luminance non-uniformity 

equation in tenm of only £-«««. ^80%L. and L8O%R equal to Equation A.5. 
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2 L max+ Lso* t + L80%/f 

This evaluation is quicker and easier to use than running the entire calculation for 

each ocular of each goggle evaluated and reduces the possibility of mathematical error. 

U.S.G.P.O.:1994-550-067/B1060 



Pinkus, A. R., & Task, H. L. {1998). Interlaboralory study (ILS) of the standard test method for measuring the night vision 
goggle-weigltted Iransmissivity of transparent parts. (Report No. AFRL-HE-WP-TR-1998-0016). Wright-Patterson AFB OH: 
Air Force Research Laboratory. 

AFRL-HE.WP.TB.1998-0016 
UNITED STATES AIR FORCE 
RESEARCH LABORATORY 

INIERLABOBATORY STUDY (ILS) OF 
THE STANDARD TIST METHOD FOR MEASURING 

THE NIGffiT VraiON GOGGLE-WEIGHTED 
TRANMissmry OP TRANSPARENT PARTS 

Alan R. Pinkus 
Hany L. Task 

HUMAN EFFECTIVENESS DIRECTORATE 
CREW SYSTEM INTERFACE DIVISION 

WRIGHT-PATTERSON AFB OH 45433-7022 

MARCH 1098 

INTERIM BEPORT FOR fHE PERIOD APRIL 1995 TO DICIMBIR1997 

Apin^ved for public i«lease; distribution is unlimited 

Human Effecliveneat IKi^ctorate 
Crew Sj^Uis Interbce Di^aion 
^255HStoeet 
Wright-Pattencm AFB, OH 45433-7022 

501 



REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 

Public rtpoRing burden lor Ihit collection of rnfonn«tlon n estimtted to (vertge 1 hour per response, including the time for reviewing Instructions, surching Misting date sources, 
gnherlng «nd maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this 
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services. Directorate for Information Operations and Reports. 1215 Jefferson 
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget. Paperworlc Keductlon Project (0704-01 SB). Washington. DC 20503. 

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 
March 1998 

3. REPORT TYPE AND DATES COVERED 
INTERIM (April 1995-December 1997) 

4. TITLE AND SUBTITLE 
Interlaboratory Study (ILS) of the Standard Test Method 
for Measuring the Night Vision Goggle-Weighted 
Transmissivity of Transparent Parts 

5. FUNDING NUMBERS 
PE 62202F 
PR 7184 
TA 18 
WU 07 6. AUTHOR(S) 

Alan R. Pinkus 
Harry L. Task 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION 
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
Air Force Research Laboratory 
Human Effectiveness Directorate 
Crew System Interface Division 
Air Force Materiel Command 
Wright-Patterson AFB OH 45433-7022 

10. SPONSORING /MONITORING 
AGENCY REPORT NUMBER 

AFRL-HE-WP-TR-1998-0016 

11. SUPPLEMENTARY NOTES 

12a. DISTRIBUTION/AVAILABILITY STATEMENT 

Approved for public release; distribution is unlimited 

12b. DISTRIBUTION CODE 

13. ABSTRAa (Maximum 200 words) 
Night vision goggles (NVGs) are now bemg used in aircraft and other applications (e.g., 
marine navigation, surveillance, vehicles) with iucrcasing frequency. These devices amplify 
near-infrared (NIK) spectral energy. A transparency may have excellent visible transmissive 
characteristics but could have poor NIR transmissivity. Overall visual performance (acuity) 
can be degraded if the observer uses the NVGs while looking through a transparency that has 
attenuated transmissivity in the NIR region. ASTM P94-02, Standard Test Method for 
Measuring NVG-Weighted Transmissivity of Transparent Materials addresses this issue. 
This Interlaboratory Study (ILS) determined the precision of P94-02. The method describes 
both analytical and'direct'measurement techniques that determine the NVG-weighted 
transmissivity (Tffyc) of transparent pieces. T^^. is the integrated value (450 through 950 nm) 
of the spectral transmissivity of a transparent part weighted (multiplied) by both the spectral 
sensitivity of a given set of NVGs and the light source, divided by the integrated value of the 
NVGs times the light source. The higher the T^^ the more compatible a transparency is 
with NVGs, i.e., there is more Ught energy available to be amplified by the goggles which 
usually corresponds to better visual acuity performance of the observer (finer detail seen). 

14. SUBJECT'TERMS 

night vision goggles, transmissivity, aircraft transparencies 
windscreens, visual acuity 

15. NUMBER OF PAGES 
106 

16. PRICE CODE 

17.   SECURITY aASSIFICATION 
OF REPORT 

Unclassified 

18.  SECURITY CLASSIFICATION 
OF THIS PAGE 

Unclassified 

19.  SECURITY CLASSIFICATION 
OF ABSTRAa 

Unclassified 

20. LIMITATION OF ABSTRACT 

Unlimited 

NSN 7540-01-280-5500 
502 

Standard Form 298 (Rev. 2-89) 
Prescnbed by ANSI Std. Z39-18 
2SB-1D2 



Acknowledgments 

The authors ^tefally recognize tfie excellent support provided by Sharon Dixon and David 
Sivert of Logicon Technical Services, Inc., and Chuck Goodyear, independent consultant, 
during the data reduction and statistical analysis phases of this study. 

503 



1. TITLE 
INTERLABORATORY STUDY (ILS) OF THE STANDARD TEST METHOD FOR 
MEASURING THE NIGHT VISION GOGGLE-WEIGHTED TRANSMISSIVITY 
OF TRANSPARENT PARTS 

Committee F-7 on Aerospace and Aircraft Enclosures. 
Subcommittee F-7.08 on Transparent Enclosures and Materials 
RR: P94-02: XXXX 

2. INTRODUCTION 
There are several ASTM Standards that address light transmissivity through transparencies (ASTM 
Standards F 1316-90D and 1003-61) in the visible spectrum (400 through 700 nm). However, 
night vision goggles (NVGs) are now being used in aircraft and other applications (e.g., marine 
navigation, surveillance, personnel carriers) with increasing frequency. These devices amplify 
both visible and near-infrared (NIR) spectral energy. A transparency may have excellent visible 
transmissive characteristics but could have poor NIR transmissivity. Overall visual performance 
(acuity) can be degraded if the observer uses the NVGs while loolang through a transparency that 
has attenuated transmissivity in the NIR region (Pinkus and Task, 1997, see Appendix A). ASTM 
P94-02, Standard Test Method for Measuring Night Vision Goggle-Weighted Transmissivity of 
Transparent Materials (see draft in Appendix B) addresses this issue. This ILS was undertaken in 
order to determine the precision of P94-02. The method describes both analytical and direct 
measurement techniques that determine the NVG-weighted transmissivity (7^) of transparent 
pieces including ones that are large, curved, or held at the installed position. This ILS investigated 
just the analytical method since only one lab is presently capable of implementing the direct test 
method. TJ^Q is the integrated value (450 through 950 nm) of the spectral transmissivity of a 
transparent part weighted (multiplied) by both the spectral sensitivity of a given set of NVGs and 
the light source, divided by the integrated value of the NVGs times the light source. The higher the 
TffVQ the more compatible a transparency is with NVGs, i.e., there is more light energy available to 
be amplified by the goggles which usually corresponds to better visual acviity performance of the 
observer (finer detail seen). 

3. TEST PROGRAM INSTRUCTIONS AND TEST METHOD 
The cover letter for test instructions to participating labs, follows. 

SUBJECT: Interlaboratory Study for ASTM Standard P94-02: Standard Test Method for 
Measiuing Night Vision Goggle-Weighted Transmissivity of Transparent Materials. 

FROM: AL/CFHV 
2255 H Street, Room 300 
Wright-Patterson AFB OH 45433-7022 

Dear Colleague, 

Please find enclosed the instractions and materials needed by you to conduct 
spectral transmissivity measurements as discussed at the April 8fli, 1997 ASTM Task 
Force conomittee meeting in St. Louis. The test has been simplified by the elimination 
of theJExcel spread sheet I am now simply supplying four (4) plastic samples. The 
spectral transmissivity scan data arc then returned to me for completion of the data 
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analysis of which the details are descrilwd in flie attached draft test method [P94-Q2, 
see Appendix B], You may retain die draft for your use and recorfs. 

The ^ta collation pKK»dure is as follows: 
(1) Pleare handle Ihe samples carefully as to not cause any (fiirther) damage. 
(2) Eto not clean them with any solvente. Use part specific, prescribed cleaning 

materials and methocte. 
(3) Spectral nffiasuiemente are made fi»m 450 nanometere (nm) tiuwugh 950 nm in 

5 nm incrementel steps, wifli tiie arrow on tc^ and pointed towards tlte 
specrtophotometer's sensor. 

(4) Perform sample measurements Mquentially, i.e., measure #1, #2, #3, #4. 
(5) Repeat Step (4), five times, per instrument, yielding 20 sete of qsectral data. 

Hius, the tot ^uence for the samples is: 
Measure samples    [#1, m, #3, #4] 
Repeat [#1, m, #3, #4] 
Repeat [#1, #2, #3, #4] 
Repeat [#1, #2, #3, #4] 
Repeat [#1, m, #3, #4] 

(6) Repeat fliis process on more than one instrument, if available (instruntents ate 
statistically analy^d as "labs" and I need as many "labs" as possible). 

(7) Label each qjectral printout with: 
Sample # ark repetition # 
Instrunwnt make tmd model # 
Date and time of the measurement 

(8) Tliese measurements can 1» made over a period of days, if desired. Tte 
variability in the data due to an extencted measurement period will more accurately 
reflect real-world conditions (i.e., variability due to tenqserattire, positioning, drift, 
etc.). 

(9) Since these test samples need to be sent to sewral labs, plea^ complete all 
nwasuremente within two w^fa of nreeipt and retain data and samples to the address, 
above, so I can forward the samples to the next conqsany. 

Sincerely, 

Alan Pinkus, PhD 
Research Psychologist 

6Attachntente: 
1. Cover letter 
2. Plastic Sample #1 
3. Plastic Sample ^ 
4. Plastic Sample #3 
5. Plastic Sample #4 
6. Draft Test Method P94-02 

505 



4.   LIST OF PARTICIPATING LABORATORIES 
There were six labs (instrument types). 

Lab #1: EG&G Radoma GS1252 Spectraphotometer (15 May 1997) 
Air Force Research Lab/HECV (formally Armstrong Lab/CFHV) 
2255 H Street, Room 300 
Wright-Patterson AFB OH 45433-7022 
POC: Alan Pinkus (937-255-8767) 

Lab #2: Gary 5G Spectraphotometer (16 Jun 1997) 
Air Force Research Lab (formally Armstrong Lab/OEO) 
8111 18th Street 
Brooks AFB TX 78235-5215 
POC: Dennis Maier (210 536-3709) 

Lab #3: Perkin Elmer Lambda 9 Spectraphotometer (16 Jun 1997) 
Air Force Research Lab (formally Armstrong Lab/OEO) 
8111 18th Street 
Brooks AFB TX 78235-5215 
POC: Dennis Maier (210 536-3709) 

Lab #4: Hitachi U-2000 (2 Jul 1997) 
Polycast, Inc. 
70CarUslePl 
Stamford CT 06902 
POC: Kuang Tran (203-327-6010 

Lab #5: Model 736 Radiometer (21 Jul 1997) 
Texstar, Inc. 
1170 108th Street 
PO Box 534036 
Grand Prairie TX 75053-4036 
POC: Lance Teten (214-647-1366) 

Lab #6: UVA^S/NIR (8 Sep 1997) 
Sierracin/Sylmar Corp. 
12780 San Fernando Rd 
SylmarCA 91342 
POC: John Raffo (818-362-6711) 

5. DATA REPORTS 
See Appendix C 

6. STATISTICAL DATA SUMMARY 
The four test stimuli were 2 inch square samples of transparent plastic material: #1,0.875 inches 
thick acrylic, ^ laminated (F-111), #3 gold-coated (F-16) and #4,3 mm acrylic. Samples #2 and 
#3 were cut from actual aircraft windscreens. The main source of error in the test method is due to 
the variability among spcctraradiometric (spectraphotmetric) instruments not the Tj^^ calculation. 
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Absolute radion»tric cdibration of the instrument k not essential since T^g is a ratio. In this ILS, 
the six instruments were tieat«i as labs. TTie samples were meMuisd using spectraradiometric 
instiumente but the actaal cakulation of Tj^g (in ^cordance with test method P94-02) was 
performed later, joior to data analysis. T,^ Kjuals ite integral with resf«ct to wavelength, of the 
transparent part's ^ectral transmissivity [P(X)] tinres the spectral trmgy distribution of flie light 
source IS(X)] times tl» NVG si^ctral sensitivity [G(X)] divided by tte integral with respect to 
wavelength, of the spectral ener^ distribution of die light source times the NVG spectral 
sensitivity. Since ihe si^^ific spectral msrgy distribution of the light rource in Equation 1 is 
typically not known for c^ratioiml conditions (it (fepends on the spectral enei^y distribution of the 
iUmnination source on tte scene and tto spectral reflectivity of die various objects in die scene) the 
^rVG-weigltted transmission coefficient was calculated using S(X) = 1 for all wavelengths. This 
simplifies die eqimtion and typically does not significandy affect the resulte for the vast majority of 
broad-band ieflectanc« distributions nonnaUy encountered. (Pinkus and Task, 1997; Equation 1 in 
Appendix A). Just die analytical metiiod section of P94-W was studied sin(» cmly one lab (Air 
Force Research lAb/WPAra/HECV, fonnally die Anmtrong Ub) has die capability to perform 
the odwr, dir«;t method. An ILS for die direct method may be perfwrned at a later date. Tables 1 
through 4 summari^ the ILS results. 

Tables 1 through 4. Resulte suramaiy of four plastic samples (tiiick ^rylic, laminated, gold- 
coated md 3 mm acrylic), measured l^ 6 late (iMttuments) 5 timte each: Tj^^gmeans f x), 
standard deviations (s), cell deviations (d), A and fc statistics, grand mean (GM), rejwatability (SJ. 
standard deviation of cell averages (Ss), as <tefined in ASTM Practice E 691. 

Table  1 1.92 1.7S 
#1  (THICK) REPS 

LABS 1 2 3 4 S X s d A k 
ms&a 0.895 0.888 0.897 0.899 0.877 0.891 0.009 -0.012 -0.987 0.846 

CARY5G 0.904 0.903 0.899 0.904 0.903 0.903 0.002 -0.001 -0.072 0.173 

FBBXmM h9 0.901 0.898 0.894 0.896 0.890 0.896 0.004 -0.008 •0.634 0.378 

HTTU-MOO 0,902 0.902 0.902 0.903 0.902 O.902 0.000 -0.001 -0.085 0.015 

736RADIOM. 0.936 0.924 0.926 0.921 0.926 0.927 0.006 0.023 1.897 0.532 

wmsnm. 0.902 0.903 0.901 0.904 0.900 0.902 0.001 -0.001 -0.119 0.120 

GM       S S. s. 
0.903 0.012 0.011 O.OIS 

95%= 0.030 0.043 
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Table  2 
#2  fLAM) REPS 

LABS 1 2 3 4 5 X s d h k 
BG&G 0.853 0.850 0.861 0.859 0.860 0.857 0.005 -0.010 -0.816 0.432 

CARY5G 0.868 0.866 0.867 0.862 0.864 0.865 0.002 -0.001 -0.114 0.202 

FERKfflLML9 0.867 0.864 0.858 0.862 0.857 0.861 0.004 -0.006 -0.439 0.382 

HITU-2000 0.869 0.868 0.865 0.870 0.858 0.866 0.005 -0.001 -0.080 0.462 

736 RADIOM. 0.897 0.897 0.881 0.888 0.895 0.892 0.007 0.025 1.964 0.646 

UVA^IS/NIR 0.863 0.860 0.862 0.859 0.859 0.860 0.002 -0.006 -0.514 0.168 

GM       SJc 5, s. 
0.867|0.013 O.OH 0.016 

95% = 0.030 0.044 1 

Table 3 
#3  (GOLD) REPS 

LABS 1 2 3 4 5 X $ d h k 

EG&G 0.533 0.539 0.540 0.541 0.527 0.536 0.006 -0.007 -0.844 0.789 

CARY5G 0.547 0.547 0.546 0.546 0.547 0.547 0.001 0.003 0.375 0.067 

PERK/ELM L9 0.541 0.541 0.535 0.535 0.532 0.537 0.004 -0.006 -0.762 0.520 

HITU-2000 0.541 0.541 0.541 0.543 0.542 0.542 0.001 -0.002 -0.201 0.117 

736 RADIOM. 0.561 0.557 0.563 0.550 0.564 0.559 0.006 0.016 1.834 0.777 

UVAIS/NIR 0.539 0.543 0.541 0.538 0.540 0.540 0.002 -0.003 -0.402 0.259 

GM        Sx s. s. 
0.543 0.009 0.007 0.011 

95%>: 0.021 0.030 

508 



Table 4 
#4  rSmm) REPS 

LABS 1 2 3 4 S X s d h k 
H3m 0.878 0.878 0.880 0.886 0.877 0.880 0.004 0.002 0.300 0.583 

CARY«3 0.879 0.881 0.879 0.878 0.877 0.879 0.001 0.001 0.096 0.218 

PERKM-MW 0.878 0,875 0.871 0.873 0.865 0.872 0.005 •0.006 -0.869 0.781 

HITU-20CM) 0.881 0.876 0.879 0.879 0.881 0.879 0.002 0.001 0.181 0.313 

736RAD10M. 0.897 0.884 0.891 0.879 0.890 0.888 0.007 0.010 1.573 1.133 

uvmsnm. 0.869 0.872 0.870 0.869 0.870 0.870 0.001 -0.008 -1.280 0.209 

GM       Sc s. S. 
0.878 0.006 0.006 O.OOS 

95%= 0.017 0.023 

The critical v^w& of the A and fc stotistics, used to Pennine outliers (ASTM Vtas^cs E 691, 
Table 12, p. 14, where p = 6 and n = 5), are 1.92 and 1.75. respectively. Only om lab (Table 2, 
sample m., 736 RaJion^ter) exce^ed tlw critical h (bolded) at 1.964. Tlie ttata WKe ree3Kmm«i 
fOT typographical errors but none were found. The pw^aibed mefliai was followed so flie &ta 
were rcteined for final malysb. TOAc 5 summarires tl» ne^atability (S,) and repioducibility (Sg) 
values and Table 6 suramari2»s the 95% repeatability (r) limits and the 95% repioducibility (R) 
Iknite for the individual samples as well as die n^ms. 

Table 5. RepeatebiUty (S,) and leproducibiUty (SJ values in T^g, derived fiwm the data 
sets in Appendix C. 

REPEATABILrrY fSJ 
WITHIN LABS 

REPRODDCIBILITY fSJ 
BETWEEN LABS 

SAMPLE #1 0.011 0.015 
SAMPLE #2 0.011 0.016 
SAMPLE #3 0.007 0.011 
SAMPLE #4 0.006 0.008 

MEAN 0.009 0.013 
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Table 6. 95% repeatability (r) limits and 95% rcproducibility (R) limits in Tj^g. 

95% r LIMITS 
WITHIN LABS 

95% R LIMITS 
BETWEEN LABS 

SAMPLE #1 0.030 0.043 
SAMPLE #2 0.030 0.044 
SAMPLE #3 0.021 0.030 
SAMPLE #4 0.017 0.023 

MEAN 0.025 0.035 

5, ranged from 0.006 to 0.011 T^^ 
Sg ranged from 0.008 to 0.016 Tf^^c 

r ranged from 0.017 to 0.030 J^g 
R ranged from 0.023 to 0.044 7^^ 

Since the accuracy of the measurements should not and did not depend upon the type of the 
transparent material, it is logical to calculate a mean Tf^^j of the 4 sample sizes to derive the 
composite precision values indicative of this method. 

The composite (mean) repeatability (S,) and reproducibility (S,f) values: 
Mean S, = 0.009 Tf^c 
Mean S^ = 0.013 T^c 

The composite (mean) 95% limits for repeatability (r) and 95% limits for reproducibility (R) 
values: 

Mean r = 0.025 r^ 
Mean R = 0.035 T, 

NVC 

NVG 

Note: The 95% limits were calculated using the formulae, below. Since the 95% limits are based 
on the difference between two test results, the V^ factor was incorporated into the calculation 
(ASTM Practice E 177; 27.3.3). 

r = 95% repeatability limit (within laboratories) 
S, = repeatability standard deviation 

r = 1.960*^/2*S, 

R = 95% reproducibility limit (between laboratories) 
Sg = reproducibility standard deviation 

R = 1.960*^/2*8^ 
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7. RESEARCH REPORT SUMMARY 
Precision:  An interlaboratoty study was conducted to detennine the precision of ASTM P94-02 
(draft). Standard T^t Method for Measiaing Night Vteion Goggto-Weighted Transmksivity of 
Transparent Materials. Six late (instnanents) were used to measure four plastic san^les, five 
times each. Statistical analysis (ASTM StandanJ Practices E 691 and E177) revealed Ihat the 
method's mean repeatebUity (S,) was O.OCB T^a^^ ^ ™c^ reiroducibility (S/^) was 0.013 
Trnv- Ths ™®2n 95% limits for repeatability (r) was 0.025 Tf^g and tiie n»an 95% limits for 
reproducibility (R) was 0.035 T^^. 

Bias: The procedure in ttiis test n»thod has no bias tecause the NVG-weighted tiansmissivity is 
defined only in tarns of the test nwtiiod. 
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APPENDIX B. P94-02 Test Method 

REVISED DRAFT (Dec 16, 97) 

P94-02 Standard Test Method for Measuring the Night Vision Goggle- 
Weighted Transmissivity of Transparent Parts^ 

INTRODUCTION 

Test Methods D 1003-61 and F 1316-90 (see Refs. 2.1.1 and 2.1.2) 
apply to the transmissivity measurement of transparent materials, the former 
being for small flat samples and the later for larger, curved pieces such as 
aircraft transparencies. Additionally, in D 1003-61, the transmissivity is 
measured perpendicular to the surface of test sample and both test methods 
measure only in the visible light spectral region. Night vision goggles 
(NVGs) are being used in aircraft and other applications (e.g., marine 
navigation, driving) with increasing frequency. These devices amplify both 
visible and near-infrared (NIR) spectral energy. Overall visual performance 
can be degraded if the observer uses the NVGs while looking through a 
transparency that has poor transmissivity in the NIR region. This method 
describes both direct and analytical measurement techniques that determine 
the NVG-weighted transmissivity of transparent pieces including ones that 
are large, curved, or held at the installed position. 

1. Scope 
1.1 This test method describes apparatuses and procedures that are suitable for 

measuring the NVG-weighted transmissivity of transparent parts including those which are 
large, thick, curved, or already installed. This test method is sensitive to transparencies 
that vary in transmissivity as a function of wavelength. 

1.2 Since the transmissivity (or transmission coefficient) is a ratio of two radiance 
values, it has no units. The units of radiance recorded in the intermediate steps of this test 
method are not critical; any recognized units of radiance (e.g., watts/m^-str) may be used, 
as long as it is consistent (see Ref 2.2.1). 

1.3 This standard does not purport to address the safety problems associated with 
its use. It is the responsibility of the user of this standard to establish appropriate safety 
and health practices and determine the applicability of regulatory limitations prior to use. 

2. Referenced Documents 
2.1 ASTM Standards: 
2.1.1 D 1003-61 Standard Test Method for Haze and Luminous Transmittance of 

Transparent Parts. Annual Book of ASTM Standards, W 61. 15.09. Sep 1961. 
2.1.2 F 1316-90 Standard Test Method for Measuring the Transmissivity of 

Transparent Parts. Annual Book of ASTM Standards, Vol. 08.01. Mar 1991. 
2.2 Published Documents: 

' This test method is under the jurisdiction of ASTM Committee F-7 on Aerospace and Aircraft and is the 
direct responsibility of Subcommittee F07.08 on Transparent Enclosures and Materials. 
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2.2.1 RCA Electro-Optics Handbook. {1914% LanchastoPA: RCAISoUd State 
DivisiaalElKrtro Cities and Devices. Tashnical Seri^ EOH-11. 

2.2.2 Wyszecki, Gunter. and StUes, W. S. (1982). Color Science: Concepts and 
Methods, Quantitative Data and Formuhie (Second Mition). New Yak: John Wiley and 
Sons. 

3,   Terminology 
3.1 Definitions'. 
3.1.1 Analytical test method - the test metiiod that uses spectral transmissivity data 

of a tranqjarent part collected 1^ flie use of either spectraphotonwtric or spectratadion»tric 
instraraentation. The date aie then examined using analytic methotte to detenniiw the 
NVG-weightei ttammissivity of the part. 

3.1.2 Direct test nwthod - flie test n«thod that uses tto actual luminous output, as 
measured by a photonMter, properly coupled to die eyepie<^ of the test NVG. The NVG- 
weightsd traMmissivity of die part is dien <tetennined l^ ftwming tte mtio of die NVG 
output luminance widi die tramparent part in pl^e to die luminance output wi&out dte part. 

3.1.3. NVG-weighted spectral transmissivity - the spectral transmissivity of a 

3fa 
^ ./ith 

respect to wavelengfli (see Fig. 1, Equations 1 and 2). 
3.1.5 NVG spectral sensitivity - the sensitivity of an NVG as a fimction of input 

wavelength. 
3.1.6 photometer - a device diat measures luminous inttsnsity or brightness by 

(inverting (weighting) die radimt intensity of an object using die relative sensitivity of the 
human visual system m ctefined by Urn photopic curve, (see Refs. 2.2.1 and 2.2.2) 

3.1.7 Photopic curve - die photopic curve is the sp«;tral sensitivity of die human 
eye for (taytime conditions as <tefined by die Commission Internationale d'Eclairage (CJE) 
1931 standard observer (see Refs. 2,2.1 and 2.2.2). 

3.1.8 transmission coefficient - same as transmissivity. 
3.1.9 transmissivity - die transmissivity of a tranqjarent medium is tto ratio of die 

lummanc« of m object m^surai flirough the nwdium to die luminan(» of tite same obJKrt 
measured direcdy. 

4.   Summary of T^t Methods 
4.1 General Test Conditions: The test can!» perfonnal in any light-controlled 

area (e.g., light-tight room, darkened hangar, or outside at night away from strong light 
sources). The ambient illumin^on must be very low due to 3m extrenw ^nsitivity of the 
NVGs. A fixture holds the NVG and ite objective lens is mmd at and focusai on a target. 
The target can be eidier m evenly illuminated white, diffiisely reflecting surfjce or a 
transilluminated sc^n (li^tbox). The illumination is provided by a white, incandescent 
ligbt source. Handle tte sample carefully as to not cause any damage. Ito not clean them 
with any solvente. Use part specific, prea:ribed cleaning materials and methods. 

4.1.1 Direct Test Method: Attached diiiKdy to die eyepiece of the NVG is a 
photodeteJtor. It has b^n found that the measured field of view (FOV) should l» smaller 
than the unifamly illuminated portion of die terget ITie target illumination is aijusted so 
that the output of die NVGs is ibont 1,7 cd/m^ (0.5 flL). This assures diat the NVG. input 
is not sadirated; die automatic gain control (AGC) is not active. Tlie luminance output of 
dK NVG is measured and tten repeated with die transparent material in place. TTie 
transmissivity is equal to the NVG output luminance with the transparent material in place 
divided by die NVG output lumuwnce widiout die material (see SMtion 10.1, Equation 1). 
ITie result is die NVG-weighted tansmfesivity (r^^) of the ttamparent rm^dal. 

4.1.2 Analytical test method: Without die sample in place, nwMure the light 
source's spectral energy distiibution from 450 nanoutetere (nm) through 950 nm in 5 nm 
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incremental steps. Place the san^jle into the spectrophotometer or spectraradiometer 
fixture. Perform spectral measurements, also from 450 nm through 950 nm in 5 nm 
incremental steps. Obtain, from the NVG manufacturer, the spectral sensitivity of the 
goggle that will be used in conjunction with the part. Perform analytic method as defined 
in Section 10.2 by Equation 2, to derive the Tff^c- 

5. Signiflcance and Use 
5.1 Significance - This test method provides a means to measure the compatibility 

of a given transparency through which NVGs are used at night to view outside, nighttime 
ambient illuminated natural scenes. 

5.2 Use - This test method may be used on any transparent part including sample 
coupons. It is primarily intended for use on large, curved, or thick parts that may akeady 
be installed (e.g., windscreens on aircraft). 

6. Apparatus: 
6.1 Test Environment - This test method can be performed in any light-controlled 

area (e.g., light-tight room, darkened hangar, or outside at night away from strong light 
sources) since the NVGs are extremely sensitive to both visible and near infrared light. 
Extraneous light sources (e.g., exit signs, telephone pole lights, status indicator lights on 
equipment, etc.) can also interfere witti the measurement. 

6.2 White Diffuse Target - The white target can be any uniformly diffusely 
reflecting or translucent material (e.g., cloth; flat white painted surface; plastic). The target 
area should be either smaller (see Figure 2) or larger (see Figure 3) than the NVG FOV 
(35-60 degrees typical) in order to minimize potential alignment errors. 

6.3 Light Source - The light source should be regulated to ensure that it does not 
change luminance during the reading period. It should be a low output, 2856 Kelvin 
incandescent light smce this type emits sufficient energy in both visible and infrared 
without any sharp emission peaks or voids (see Ref. 2.2.1). Its output must be uniformly 
distributed over the measurement area of the white diffuse target. Use of neutral density 
filters or varying the lamp distance may be needed to achieve sufficiently low luminance 
levels to be obtained for test, since varying the radiator's output would shift its color 
temperature. .^.    ^   .      , 

6.4 Night Vision Goggles - A family of passive image intensifymg devices that 
utilize visible and near-infrared Ught and enable the user to see objects that are illuminated 
by full moonlight through starlight only conditions. The goggle that is used for test should 
be the same as that which will be used with the given transparent material (see Appendix 
B). 

6.5 Photometer - Any calibrated photometer may be used for this measurement. 
However, the detector must be properly coupled to the NVG eyepiece and the FOV over 
which the light is integrated must be known (see Appendix A). 

7. Test Specimen ,    .     ^ ^ .   j r 
7.1 if necessary, clean the part to be measured usmg the procedure prescnbed tor 

the specific material. Use of nonstandard cleaning methods can irrevocably damage the 
part. No special conditions other than cleaning are required. 

8. Calibration and Standardization 
8.1 It is not necessary that the photometer be calibrated in absolute luminance umts 

since the measurement involves the division of two measured quantities yielding a 
dimensionless value. A generic photodector can be substimted for the photometer if its 
FOV is known. 
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9.   Procedure 
9.1 General Procedures: All measmenMsnte are perfomwd in a daifcened, light- 

controlled area. In order to conttol the effects of reflection, verify that there are no 
extraneous light sources that can ptodme reflections within the measurement aresa of tiie 
transparent material. To control the effecte of haze, verify that no liriit other than the 
measurement light, falls on flie area being tested. 

9.2 Direct test method: This method allows analysis of lai^e or small tonsparent 
parts plai»d at either normal ft>erpendicular to the optical axis) or installed orientations 
such as an aircraft windscreen. Figure 2 iUustrates die use of a smaU, transillummated 
Ughtbox. Figure 3 dqpicts die use of a lai^e, fiont-illuminated, white, diffusely reflective 
target, lUuminated as uniformly as possible using a regulated white incandescent Hght 
source. The sas. of die target is dependent upon die ^t location, die obtanable luminance 
umfonmty, and die FOV of die photodetector assembly. In die field, a transiUuminated 
lightbox IS probably die easiest to setap and use as it offers die advantage of compact self- 
contained i»rtability. It is inqwrtant to maintain die sane target to NVG distance duriig 
themeasurements. In a light-tight room, a white, diffusely reflK^tmg, front-inuminated 
surface may be utilized. In die field, die NVG can be held by hand and under laboratory 
conditions, can be mounted in a sturdy fixture. It is dien aimed at and focused on die white 
taiBet. The photoctetector is ^tached to the NVG eyepiece. Wifli die transparent material 
removed from fl» measurenwnt patti, die variable white light is adjusted to produce an 
NVG output luminance of about 1,7 cd/m* (0.5 fL). Thh insures tiiat die NVG's input is 
not satioatoi; die AGO is not Mtiwted. Due to tiie extreme sensitivity of NVGs, neutral 
(teiKity filters may n^sd to be placed in fiont of die light source in oider to obtein low 
enough target luminana. After recording die NVG's output luminance, die transparent 
material is plac^ m die measuren»nt padL If die material is a sample, ite orientation 
relative to die measurement padi can be maply perpendicular or at die instaUed angle If an 
affcraft transparency is being tested, die NVG should be located at the design eye position 
relative to die transparency which is mounted in its installed position. Measuring at flw 
mstalled angle k critical sma many materials exhibit variations in transmissivity as a 
function of angle. The NVG's ou^ut, with the test piece in place, is flien recorcted  In 
order to prevent damage to die NVGs, verify diat they are turned off before die test area 
hghts are tumwi on. 

Tlwre are numerous ctasses of NVCfe (generations 2,3; types A, B) diat vary in 
dieir spectol sensitivity, intensified FOV, resolution, eto. ft is in^rtant to select tte 
ptapsT NVG type fliat will be used in a given ^plication. The NVG must also be in good 
working condition and meet minimum u^r i»rforrMnce spwifications. 

The torget illumination sou«^ can te an incandescoit operating at 2856 Kelvin 
which is die stendairi color temperature tiiat is iKed for many NVG test proc^iures. The 
illumination fi»m diis souiw cm be varied using neutral demity filters since varroig tite 
list's voltage would cmm a corresponding color temperature shift If tiie NVG is to be 
used to view an area, flirough a specific transparent material, tiiat is illuminated by a 
different kind of light source (e.g., mercury v^wr, sodium) dien tiiat source must be 
properly noted in the test report. 

Tlie luminance output of the NVG is mcMured and flien repeated wifli die 
tiar^pareait material in plai». Ihe transm^ivity is equal to d» NVG output luminance 
widi the transparent material in plaj» divid«l by tiie NVG ou^t luimnaa<« without the 
nwterial (see Section 10.1, Equation 1). The result is die NVG-weighted transmksivity 
C^jv^ of the tranqjarwit material. 

9.3 Analytical test method: If usmg a specttophotometer, the sample is usiMUy 
Umited to about two by two imh sample coupons held m a nomal position. In general (but 
(^lending on the model) a sfwtraradiometer can be us«i to nwasure lai^e or small parte at 
nomml or installed positions. With the sample removed, n^asure die Ught source's 
si»ctial energy distribution from 450 nanometere (nm) dirough 950 mn m 5 nm 
incremental s%s. Pla» die sanqjle into die spectrophotonKter or si»ctiaralion^ter 
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fixture. Perform spectral measurements, also from 450 nm through 950 mn in 5 mn 
incremental steps. Obtain, from the NVG manufacturer, the spectral sensitivity of the 
goggle type (in 5 nm increments) that will be used in conjunction with the transparent part. 
Perform analytic method as defined in Section 10.2 by Equation 2, to derive the 7,^^. 

10. TNVG Calculation 
10.1 Direct test method calculation: When using a photodetector attached to the 

NVG eyepiece, the calculation is described by Equation 1. The transmissivity is equal to 
the NVG output luminance with the transparent material in place (Ly) divided by the NVG 
output luminance without the material {LB). The result is the NVG-weighted transmissivity 
{TNVG) of the transparent material. 

'«VG 
-ir (1) 

where: 
TNVG - NVG-weighted transmissivity 
Lj     = NVG output luminance with the transparent material in place 
LB     = NVG ou^ut luminance without the transparent material 

10.2 Analytical test method: Figure 1 is an example of the elements of the 7]^^ 
calculation. When substituting a spectraradiometer (see Appendix A) for the NVG and 
photodetector assemblies (see Figures 2 and 3), the calculation is described by Equation 2. 
For Equation 2, T^c equals the integral with respect to wavelength, of the transparent 
part's spectral transmissivity [P(^)] times the spectral energy distribution of the light source 
[S(Pi)] times the NVG spectral sensitivity [G(^)] divided by the integral with respect to 
wavelength, of the spectral energy distribution of the light source times the NVG spectral 
sensitivity. 

1.0 

0.9 

0.8 

g 0.7 + 
I 0.6 -- 

• 0.5 f 
1 0.4 + 
o 
"= 0.3 - 

0.2   - 

0.1 -- 

0.0 

-Gen 3 NVG 

 Transparent Material 

NVG-Weighted Spectral 
Transmissivity 

450 550 650 750 850 

Wavelength   (nm) 

950 

Figure 1. An example of how the spectral sensitivity of a Generation 3 NVG multiplied by 
the spectral transmissivity of a transparent part equals the NVG-weighted spectral 
transmissivity of that part. Integrating the curve with respect to wavelength yields the 
part's NVG-weighted transmissivity (r^^vc) value. 
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9» 

IP(X)SiX)G(X)dX 

]s{X)G{X)dl 
450 

where: 
"TNVG - NVG-weighted transimssmty 
P(X)   sspectxaradiometricscwi through transpaient part 
S(%)   - spectral ene^ distributirai of the light SOUK» 
G(%) = spectral sensitivity of night vMon goggle 
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Figure 2. Direct test method equipment setup to measure the night vision goggle- 
weighted transmissivity of a transparent part using a transiUuminated lighfeox that 
underfills the NVG FOV. 
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Figure 3. Direct test metiiod equipment setup to measure flie night vision goggle- 
weighted transmissivity of atransparoit part using a trans illuminated lightbox that 
overfills the NVG FOV. 
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11. Preciiion and Bi^ 
11.1 An interiaboratoiy study (ASTM RR XXXX) w^ conducted to detennine 

the precision of ASTM P94-(tt, Stendani Test Method for Measuring Night Vision 
Goggle-Weighted Trammissivity of Transparent Materials. Six labs (instruments) were 
uMd to measure four ptetic samples, five times each. The statistical sununarira are shown 
in Tables land 2. 

Table 1. Repeatability (S,) and reproducibilily (SJ values in T^g, 
ckrived from Ae data sets in Appendix C. 

REPEATABILiry fSJ 
WITHIN LABS 

REPRODUCIBILITY (S^ 
BETWEEN LABS 

SAMPLE #1 0.011 0,015 
SAMPLE #2 0,011 0.016 
SAMPLE #3 0.007 0,011 
SAMPLE #4 0.006 0,008 

MEAN 0.009 0.013 

Table 2, 95% repeatobility (r) limits aid 
95% rcproducibility (R) limits in J^^. 

95% r LIMITS 
WITHIN LABS 

95% .R LIMITS 
BETWEEN LABS 

SAMPLE #1 0.030 0,043 
SAMPLE #2 0.030 0.044 
SAMPLE #3 0,021 0.030 
SAMPLE #4 0.017 0.023 

MEAN 0.025 0.035 

S, ranged from 0.(K)6 to 0.011 T^^ 
Sg ranged fiom 0.008 to 0.016 T^^ 

r ranged tcom 0.017 to 0.030 7^^ 
R ranged j&om 0.023 to 0.044 T^g 

11.1.1 Since the accuracy of flie nwasurenwnts should not and did not d^end 
upon the type of the transparent material, it is logical to calculate a mean T,^^ of die 4 
sample sizes to derive the composite precision values indicative of this me&d. la 
sumnwiy, the statistical analysis (ASTM Standard fta^tices E 691 and E 177) reveal«i that 
the method's mean r^alabilily (S,) was O.OW T^^^and the nrean repw^cibility fS^) was 
0.013 T^Q. The mean 95% limits for repeatability (r) was 0.025 T^^ and the n»an 95% 
limits for reproducibilily (R) was 0.035 T^^, 

11.1.2 The 95% limite were calculated using the formulae, below. Since the 95% 
limite are based on the difference between two test results, tiie ^ factor wm incorporated 
into the calculation (ASIM Practice E177; 27,3.3). For r = 95% repeatability limit 
(within laboratories) and S, = rej^atability stendari deviation. 

For R = 95% reproducibilily limit (between lalwratories) and Sg = reproducibility standard 
<teviation. 

R = 1.960*^*8^ 
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11.2 The procedure in this test method lias no bias because the NVG-weighted 
transmissivity is defined only in terms of the test method. 

12. Appendix A 
12.1 Major suppliers of photometers: 

International Light Inc., Newburyport MA 
Labsphere, Nortti Sutton 1^IH 
Minolta Corp. 
Photo Research, Chatsworth CA 

12.2 Major photometric hght source manufacturers: 
Acton Research Corp., Acton MA 
DBA Systems Inc., Melbourne FL 
Electro Optical Industries Inc., Santa Barbara CA 
Graseby Infrared, Orlando FL 
Hofftnan Engineering Corp., Stamford CT 
Labsphere Inc., North Sutton NH 
Optronic Laboratories Inc., Orlando FL. 
Oriel Corp., Strattford CT 
Pyrometrics Corp., Millington NJ. 

12.3 Major manufacturers of night vision goggles: 
m, Roanoke VA 
Litton, Phoenix AZ 
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5. HUMAN FACTORS INTERFACE ISSUES WITH NIGHT VISION GOGGLES 

This last section provides several articles that treat human factors issues associated with 
NVG characteristics, such as field of view and interface issues with other aircrew 
equipment. In addition, this section presents articles that involve ancillary NVG 
equipment, such as the night vision goggle head-up display (NVG HUD). This system 
was developed by AFRL/HEC m the early 1980s, as a means of injecting symbology 
information into the pilot's NVG image intensifier scene. 

These articles are reprinted to provide the reader with a reference and background to 
better understand NVG human factors interface issues, 

Aleva, D, L. (1999). Field of view effects upon a simulated flight and target 
acquisition task. Proceedings of the 37th SAFE Association, 
http://www.safeassociation.com 

T^k, H. L. (1992). Night vision devices and characteristics. AGARD Lecture Series 
187: Visual Problems in Night Operations (pp. 7-1 through 7-8). Neuilly Sur Seine, 
France: NATO Advisory Group for Aerospace Research & Development. (NTIS No. 
AGARD-LS-187) 

Donohue-Perry, M. M., Riegler, J. T., & Hausmann, M. A. (1990). A compatibility 
assessment of the protective integrated hood mask with ANVIS night vision 
goggles. (Report No. AAMRL-TR-90-030). Wright-Patterson AFB, OH: Armstrong 
Aerospace Medical Research Laboratory. (DTIC No. A229956) 

Riegler, J. T., & Donohue-Perry, M. M. (1990). Afield evaluation of the 
compatibility of the protective integrated hood mask with ANVIS night vision 
goggles. (Report No. AAMRL-TR-90-031). Wright-Patterson AFB, OH: Armstrong 
Aerospace Medical Research Laboratory. (DTIC No. A230237) 

Genco, L. V. (1985). Night vision support devices human engineering integration. 
AGARD, Visual Protection and Enhancement (pp. 6-1 through 6-8). (NTIS No. 
AGARD-CP-379) 

Simons, J. C, Unger, S. E. & Craig, J. L. (1985). Night vision goggle head-up 
display for flxed-wing and rotary-wing special operations. (Report No. AAMRL- 
TR-85-044). Wright-Patterson AFB, OH: Armstrong Aerospace Medical Research 
Laboratory. 

Craig, J. L. (1984). Night vision goggle (NVG) heads-up display (HUD). 
Proceedings of the Tri-Service Aeromedical Research Panel: Vision research and 
aircrew perfomiance (Report No. NAMRL Monograph - 13, pp. 74-79). Pensacola 
NAS, PL: Naval Aerospace Medical Research Laboratory. 

Marasco, P. L., & T^k, H. L. (1998). Examination of a method for improving 
night vision device depth of field. SAFE Journal 28(3), 94-100. 
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Marasco, P. L. (2002). The impact of helmet-mounted display visor spectral 
characteristics on visual performance. Proceedings ofSPIE - The International 
Society for Optical Engineering Helmet- and Head-Mounted Displays VII, USA, 
4711, 174-184. 

Sedillo, M. R. (2000). Night vision goggle cockpit integration. Proceedings of the 
38th SAFE Association, http://www.safeassociation.com 

Task, H. L. (1992). Cockpit/NVG visual integration issues. AGARD Lecture Series 
187: Visual Problems in Night Operations (pp. 8-1 through 8-6). Neuilly Sur Seine, 
France: NATO Advisory Group for Aerospace Research & Development. (NTIS No. 
AGARD-LS-187) 

• 

Pinkus, A. R., & Task, H. L. (2000). Night vision goggles objective lens focusing 
methodology. Proceedings ofth 
http://www.safeassociation.com 
methodology. Proceedings of the 38"' SAFE Association, 

522 



Aleva, D. L. (1999). Field of view eiTects upon a simulated flight and tai^et acquisition task. Proceeding of the 37th SAFE 
Association. hltD://%vww..safeassoeiationcom 

Field Of View Effects Upon A Simulated Flight 
And Target Acquisition Task 

Denise L. Aleva 
Human Effectiveness Directorate 
Air Force Research Laboratory 

Wright-Patterson Air Force B^e, Ohio 45433-7022 

ABSTRACT 

Pilot flight performance and target acquisition were evaluated for 40 degree and 100 degree 
fields of view in the Synthetic Immersion Research Environment at the Air Force Research 
Laboratory. The facility consists of an F-16 like cockpit mockup and a 40-foot diameter dome display. 
The simulation environment includes textured ground and sky features with embedded ground targets. 
Daytime simulators of night vision goggles were worn by the pilots to limit field of view. Pilots were 
able to acquire and designate 16 percent more targets with the 100 degree field of view than with the 
40 degree field of view. Pilot flight performance was not found to be affected by field of view. 

INTRODUCTION 

Current generations of night vision 
goggles (NVGs) are limited to a 40 degree field 
of view. Pilots have described the use of these 
goggles as trying to fly while looking through a 
straw. The Air Force Research Laboratory is 
currently developing a new night vision goggle, 
called the Panoramic Night Vision Goggle, 
which will provide a 100 degree field of view. 
In order to significantly increase the field of 
view of night vision goggles, a novel approach 
v/m required. This approach uses four image 
intensifier tubes instead of the usual two to 
produce a 100 degree wide field of view, 

NVGs with fields of view ranging fi-om 
30* (GEC-Marconi Avionics' Cat's Eyes 
NVGs) to 45" (GEC-Marconi Avionics' NITE- 
OP and NITE-Bird NVGs) have been used in 
militffly aviation for more than 20 years. The 
v^t majority of'NVGs in use today (AN/AVS- 
6 and AN/AVS-9) provide a 40" FOV. An 
extensive survey of military (U.S. Air Force) 
NVG users conducted during 1992 and 1993 

revealed that incre^ed FOV was the number 
one enhancement most desired by aircrew 
members followed closely by resolution,' This 
was a major motivating factor for the 
development of an enhanced NVG capabiUty. 
While pilot acceptance of the panoramic goggle 
prototype is extremely positive, no objective 
performance data are yet available. 

BACKGROUND 

While current operational fli^t testing 
of the PNVG at NelUs Air Force Base h^ 
yielded very positive subjective evaluation of 
the advantages of incre^ed field of view, no 
objective evaluation of pilot performance is yet 
available. Several other experimenters have 
reported improved operator performance as a 
fimction of incre^ed field of view. Those most 
applicable are described below, 

Szoboszlay et al. conducted an 
experiment m which a series of prescribed low 
altitude maneuvers were performed by eleven 
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us pilots and 4 UK pilots with an instrumented 
rotorcraft.^'^ The pilots wore a specially 
constructed helmet visor which limited the field 
of view. Horizontal limits were: unrestricted, 
100, 80, 60, 40 and 20 degrees. The vertical 
limit remained constant at 40 degrees, and all 
except the 20 degree field of view had a 40 
degree overlap._The aircraft flight path was 
measured with a laser tracker. On board flight 
data were recorded giving the position of the 
aircraft in three dimensions, radar altitude and 
attitude. 

Standard statistical comparisons were 
made of the task performance at each field of 
view compared to the performance at 
unrestricted field of view. Only for the 
precision landing and hovering turn and the 
entire bob-up, did fields of view greater than 40 
degrees show significant differences compared 
to the performance with unrestricted field of 
view. Data for U.S. pilots were analyzed for 
each maneuver to determine the limit beyond 
which increasing field of view did not result in 
increased performance. There was considerable 
variation due to maneuver with range of 40 to 
98 degrees. 

Pilots flying with restricted field of 
view often thought they were flying the aircraft 
better than they actually were. At 60 degrees 
field of view, one pilot who was very 
experienced in flying AH-IS aircraft and 
NVGs stated that his poor situational awareness 
and performance "was very insidious" since he 
felt that he was performing much better than he 
actually was. Nearly all pilots missed seeing 
the RPM warning indicator at the top of the 
instrument panel. Several pilots commented 
that with restricted field of view they could not 
see multiple cues at the same time and had to 
switch between cues. This required more head 
movement and a different scan technique. 
Some commented that a large amount of head 
movement caused problems in controlling the 
aircraft as well as some disorientation. 

Kenyon et al. studied field of view 
effects in the laboratory for a critical tracking 
task.'* The tracking task required stabilization 
of the roll motion of a visual scene driven by an 
imstable first order plant. The fields of view 
studied were in the range of 10 - 120 degrees. 
A dedicated graphics workstation read and 
stored the subject's control input and generated 
the out-the-window scene which was displayed 
on a 19-inch color monitor. The visual 
conditions were produced by having the subject 
view the face of the CRT through the Expanded 
Field Display, an optical system that expands 
the CRT image over a 120 degree field of view. 
Particular fields of view were created by 
cutting circular holes in black matte paper. 
These masks were inserted into the viewing 
system. Five male subjects participated in this 
experiment. The primary measure was 
effective time delay. A transition time constant 
was also calculated as an indicator of task 
difficulty. 

The subjects' performance was worst at 
the 10 degree field of view. The most 
improvement occurred up to the 40 degree field 
of view. The best performance occurred at 80 
or 100 degree field of view. The subjects 
reported that the task was easiest at the 80 
degree field of view. The authors suggested 
that increasing the field of view fi-om 40 to 80 
degrees, while improving performance only 
slightly, greatly reduced the subjects' 
workload. 

Wells et al. studied field of view effects 
upon a target acquisition and replacement task 
combined with a tracking task.^ The targets 
were arrowhead shaped, 2.2 degree high and 
wide within a gaming area 120 degrees left and 
right and 90 degrees upwards firom straight 
ahead. The targets were viewed in combination 
with a terrain scene or a blank background. 
There were two search conditions: slow search 
up to three minutes to find and memorize target 
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positions, and search and remove as fast as 
possible. 

The subjects were required to visually 
acquire, remember the location of, monitor (for 
threat mode indicated by shape change), and 
shoot 3 or 6 objects. The secondary tracking 
task required the subject to keep an inverted 
"T" straight and level on the display. The field 
of view was 120x60 degrees for terrain and the 
tracking task. Fields of view were 20x20, 
45x42.5, 60x50, 90x60 and 120x60 (azimuth x 
elevation) for targets. 

This experimental set-up simulated 
viewing the output from a head-steered sensor 
on a see-through helmet-mounted display. Two 
helmet-mounted displays were used with a 
combined maximum field of view of 120x80 
with a 40 degree binocular overlap. The 
position of the helmet was measured in 6 axes 
with an electromagnetic helmet position 
tracker; this information was used to present 
space-stabilized images on the displays. A 
computer generated stroke-drawn world of 4 pi 
steradians at optical infinity updated at 20Hz. 
A head-stabilized reticle cross was always 
present in the center of the field of view. The 
subjects were 10 paid volunteers. The number 
of objects hit, mean time threatened, 
replacement error and RMS tracking error were 
recorded. 

For the shoot and replace task alone, 
there was a significant interaction between 
target density and field of view and a 
performance decrement only at the 20 degree 
field of view for the higher target density. Data 
were similar under dual task conditions. 
However, there was a significant effect of field 
of view upon tracking error. These data show a 
frend of decreasing error with increasing field 
of view up through 90 degrees. The authors 
concluded that the decrement in secondary task 

performance with decreeing fields of view 
suggests that the subjects had to allocate more 
resources to the primary task when working 
with smaller fields of view. The incre^e in 
tracking error with the small fields of view 
occuired despite longer allowed search times 
for the conditions with smaller fields of view. 

While all of the above studies show 
some advantages of fields of view larger than 
40 degrees, we were particularly interested in 
the comparison of 40 degrees and 100 degrees 
which represent NVGs currently in use and the 
PNVG respectively. The pilot study reported 
herein evaluated these two fields of view for 
perfonnance of a primary low level flight t^k 
with secondary target acquisition t^k. 

METHOD 

Flight performance and target 
acquisition were evaluated for two pilots in the 
Synthetic Immersion Research Environment at 
the Air Force Research Laboratory . The 
f^ility, which is shown in Figure 1, consists of 
an F-16 like cockpit mockup and a 40-foot 
diameter dome display. Flight controls 
available to the pilot included a sidestick 
controller, throttle, and rudder pedals, A head 
up display (HUD) and three head down 
displays (HDDs) provided b^ic flight 
information, navigation instrumentation and 
radar warning receiver (RWR) scope. The 
simtilation enviromnent included textured 
ground and sky features. An out-the-window 
visual scene was displayed on the surface of the 
dome. The terrain data used for the simulation 
w^ a 50 by 60 nautical mile area near 
Albuquerque, New Mexico. Embedded in the 
terrain database were numerous stationary 
SCUD-Uke targets, A head-coupled target 
designator was also displayed on the surface of 
the dome. 
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Figure 1. Synthesized Immersion Research 
Environment 

Figure 2. Flight path graphic. 

Forty eight unique flight paths were 
predefined within the 50 by 60 nautical mile 
gaming area. Each flight path was defined by 3 
points: (1) a start point, (2) a turn point and (3) 
an end of task point. A flight path graphic is 
shown in Figure 2. This effectively divided the 
flight path into two segments. The mission was 
a low level ingress with intent to deliver a 
weapon; however, the weapon delivery 
segment was not included in the simulation. 
The mission simulation began with the pilot's 
ownship on course at approximately 500 feet 
above ground level (AGL). The pilots were 
instructed to maintain an altitude of 500 feet 
AGL and airspeed of 350 knots. At a variable 
time early in the second segment, a missile 
launch event took place. The pilot was 
required to perform evasive maneuvers and 
release chaff in response to the missile launch 
event. As soon as the missile was no longer a 
threat, the pilot was required to recover the 
aircraft to the preplanned flight path. Several 
parameters of the pilot's performance were 
scored. These included airspeed, altitude, 
maneuver to avoid missile and fi-equency of 
chaff release. If the total score was not within 
acceptable  parameters,   the    mission    was 

aborted. 

In addition to the flight task, the pilots 
were required to scan the surrounding terrain 
and designate as many of the ground targets as 
possible. This was accomplished by moving 
the head-coupled target designator over the 
target and pulling the trigger on the sidestick 
controller. The pilots were instructed to treat 
the precision navigation flight task as their 
primary task and the targeting task as a 
secondary task. 

Daytime simulators of night vision 
goggles were worn by the pilots to limit field of 
view. Two fields of view were evaluated; these 
were 40 degrees and 100 degrees. The 40 
degree field of view represents the currently 
fielded night vision goggles while the 100 
degree field of view represents the newly 
developed PNVG. 

Prior to the data collection trials, the 
pilots were given a familiarization briefing of 
the cockpit and the mission to be flown. They 
were then allowed to fly several trials with 
unlimited   field   of   view   until   they  felt 
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comfortable with the t^k to be perforaied. 
They then flew three practice trials with the 
100 degree and 40 degree field of view NVG 
simulators. If any trial w^ aborted due to 
unacceptable flight performance or cr^hing 
into terrain, it was repeated. 

For the data collection, the pilots flew 
each of three distinct flight paths four times - 
twice with the 40 degree field of view and 
twice with the 100 degree field of view - for a 
total of twelve trials. These three flight paths 
were different fi-om those flown by tiie pilots 
during the practice trials. While a large number 
of targets are in the vicinity of the flight path, 
many are obscured by terrain. The number of 
targets actually visible to the pilot was 
dependent upon the altitude and actual flight 
path of the aircraft; generally between 40 and 
60 targets were visible at some time during 
each trial. Each trial took approximately four 
to five minutes. 

RESULTS 

Analyses of variances were conducted 
to examine the effects of field of view upon 
several flight parameters including the percent 
of tune above 500 feet AGL, mean altitude 
(feet), standard deviation of altitude (feet) and 
RMS lateral course error. None of these 
parametere were found to differ significantly as 
a function of field of view. The number of 
target designations w^ found to differ 
significantly as a function of field of view. The 
mean number of target designations for the 40 
degree field of view was 24.5 while that for the 
100 degree field of view was 28.5. The targets 
actually visible to the pilot during each trial 
were counted and the percentage of these 
targets that were designated w^ calculated. 
The pilots designated 48.7 percent of the 
visible targets while wearing the 40 degree 
field of view simulator and 60.2 percent while 

wearing the 100 degree field of view simulator. 
This difference was not statistically significant. 

DISCUSSION 

The lack of significant effects upon any 
of the flight performance parameters indicates 
that pilots were able to maintain an acceptable 
level of flight performance with either the 40 or 
100 degree field of view. The significant effect 
of field of view upon number of target 
designations indicates that pilots were able to 
increase target acquisition performance while 
maintaining flight performance. The 100 
degree field of view resulted in a 16 percent 
increase in the number of target designations 
over that with the 40 degree field of view. 
Pilots indicated that with the wider field of 
view they feh more comfortable in looking 
away fi-om the flight path in search of targets. 

The current data represents only two pilots. 
Certainly data must be collected for several 
more pilots and fiirther analyses conducted. 
The lack of statistical significance for the 
percent of visible targets designated was 
probably due to the small sample size. Also of 
mterest for fiiture experimentation is flie effect 
of incre^ed field of view in enabling the pilot 
to detect airborne targets. 
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INTRODUCTION 

Night vision goggles (NVGs) are widely used to enhance visual capability during night 
operations. NVGs are basically composed of an objective lens which focuses an image onto the 
photo-cathode of an image intensifier tube which in turn produces an ampUfied image that is 
viewed through an eyepiece lens. There are several versions of NVGs in use and in 
development.  These include the AN/PVS-5,AN/AVS-6, PVS-7, Caf s Eyes, Nite-Op, Eagle 
Eyes, Merlin, and others. The first section of this paper provides a brief description and 
characterization of each of these NVGs. 

There are several parameters that are used to characterize the image quality and capability of 
the NVGs. These parameters include field-of-view (FOV), resolution, spectral sensitivity, 
brightness gain, distortion, magnification, optical axes alignment, image rotation, overlap, 
beamsplitter ratio, exit pupil diameter, eye relief, and others. Each of these is discussed in the 
second section of this paper. 

CURRENT NIGHT VISION GOGGLES 

In general, all NVGs ai? similar in that they all have three basic components: an objective 
lens system, an image intensifier, and an eye lens system. However, there are several ways in 
which these different components can be designed and configured which vary the trade-off 
between some of the design parameters. 

The heart of any NVG is the image intensifier tube. Both second and third generation tubes 
are in wide use in fielded systems today. The second generation image intensifier tobes 
(typically referred to as "gen 11") are sensitive to light from about 400 nm to about 900 nm 
whereas the more sensitive third generation tubes are sensitive from about 600 nm to a little over 
900 nm (see figure I). This compares to a human visual spectral sensitivity that ranges fi-om 
about 400 nm to 700 nm. The "gen 111" tubes are about 4 to 5 times more sensitive to night sky 
illumination than the "gen 11" tubes but they also cost significantly more. 
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Figure 1. Spectral sensitivity of second and third generation image intensifier tubes. 

The following sections provide a brief description of several fielded and developmental 
NVGs with an abbreviated table of some of their key characteristics. 

PVS-5 

The US Army developed the PVS-5 NVGs for use by vehicle drivers and ground troops. 
When these NVGs were initially fielded they all used a second-generation image intensifier tube. 
Although in later years some have been produced with a so-called "second gen plus" tube which 
provided about twice the gain as the original gen II tube. There are currently three versions of 
the PVS-5 (a,b, and c) which vary in their mounting mechanism, objective lens and image 
intensifier tube characteristics; but they all have the same basic construction. The PVS-5 is 
composed of two in-line oculars. Each ocular has an objective lens located directly in front of 
the image intensifier tube. The objective lens produces an image of the outside scene directly on 
the photo-cathode of the image intensifier tube. Since the objective lens inverts the image of the 
outside scene it is necessary to employ a fiber optics "twister" to rotate the amplified image back 
to an upright orientation. An eyepiece lens is located directly behind the output of the image 
intensifier and acts as a simple magnifier lens for viewing the output image. The objective lens 
and eyepiece lens have the same focal length to produce a system with approximately unity 
magnification. The eyepiece lens is adjustable to accommodate -6 to +2 diopters of correction to 
compensate for wearers who require eyeglasses. 

The housing for the PVS-5 is somewhat bulky with a padded back surface that rests against 
the face. When originally fielded the PVS-5 was mounted to the head by a series of straps that 
went around and over the head. Later versions were modified to attach to a flyers helmet and 
had much of the housing cut out to permit the wearer to view under the NVGs at flight 
instruments (McLean, 1982). This led to the PVS-5c version. Table 1 is a brief summary of the 
key characteristics of the PVS-5 NVG. 

Table 1. PVS-5 Characteristics 

Field-of-view (FOV): 
Resolution: 
Exit pupil:' 
Beamsplitter: 
Eyelens Adjustment: 
Weight: 

40 degrees circular 
20/50 - 20/70 Snellen 
None 
No 
-6 to +2 diopters 
880 gm (31 oz) 
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The PVS-5 NVG does not have a real exit pupil since it does not use a relay tens. The 
resolution ranges shown in Table 1. reflects the range of values that have been published by 
different authors over the past 10-12 years. Since the image intensifier tube is a key component 
in limiting resolution it is most probable that the 20/50 Snellen acuity (published in more recent 
documents) is a result of improved image intensifier manufacturing and design. 

AN/AVS-6 f ANVIS) 

The AN/AVS-6, or aviator's night vision imaging system (ANVIS), NVG was developed by 
the US Army specifically for use in helicopter flying. These were also designed using thfrd 
generation image mtensifier tubes which has led to some confiision in terminology. The ANVIS 
NVGs have also been referred to as third gen NVGs and the PVS-5s as second gen NVGs 
primarily because those tubes came with the original systems.- However, second generation plus 
tubes have been installed in ANVIS type housings so the correct designation should include both 
the NVG type (e.g. ANVIS or PVS-5) and the image intensifier tube (e.g. second gen, second 
gen plus, or third gen) to prevent confusion. 

The ANVIS NVGs look very much like a pair of binoculars. The fimdamental optical design 
is very similar to the PVS-5 in that an objective lens focuses an image onto the photo-cathode of 
the image intensifier tube, a fiber optics twister re-inverts the output image that is viewed by a 
simple magnifier eyepiece lens. The mounting system is substantially different m that the 
ANVIS was originally designed to attach to a helmet. The mounting system provides 
adjustments for inter-pupillary distance, tilt, vertical, and fore/aft position. The objective lens 
was also of a lower F/number (ratio of focal length to diameter of lens) to improve its light 
gathering capability and thereby increase the overall gain of the NVG, Table 2 is a summary of 
the key characteristics of the AN/AVS-6 NVG, 

Table 2. AN/AVS-6 Characteristics 

Field-of-view: 40 dep-ees circular 
Resolution: 20/40 - 20/50 Snellen 
Exit pupil: None 
BeamspUtter: No 
Eyelens Adjustment: -6 to +2 diopters 
Weight: 775 gm 

AN/PVS-7 

In an effort to reduce costs for providing NVGs to ground forces the US Army developed the 
PVS-7 NVGs, This NVG is unique in that it is biocular: it has one objective lem, one image 
intensifier but two eyepieces. The objective lens and image intensifier tube configuration is 
similar to the PVS-5 and ANVIS; however, since the optical system used to split the unage for 
the two eyes re-inverts the image it was not necessary to twist the fiber optics to do the re- 
inversion. However, a fiber optics conduit was still used (without twist) smce it was integral to 
the manufacture of the tube. 

Another significant difference between this NVG and the ones previously discussed is that it 
uses a relay lens to transfer the image fi-om the output of the image inteiwifier tube to the 
eyepiece lenses. This causes the creation of a real exit pupil (see later section on NVG 
characteristics). Table 3 is a summary of the key characteristics of the PVS-7 NVGs. 
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Table 3. PVS-7 Characteristics 

Field-of-view: 
Resolution: 
Exit pupil: 
Beamsplitter: 
Eyelens Adjustment: 
Weight: 

40 degrees circular 
20/40 - 20/50 Snellen 
lOmmdia 
No 
-6 to +2 diopters 
580 gm (w/mount) 

It should be noted that the PVS-7 NVGs are not considered suitable for piloting aircraft for 
safety reasons: if the image intensifier tube fails then the image is lost to both eyes whereas with 
the PVS-5 or ANVIS if one channel fails the other is still available. 

NITE-OP NVGS 

The Nite-Op NVG was developed by Ferranti International for the British military as an 
improvement over the ANVIS NVGs. The basic design is very similar to the ANVIS NVGs but 
the mounting system is much more ruggedized and the field-of-view is larger. In addition, the 
eyepiece lenses are much larger in diameter, which permits larger eye relief and/or larger 
mounting/positioning tolerance with respect to the wearer's eyes. Table 4 is a summary of key 
characteristics of the Nite-Op NVGs. 

Table 4. Nite-Op NVGs 

Field-of-view: 
Resolution: 
Exit pupil: 
Beamsplitter: 
Eyelens Adjustment: 
Weight: 

45 degrees circular 
20/40 - 20/50 Snellen 
None 
No 
-3.5 to +0.5 diopters 
750 gm 

Cat's Eves NVGs 

The Cat's Eyes were developed and are produced by GEC Avionics in UK. The front-end 
optical system is similar in basic design to the ANVIS but the eyepiece optics are significantly 
different. These NVGs were designed to provide a see-through combiner (beamsplitter) in front 
of each eye which allows the wearer to see his instrument panel or head-up display 
(HUD)directly without going through the hnage intensifier. This concept was developed to 
allow a pilot to view his aircraft HUD without the loss of image quality that might occur if 
he/she viewed the HUD through the image intensifier system. 

However, this design concept requires that the optical path after the image intensifier tube be 
folded which leads to a smaller obtainable field-of-view. In addition, the beamsplitter reduces 
the luminance from the image intensifier tube thus reducing the gain of the system. Table 5 is a 
sununary of the Cat's Eyes NVGs. 
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Tables. Cat's Eyes NVGs 

Field-of-view: 30 degrees w/clipping 
Resolution: 20/40 - 20/50 Snellen 
Exit pupil: None 
Beamsplitter: Yes 
Eyelens Adjustment: None 
Weight: 750-800 gm 

The folding of the optical system results in a circular 30 degrees field-of-view with some 
clippmg of the image in the lower right and lower left. This makes the actual FOV appear 
something like a baseball diamond viewed from above. 

EAGLE EYES NVGs 

All of the previously discussed NVGs have been fielded and are in use in military 
applications somewhere in the world for either ground or aviator use. The Eagle Eyes NVG 
designed by Night Vision Corporation is still under development. The unique feature of the 
Eagle Eyes NVGs is that the optical system for both the objective lens and eyepiece lens are 
folded to produce a low profile NVG that fits fairly close to the face. In order to do this, the 
objective lens apertures are spaced further apart than the distance between the two eyes 
producing some stereopsis exaggeration at close distances. The Eagle Eyes are also designed 
with a beamsplitter eyepiece lens system to permit direct viewing of the HUD and/or instrument 
panel. Table 6 is a brief summary of tfie key characteristics of the Eagle Eyes. 

Table 6. Eagle Eyes NVGs 

Field-of-view: 40 degrees circular 
Resolution: 20/40 - 20/50 Snellen 
Exit pupil: None 
Beamsplitter: Yes 
Eyelens Adjustment: None 
Weight: 580 gm 

Due to the nature of the folding in the Eagle Eyes optical system there is very little eye relief 
and the peripheral vision is reduced. These were the trade-offs to obtain the extremely low 
profile of these NVGs. 

MERLIN NVGS 

MERLIN (Modular, Ejection-Rated, Low-profile, Imaging for Night) is under development 
by ITT corporation. It uses two separate, independently adjustable oculars and a unique image 
intensifier tube design. The image intensifier tube and power supply have been repackaged. The 
tube does not use a fiber optics faceplate or twister, which allows for improved resolution. The 
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optical system does employ a relay lens that produces a real exit pupil. The system is designed 
to fit onto existing HGU-53 and HGU-55 aviator helmets. Table 7 is a summary of the MERLIN 
characteristics. 

Table 7. MERLIN NVGs 

Field-of-view: 
Resolution: 
Exit pupil: 
Beamsplitter: 
Eyelens Adjustment: 
Weight: 

35 degrees circular 
20/35 - 20/40 Snellen 
lOmmdia 
Yes or No (optional) 
None 
800 gm 

OTHER NVG SYSTEMS 

There are several other NVG systems that have been developed but due to their proprietary 
status they are not discussed here. The systems that have been presented provide a fairly 
complete coverage of the different approaches (beamsplitter vs. no beamsplitter; pupil forming 
vs. non-pupil forming; folded vs. non-folded optics; biocular vs. binocular; fiber optics twister 
vs. no twister; etc) that have been tried. 

Another device that is closely related to the NVGs and has been retrofit to some NVGs is the 
NVG-HUD. The NVG-HUD was designed to provide critical flight information symbology 
overlaid on the NVG FOV. Several different designs have been developed to retrofit to existing 
NVGs and there is a desire by some organizations to include tiie symbology generation 
capability as an integral part of the NVG for airborne use. 

NIGHT VISION GOGGLES CHARACTERISTICS 

There are many parameters that are used to 
characterize night vision goggles. This section of the paper discusses a large number of these 
parameters and how they relate to vision. Table 8 is a list of these parameters. 

Table 8. NVG Design Parameters 

Field-of-view 
Image quality 
Exit pupil size 
Eye relief 
Image location 
Magnification 
Image rotation 
Distortion, 

Signal-to-noise ratio 
Luminance uniformity 
Luminance level 
Luminance gain 
Beamsplitter ratio 
Fixed pattern noise 
Binocular parameters 
Optical axes aligmnent 

Field-of-View 

Probably the first parameter that most people are concerned with in an NVG is the field-of- 
view (FOV). The FOV is the angular subtense of the virtual image displayed to the wearer. This 
is typically expressed in degrees for both the vertical and horizontal dimensions, or for the 
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diameter of the FOV if it is circular. Another practical problem is the trade-off with resolution 
(image quality). The image intensifier has a finite number of picture elements (pixels). As the 
FOV is increased these pixels are spread over a larger angular expanse resulting in a larger 
angular subtense per pixel which corresponds to a lower angular resolution to the observer. 
(Note: this is an oversimplification of this trade-off since image quality is more complex than the 
concept of pixels implies but the general direction of the trade-off is the same: larger FOV means 
lower visual resolution). 

The total NVG FOV can be made larger by making the FOV of each ocular of a binocular 
NVG partially overlap the other. The visual effects of partial overlap may outweigh the value of 
the extended horizontal FOV if the overlap is too little. At least one study suggests that there is 
little performance difference between 100% overlap and 80% overlap for visual recognition 
performance (Landau, 1990) implymg that an 80% overlap binocular NVG may be a good 
compromise between the need for larger FOV without impacting visual performance. 

Imape Quality 

Image quality is a complex subject that involves several other parametei^ (Task, 1979). 
Probably the key indicator of image quality is the modulation transfer fimction (MTF) of the 
display, which describes how much contrast is available as a function of spatial frequency 
(detail). Two parameters related to the MTF are gray-shades (contrast) and resolution 
(maximum spatial fi-equency that can be seen or "resolved"). For simplicity, the resolution of a 
display relates to the number of pixels. As noted earlier, the resolution tends to decrease m FOV 
increases which implies that image quality also decreases with increasing FOV; another trade-off 
of two desirable attributes. 

There are some practical problems m measurmg the resolution of the NVGs. The simplest 
approach to measuring resolution is to have a trained observer look through the NVGs at a 
calibrated test pattern under controlled lighting conditions. However, the results obtained still 
depend on the visual capability of the observer and on the type of test pattern used. Probably the 
most popular test pattern for determining resolution is the USAF 1951 Tri-Bar resolution pattern. 
Others that have been used include a Landolt "C," a tumbling "E," a standard Snellen chart, sine- 
wave gratings and more recently a test pattern made up of patches of square-wave gratings of 
different spatial frequencies (US Pat No. 4,607,923). These different approaches yield somewhat 
different results. 

It should also be noted that the resolutions listed in the previous tables were all for ideal 
lighting conditions. As the light level is significantly reduced the resolution of the NVGs drops 
considerably (20/200 Snellen acuity or lower). 

Exit PuDJI 

Most NVGs do not have a real exit pupil since they do not use relay optics. The exit pupil is 
the unage of the stop of the optical system. An exit pupil is formed as a result of using relay 
optics to produce an mtermediate image plane, which is then viewed by an eyepiece lens. This is 
in contrMtio a sunple magnifier optical system that uses a single lens system (no intermediate 
image) and therefore does not produce a real exit pupil. In a darkened room with the NVG 
activated the exit pupil can be observed by placing a piece of white paper near the designed eye 
position. If the NVG forms a real exit pupil then a circular spot of light will be observed imaged 
on the paper. As the paper is moved closer to and fiuther away from the optical system there is a 
point at which the disc of light has a minimum diameter with sharply defmed edges. The 
diameter of this disk of light is the diameter of the exit pupil of the system (Self, 1973). 
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When the eye pupil is fully within the exit pupil of the NVG then the entire FOV is observed; 

if the eye pupil is only partially in the exit pupil (and the exit pupil is unvignetted) then the 
observer will still see the entire FOV but it will be reduced in brightness. This can be 
particularly disconcerting for NVGs used in high performance aircraft because the pilot may not 
know whether he is starting to lose the exit pupil or if he is starting to lose consciousness from 
high acceleration maneuvers. Once the eye pupil is outside the exit pupil then none of the NVG 
FOV can be seen. It should also be noted that the NVG FOV may become vignetted (lose part of 
the image) if the eye pupil is too close to or too far away from the exit pupil. 

From a visual capability standpoint it is important for the exit pupil to be as large as possible 
to ensure the eye pupil will remain within it to permit viewing of the NVG. However, large exit 
pupils typically come only at the expense of greater size of optics and weight on the head. In 
addition, if the FOV is very large then the eye must rotate to view the edge of the display. Since 
the eye rotates about a point within the eye, the eye pupil moves within the NVG exit pupil. If 
the NVG exit pupil is not large enough then it is possible for the entire display to disappear every 
time the observer tries to move his eyes to view the edge of the display. Exit-pupil-forming 
optical systems also increase the difficulty of making accurate adjustments for binocular or 
biocular NVGs in that each eye pupil should be centered in each exit pupil of the NVGs. 

Eye Relief 

The eye relief is the distance from the exit pupil to the nearest part of the NVG optical 
system. If the NVG is non-pupil-forming then the eye relief is the distance from the NVG 
optical system to the furthest back position of the eye where the eye can still see the entire FOV 
of the NVG. 

As with so many other NVG parameters, larger eye relief usually means larger and heavier 
optics. The reason for having a large eye relief is to allow the use of eyeglasses with the NVG 
(Self, 1973; Task etal, 1980). 

Image Location (optical image distance") 

All NVGs produce a virtual image, which is viewed by the observer. The virtual image is 
produced at an optical distance that depends on the adjustment of the eyepiece (if the NVG has 
an adjustable eyepiece). For NVGs that do not have an adjustable eyepiece the virtual image is 
typically adjusted for near infinity. The adjustable eyepiece was provided to allow the wearer to 
set his eyeglass prescription (spherical power) on the eyepiece so he would not require 
eyeglasses to see the NVG image clearly. 

Luminance Level 

The luminance of the NVG image depends both on the luminance of the image source and the 
transmission efficiency of the optical system (note: it does NOT depend on the amount of 
magnification since it produces a virtual image). For NVGs that use a combiner the NVG image 
luminance level also depends on the combiner (beamsplitter) reflectance and transmittance 
coefficients. 

Binocular Parameters 
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There are several other parametere that become important if the NVG is binocular. These 

include mter-pupillary distance (IPD-the distance between the exit pupils of the two oculars), 
image alignment between the two oculare, luminance balance, magnification balance, and image 
rotation balance. 

There are several undesirable visual effects that may occur in binocular NVGs, These include 
binocular disparity (retinal rivalry) due to luminance imbalance, image misalignment, 
accommodation differences, and/or differential distortion. When binocular disparity is 
sufficiently severe the observer may see double images or may suppress one of the two disparate 
images. A more insidious problem is when the binocular disparity is not large enough to cause a 
loss of unage fiision but is enough to result in "eye strain" or visual fatigue. This can lead to 
headache or nausea during extended use but may not show any effects for short-term use. 

There have been some efforts to define the limits for these types of parametere (Self, 1973 
and 1986; Landau, 1990). 

Lmninance and luminance gain 

In most of the literature relating to NVGs these parameters are usually referred to as 
brightness and brightness gain. However, since luminance is what one measures and brightness 
is the visual sensation that one sees it is more appropriate to use the terms luminance and 
luminance gain for these parameters. 

Night vision goggles are essentially light amplifiers, they cannot work in complete darkness. 
However, they do have a different spectral sensitivity than the human eye, which makes the 
concept of luminance gain a little more difficult to define. For example, the eye cannot see light 
at 900 nanometers but the NVGs are very sensitive to light in this wavelength range. Since 
lumiimnce gain is the ratio of output luminance to input luminance and since luminance is only 
defined for the spectral sensitivity of the eye, it is possible to obtain an infinite luminance gain 
for a 900 nanometer input source (i.e. the luminance of any amount of light at 900 nanometere is 
zero since the eye is not seiwitive to this wavelength but this will produce a non-zero output 
luminance; dividing output by the input resuhs in dividing by zero producing an infinite gain). 
To overcome this problem it is necessary to define a specific spectral distribution for the input 
light source that does have a non-zero luminance, A blackbody radiator at 2856K was selected 
since it is a standard lamp source and has a spectrum that closely approximates night sky 
illumination. This is the same standard source that was selected by the US Army for 
measurement of the image intensifier tubes that are contained within the NVGs, 

The luminance gain is usually measured for a specific input luminance since the gain can 
change with input level. The luminance output is measured on axis at the hi^est input 
luminance. 

Luminance uniformttv 

Due to the fiber optics and hght fall-off with angle typical of lens systems the central part of 
the field-of-view of the NVG image is usually of higher luminance than the edge of the FOV, 
This is measured by scanning with a photometer across the entke FOV to obtain a luminance 
profile of the NVG image. Uniformity can be specified by comparing the luminance at the 
center of the FOV with the luminance at a specified off-axis angle (e,g, 18 degrees off axis for 
the 40 degree FOV NVG), The uniformity is then expressed as a ratio of center luminance to 
edge luminance (e.g. 3:1). 
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Distortion, image rotation, magnification, and input/output optical axes alignment 

These four parameters are grouped together because they can be measured using the same 
basic set-up and data. The different quantities are obtained by performing different analyses on 
the data. 

Distortion is probably the most difficult parameter because there are several types of 
distortion that the NVGs may incur. The optical system may cause barrel or pincushion 
distortion and the fiber optics twister (which is in many but not all NVG designs) may produce 
shear effects or "S" distortion. Of all of these, the procedure herein described is primarily 
directed at the "S" distortion although evidence of shear and barrel distortion may also be 
detected. "S" distortion originates in the fiber optics plug, which is used to invert the image on 
the image intensifier. The fused fiber optics plug is heated and twisted approximately 180 
degrees. The "S" distortion is so named because there is usually a small amount of residual 
effect due to the twist that produces an "S" shaped curve for a straight-line input. The more the 
line departs from a straight line the worse the distortion. 

As noted above, the fiber optics plug is twisted through approximately 180 degrees but may 
be somewhat more or less than a true 180-degree twist. Any departure from a perfect 180 twist 
will result in the output image rotated compared to the input image. This effect may also be 
enhanced by inaccurate alignment of folding mirrors in a folded optical system. The 
measurement procedure herein described allows one to measure the amount of image rotation. 

Most NVGs are designed to have unity magnification. However, if there is a mismatch 
between the objective lens of the NVG and the eyepiece lens it is possible to have a small 
amount of magnification (or minification). 

Since the combination of objective lenses, folding optics, image intensifier and eyepiece 
lenses is relatively complex, it is possible to have a mismatch between the input optical axis and 
the output optical axis. Thus objects that are at a particular field angle in reality may appear at a 
different field angle through the NVGs. 

Many of these effects discussed are typically not a significant problem by themselves or for a 
single ocular. But the combination of a small amount of distortion, rotation, magnification 
and/or misalignment in one ocular with a different amount (and direction) of these effects in the 
other ocular may resuh in a significant binocular rivalry problem. 

A complete description of the procedures for measuring these parameters is beyond the scope 
of this paper but can be found in Task et al (1989). 

Signal-to-Noise Ratio 

Typically the signal-to-noise ratio (SNR) is not specified or measured for the NVG as a whole 
but rather is specified as a parameter of the image intensifier tube by itself The SNR is a 
measure of how much scintillation appears in the NVG. The lower the SNR the noisier the 
image looks and the poorer the image appears. The details of measuring SNR are beyond the 
scope of this paper; suffice to state that in general, observed resolution is poorer for lower SNR 
tubes (Riegler, et. al.; 1991). 
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Summary 

A laboratory evaluation was conducted on the Protective bitegrated Hood Mask 

(PIHM) to determine its compatibility with the Aviator's Night Vision Imaging System 

(ANVIS). PIHM will be used by tanker, traisport, and bomber Mrcrews for protection 

in a chemical environment, ANVIS is a night vision goggle currently used by these same 

aircrews to aid in visual performance during night missions. 

Parameters whidi were evaluated included: visual acuity, intensified field of view, distor- 

tion of PIHM visor, and transmissivity of PIHM visor. For the tests of visual acuity and 

intensified field of view, the approach was to evaluate visual performance through ANVIS 

alone, md compare it to performance with PIHM/ANVIS. Distortion and transmissivity 

of the PIHM visor were evaluated by comparing the measurement data to a standard Air 

Porce clear visor. 

The results for the visual acuity and intensified field of view tests indicated no significant 

reduction in visuri performance when the PIHM was donned. Likewise, data obtained from 

distortion and transmissivity tests showed no significant differences from the standard clear 

visor. 

As a result of this evaluation, it became evident that proper trmning procedures for 

donning the PIHM with ANVIS need to be developed and adopted. Optimal visual perfor- 

mrace was primarily adueved because the subjects who participated in the evaluation had 

assist^ce in donning the equipment from a life support specialist. This specialist ensured 

exact fit of the PIHM and proper alignment of ANVIS. It is possible that reductions in 

visual performance will occur if proper PIHM/ANVIS fit is not achieved. 
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Introduction 

The Aircrew Eye Eespiratory Protection System (AERPS) is designed to protect 

USAF mrcrew members in a potential or known diemical environment without imposing 

physiological burdens or degrading mission capability. The Protective Integrated Hood 

Mask (PIHM) is the csmdidate subsystem of AERPS for use by aircrew members of tanker, 

transport, aid bomber aircraft. The PIHM is designed to be worn under a standard HGU- 

55/P aght hehnet. 

Prior to C-130E flight testing, the Life Support Special Program Office, HSD/YAG, 

requested AAMRL/HEF to evaluate potential compatibility constraints that may result 

from wearing the Aviator's Night Vision Imaging System (ANVIS) with the PIHM. While 

wearing the PIHM, ANVIS is mounted to the helmet using a specisd bracket that allow the 

night vision goggles (NVGs) to be positioned just in front of the PfflM visor. The mounting 

bracket used was designed by the Special Mission Operational Test and Evaluation Center 

(SMOTEC) for pilots of special operations aurcraft. Integration of the PIHM with ANVIS 

results in the PIHM visor being located between the users eye and the ANVIS objective 

lens. 

Since there are normally no obstructions between the user's eye and the ANVIS objective 

lens, the integration of the PIHM with the ANVIS could limit aircrew visu^ capabilities 

during NVG missions. The specific concerns rused by HSD/YAG included: reductions in 

the ANVIS intensified fidd of view (FOV), loss of visual acuity, cockpit lighting interference 

produced by glare from the visor, amthropometric fit of the PIHM/ANVIS combination and 

the distortion and transmissivity of the PIHM visor. 

The AAMRL Night Vision Operations (NVO) laboratory, in support of the AERPS 

evaluation, conducted both on-site and laboratory testing to assess these compatibility 

issues. The on-site evduation was completed at Pope AFB NO using qualified C-130E 

pilots to examine the PIHM/ANV1S intensified FOV, cockpit lighting compatibility, and 

a limited anthropometric equation.  The on-site evaluation demonstrated no signific^it 
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compatibility problems with the PIHM/ANVIS combination in any of the areas examined. 

The complete results of the on-site evaluation are described in a separate AAMRL technical 

report [1]. 

The purpose of the laboratory evaluation described in this report was to asssss the visual 

acuity through the PIHM/ANVIS combination and provide intensified FOV measurements 

for a wider range of PIHM sizes. In addition, distortion and transmissivity of the PIHM 

visor were measured. This report describes the results obtained in the AAMRL NVO 

laboratory evaluation and in conjunction with the AAMRL field study cited above, provides 

recommendations for optimal performance of the PIHM/ANVIS integrated system. 
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Method 

2.1    Visual Acuity 

Subjects 

Visual acuity through the ANVIS, both with and without the PIHM, was measured 

for five males and one female ranging in age from 21 to 45 years. All subjects had Snellen 

visual acuity of at least 20/20, corrected or uncorrected. 

Apparatus and Stimuli 

Each subject was individually tested in the AAMRL zoom lane facility. The zoom 

lane consists of a computer controlled, motorized csat on a 40 foot track. Landolt C acuity 

charts having modulation contrasts of 20% and 90% were used. The acuity diarts consisted 

of three to five Cs having one of four orientations (right, left, up, and down) and mounted on 

a white foam core background. The subject's view of the acuity charts is displayed in Figure 

2.1. A moonlight simulator which approximated quarter moon and starlight illumination 

levels was used to illuminate the chart. The simulator was mounted on a tripod which was 

adjusted to provide calibrated illumination on the surface of the acuity charts. 

Acuity target sizes (in Snellen notation) r^iged from 20/32 to 20/71 in increments 

of v^ for the quarter moon illumination level, and 20/80 to 20/300 (also in increments 

of -^) for the starlight illumination level. The results of a pilot study conducted prior 

to the evEduation were i^ed to detemnine the acuity size reoiges for each illumination and 

contrast level. A pair of ANVIS third generation NVGs were mounted with velcro strips 

to a HGU-55/P helmet using the same mounting bracket used at Pope AFB. Medium and 

large helmets were used for the subjects tested. 
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Figure 2.1: Subject's View of Landolt C Acuity Chart 

Procedure 

Each subject was seated in the motorized cart so that the distance from the NVG 

objective lens to the acuity chart was 30 feet. The cart was moved to a distance of 12 feet 

for the low contrast condition at the starlight illumination level. The cart was stationary 

during each test sequence. Visual acuity was measured for each subject while wearing the 

ANVIS without the PIHM first (baseline). The subject then donned the PIHM/ANVIS 

combination and repeated the procedure under a new chart presentation order. 

Each subject viewed 23 charts for both the baseline and PIHM conditions. Subjects 

were required to determine the orientation of the Cs contained on each chart in succession, 

reading from left to right. If the experimenter was unable to hear any response, the subject 

was asked to read the entire chart again. Acuity measurements were obtained for 20 and 

90 percent contrast targets at both quarter moon (.00589 ft-L.) and starlight (.00024 ft-L.) 

illumination levels. 

2.2    Intensified Field of View (FOV) Measurements 

Subjects 

Horizontal and vertical intensified FOVs were measured for seven males and one female 

ran^g in age from 21 to 45 years. Four subjects were USAF personnel from the WPAFB 
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Figure 2.2: Visual Fidd Used to Measure PfflM/ANVIS Horiaontal and Vertical Intoisified 
FOV 

Physiological Medical Ikaining Diirision who were tested with their own custom fit HGU- 

55/P helmet. The remaining subjects wore HGU-55/P helmets without custom fit liners. 

All subjects received ^sistance in donning the PIHM and adjmting the ANVK from the 

same life snj^ort specialist who supported the on-site evaluation and the two ei^eriment^s. 

Procedure 

btensified FOVs were me^ured for each subject using a 5 foot sqmse fidd marked 

off on a white projection so^n (s^ Figure 2.2). A small light emitting diode (LED) was 

positioned in the c^ter of the fidd to serve as a fij^tion point. Subjects were seated so 

that the ANVB objective leas was at a distance of 6 feet frmn the cent» of the visual fidd. 

A second LED was moved a^oss the horizcmtal and vertical scale by the experiments. 

The 8ub^«t called out when the LED was "just visible** at ttie edge of the mtensified NVG 

image. Two measurements were recorded for each viewing condition. Both the right and 

left monocular FOVs were measured as wdl as the FOV for binocula- viewing. Basdine 

FOV measurements (HGU-55/P + ANVIS) were recorded for eadi subject prior to donning 

the PIHM. This was done to eastae that each subject was able to att^n a full 40 degr^ 

intensified fidd of view based upon helmet fit. After a 40 degr^ &ld was obtiuned, the 

subject donned the PfflM/ANVB combination and the FOV me^ursnent WM repeated. 
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Figure 2.3: Apparatus Used for Measuring Angular Deviation Through PIHM Visors 

2.3    Distortion and Transmissivity of PIHM Visor 

Distortion 

The angular deviation of three PIHM visors was measured using a UDT two axis 

detector and a helium neon (HeNe) laser, (see Fig 2.3). The amount of error in milliradians 

was recorded from -15°to +15°in azimuth (in 5°increments) at elevations of +/- 10, 20, 

30, 40 and 0 degrees. The error recorded from the left eye was subtracted from the error 

recorded for the right eye to determine the angular deviation between the two eyes at each 

position. The eye convergence and divergence data (+ and - horizontal deviation) were then 

plotted as a function of elevation for each mask. Likewise, plots were made of dipvergence 

(deviation in vertical axis) in milliradians as a function of azimuth angle for the elevations 

listed above. These plots are included in Appendix 5.1. Distortion was further assessed by 

taking photographs through each visor of a large grid board positioned ten feet in front of 

the camera. These photographs were examined for distortion. 

Transmissivity 

Transmissivity is the ratio of the light exiting a transparent material to the light that 

was incident on it. Photopic transmissivity is dependent upon the spectral transmissivity 

of the PIHM visor, the CIE 1931 photopic response of the human visual system, and 
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the spectral distribution of the object viewed. A neutral material will have the same 

tnmsmission characteristics regardless of the object viewed. The spectral transmission of 

three PIHM visors was measured for wavelengths of 380-760 nm using a Photo Research 

1980B spectral scanning radiometer. In addition, the spectral trmismission of several objects 

(both naturad and man-made) was measured. Using the equation below, the photopic 

trmuroissivities of these objects were c^culated. The results of these calculations were 

compared to a standard AP dear visor (whidi is a fgurly neutral material) to determine if 

visibility through the PIHM visor was signiiicantly different. 

^_SSTxxSxxVxdX 
SiSSxxVxdX 

where: T = photopic transmissivity 

2A = spettrEd transmissivity of the visor 

Vx = CIE 1931 photopic sensitivity curve 

Sx = spectral distribution of the object viewed 
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Results 

3.1    Visual Acuity 

Visual acuity measurements obtained for ANVIS and the PfflM/ANVIS viewing conditions 

are listed in Table 3.1 for quarter moon illumination and in Table 3.2 for starlight illumination, 

respectively. The values in Tables 3.1 and 3.2 represent the Snellen fraction (20/value) for 

which at least 75% accuracy was achieved. The percent change in visual acuity calculated 

from the SneUen decimal resulting from ANVIS/PfflM viewing is listed in Table 3.3 for 

each subject as a function of illumination level and acuity target contrast. 

The results showed that slight reductions in visual acuity occurred only at the quarter 

moon illumination level, averaging across subjects. Inspection of Table 3.1 reveals that 

this reduction is mostly attributable to subject four. All other subjects displayed little 

or no change from baseline levels. No visual acuity loss was measured at the starlight 

illumination level, when averaging across subjects. The differences in visual acuity between 

baseUne ANVIS and PIHM/ANVIS were not statisticaUy significant for either iUumination 

level. 

3.2    Intensified Field of View 

The degrees of visual angle measured to the right and left of the center fixation point 

were summed to obtain the full horizontal field of view for each viewing condition. The 

vertical field of view was obtained by adding the degrees of visual angle measured above and 

below the fixation point. The monocular and binocular intensified fields of view measured 

for the PIHM/ANVIS combination are listed in Table 3.4. 

The average horizontal FOVs for the right, left, and binocular viewing were 36, 36, and 

38 degrees, respectively. Thus viewing through the PIHM/ANVIS combination resulted in 

a 10 percent horizontal FOV loss for each eye indvidually and a 5 percent loss for viewing 

552 



Table 3.1:  Visual Acuity (20/ ) for Baseline and PfflM/ANVIS Viewing Conditions at 
Quarter Moon Illumination for 20% and 90% Contrast Landolt Cs 

QUARTER MOON 
20% CONTRAST 90% CONTRAST 

SUB. BASE PIHM BASE PIHM 
1 20/57 20/57 20/40 20/36 
2 71 71 50 57 
3 40 40 32 32 
4 45 71 36 45 
5 40 40 36 36 
6 45 40 32 32 

AVG 50 53 38 40 

Table 3.2:  Visual Acuity (20/ ) for BaseUne and PIHM/ANVIS Viewing Conditions at 
Starlight niumination for 20% and 90% Contrast Landolt Cs 

STARLIGHT 
20% CONTRAST 90% CONTRAST 

SUB. BASE PIHM BASE PIHM 
1 20/225 20/225 20/100 20/100 
2 225 250 100 111 
3 225 250 91 100 
4 225 225 91 91 
5 225 200 80 80 
6 250 225 111 80 

AVG 229 229 96 94 
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Table 3.3: Percent (%) Change in Decimal Visual Acuity Prom Baseline to ANVIS/PIHM 
Viewing for 20% and 90% Contrast Landolt Cs 

QUARTER MOON STARLIGHT 
SUB 20% 90% 20% 90% 

1 0% 10% 0% 0% 
2 0 -14 -11.1 -11.0 
3 0 0 -11.1 -9.9 
4 -57.8 -25 0 0 
5 0 0 11.1 0 
6 11.1 0 10 27.9 

AVG. -7.8 -4.8 .2 1.2 

Table 3.4: Horizontal and Vertical Intensified Field of View (in degrees) for PIHM/ANVIS 
Viewing. 

HORIZONTAL VERTICAL 
SUB 
NO. 

PIHM 
SIZE 

MONOC. 
RT. 

MONOC. 
LT. 

BINOC. MONOC. 
RT. 

MONOC. 
LT. 

BINOC. 

1 SMALL 34° 38° 38° 40° 38° 38° 
2 SMALL 39 37 37 38 39 38 
3 MED 35 31 34 33 40 39 
4 MED 35 38 40 36 35 37 
5 LARGE 37 34 40 38 26* 37 
6 LARGE 36 37 39 39 40 39 
7 LARGE 38 39 38 36 37 36 
8 LARGE 32 35 37 32 33 34 

AVG. - 36                36 38 37 36 37 
* Proper positioning of the oculars could not be achieved for this subject. 
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with both eyes. The average vertical fields of view measured for right, left, and both eyes 

respectively were 37, 36, and 37 degrees, which represented reductions from baseline of 7 to 

10 percent. 

3,3    Distortion and Ttansmissivity 

Distortion 

Differences in angular deviation (in milliradians) between the right and left eye positions 

were calculated to determine binocular convergence, divergence, and dipvergence as a 

function of azimuth angle for each visor. Examination of the data obtained for each mask 

showed that the angular deviation between the two eye postions was within acceptable limits 

for eye convergence mid dipvergence. It should be noted that no divergence occurred for 

any of the PIHM visors. Plots of eye convergence and dipvergence are shown in Appendix 

5.1. In addition, no distortion was observed in the photographs taken of the grid board 

through each visor. 
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Transmissivlty 

The photopic transmissivities which were calculated for several exterior scene objects 

as seen through the PIHM visors and clear visor are listed respectively in Table 3.4. 

Examination of the data shows that transmission of the PIHM visors varied from 88-90%. 

The transmission of the clear visor was 96%. The difference in transmission between the 

clear visor and PIHM visors can be considered negligible. 

Table 3.5: Photopic transmission (%) calculated for three PIHM visors sizes with respect 
to exterior scene objects 

OBJECT PIHM VISOR SIZE CLEAR AF VISOR 
SMALL MEDIUM LARGE 

Trees on Hill 90.1% 90.2% 88.2% 95.9% 
Grass on HiU 90.1 90.3 88.3 95.9 

Pavement 90.1 90.3 86.6 95.9 
Blue sky 90.1 90.2 88.3 95.9 

Horizon haze 90.1 90.2 88.3 95.9 
Gravel on rooftop 90.1 94.0 88.3 95.9 

Grass field 90.1 90.2 88.3 95.9 
Cream building 90.1 90.3 88.3 95.9 

Red brick building 90.2 90.3 88.3 95.9 
Dark brown roof 90.2 90.3 88.3 95.9 
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Conclusions and 

Recommendations 

The laboratory evaluation described in this report examined the compatibility of AN VIS 

NVGs with the PIHM system. Both the data and observations indicated that the integration 

of ANVIS with the PffiM did not result in any significant compatibility problems. However, 

the results demonstrated the importance of following proper PfflM donning procedures 

and careful adjustment of the ANVIS to ensure optimal performance. The conclusions and 

recommendations drawn from each test objective are described separately in the following 

paragraphs. 

4.1 Visual Acuity 

The results of the visual acuity ^sessment revealed no significant reduction in visual 

acuity when wearmg the ANVIS/PfflM combination. If a proper system fit is achieved, 

no acuity reductions from normal ANVIS viewing should be expected when wearing the 

PIHM/ANVIS combination. It is recommended that careful attention is given to refocussing 

the ANVIS after donning the PIHM to ensure optimal acuity. 

4.2 Intensified Field of View 

The PIHM/ANVIS combination resulted in smidl reductions in the horizontrf and 

vertical intensified fields of view. The average reduction from the 40 degree optimal FOV 

ranged between 2 and 4 degrees for both the on-site and AAMEL lab evaluation. This 

rather insignificant effect on the intensified FOV was attributable to the careful attention 

given to proper donning and adjustment of the PIHM/ANVIS combination. Each subject 

received assistance in donning the PIHM and adjusting the ANVIS mount from life support 
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specialists prior to testing to ensure that the NVG oculars were centered over each eye 

and as close to the visor as possible. Without careful adjustment or proper Rt, the 

PIHM/ANVIS combination could potentially reduce intensified field of view significantly. 

Improper adjustment or alignment of the NVG oculars under normal use could be magnified 

by the PIHM/ANVIS combination unless assistance is provided when donning the equipment. 

Therefore, it is recommended that proper training procedures are developed for donning 

the PIHM/ANVIS. 

Training procedures developed for PIHM/ANVIS missions should emphasize PIHM 

system fit as well as proper ANVIS adjustment. The moimting bracket should allow the 

NVG oculars to be positioned directly in front of the eyes and level with the line of sight. 

The vertical adjustment range of the mounting bracket may have to be increased to ensure 

proper positioning. The NVGs should also be positioned as close to the visor as possible 

without damaging the visor. Optimal field of view wiU be achieved with the oculars just 

touching the visor. Mole skin padding could be placed around the eyepiece (inner) lens to 

eliniinate the risk of scratching the PIHM visor. 

4.3    Distortion and Transmissivity 

The data obtained for the £ingular deviation measurements and visor distortion evzduation 

were within acceptable limits for PIHM/ANVIS use. The transmissivity calculations resulted 

in values similar to those obtained for the cleju- visor which has already been adopted by 

the Air Force for flight use. 
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Appendix 

5.1     Eye Convergence and Dipvergence for PIHM Visors 
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Figure 5.1: Small PIHM Visor Convergence as a Function of Azimuth for Negative Elevat: 
Angles 
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Figure 5.2: Small PIHM Visor Convergence as a Rmction of Azimuth for Positive Elevation 
Angles 
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Figure 5.3: Small PIHM Visor Dipvergence as a Function of Azimuth for Negative Elevation 
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Figure 5.4: Small PfflM Visor Dipvergence as a Function of Azimuth for Positive Elevation 
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Figure 5.5:   Medium PfflM Visor Convergence as a Function of Azimuth for Negative 
Elevation Angles 
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Figure 5.6:   Medium PIHM Visor Convergence as a Rinction of Azimuth for Positive 
Elevation Angles 

563 



o 21 

Figure 5.7:   Medium PIHM Visor Dipvergence as a Function of Azimuth for Negative 
Elevation Angles 
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Figure 5.8:   Medium PIHM Visor Dipvergence as a Function of Azimuth for Positive 
Elevation Angles 
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Figure 5.11:   Large PfflM Visor Dipvergence as a Function of Azimuth for Negative 
Elevation Angles 

'8 
k 
» 
« 

4 - 

5 - 

^^^rrr^ 

^^ 

——*—■                   n i                                           D                            y_ 

■r^ <<>*                  '  

^ 

■2 «                     -It                      1 ig                          M 

Rziauth angle (degt 

Figure 5.12: Large PIHM Visor Dipvergence as a Function of Azimuth for Positive Elevation 
Angles 

^U.S.Government Printing Office: 1990—748-002/20205 

566 



Riegler, J. T., & Doiiohue-Perry, M. M. (1990). A field evaluation of the compatibility of the protective integrated hood mask 
with ANVISnight vision goggles. (Report No. AAMRL-TR-90-03I). Wright-Patterson AFB, OH: Armstrong Aerospace Medical 
Research Laboratory. (DTIC No. A230237) 

AAMRL-TR-90-03I 

A FIELD EVALUATION OF THE COMPATIBILITY 
OF THE PROTECTIVE INTEGRATED HOOD MASK 
WITH ANVIS NIGHT VISION GOGGLES (U) 

JOSEPH T. RIEOLER.M.A. 
LOGICON TECHNICAL SERVICES, INC. 
DAYTON, OHIO 45431-7258 

MARY M. DONOHUE-PERRY 
ARMSTRONG AEROSPACE MEDICAL RESEARCH LABORATORY 

JULY 1990 

Final Report for JANUARY 1990 — MARCH 1990. 

Approved for public release; distribution unlimited 

ARMSTRONG AEROSPACE MEDICAL RESEARCH LABORATORY 
HUMAN SYSTEMS DIVISION 
AIR FORCE SYSTEMS COMMAND 
WRIGHT-PAfTERSDN AIR FORCE BASE, OH 45433-6573 

567 



REPORT DOCUMENTATION PAGE 
Form Approved 

0MB No. 0704-0188 

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, 
gathering and maintaining the data needed, and completing and reviewing the collection of information Send comments regarding this burden estimate or any other aspect of this 
collection of information, including suggestions lor reducing this buroen. to Washington Headquarters Services. Direaorate for information Operations and Reports, 1215 Jefferson 
Davis Highway Suite 1204, Arlington. \/A 22202-'1302. and to the Office of IVIanagement and Budget. Paperwork Reduction Project (0704-0188). Washington, DC 20503. 

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 
July 1990 

3. REPORT TYPE  AND DATES COVERED 
Final,  Jan 90 to May 90 

4. TITLE AND SUBTITLE 

A Field Evaluation of the Compatibility of the 
Protective Integrated Hood Mask with ANVIS Night 
Vision Goggles (U) 

6. AUTHOR(S) 

Riegler, Joseph T. 
Donohue-Perry, Mary M. 

S.   FUNDING NUMBERS 

PE 62202F 
PR 7181 
TA 18 
WU 07 
C F33615-89-C-0532 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

Logicon Technical Services, Inc. 
P.O. Box 317258 
Dayton OH i»5131-7258 

PERFORMING ORGANIZATION 
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADORESS(ES) 

Armstrong Aerospace Medical Research 
Laboratory, AFSC, HSD, AAMRL/HEF 
Wright-Patterson AFB OH 15'<33-6573 

10. SPONSORING / MONITORING 
AGENCY REPORT NUMBER 

AAMRL-TR-90-031 

11. SUPPLEMENTARY NOTES 

12a. DISTRIBUTION/AVAILABILITY STATEMENT 

Approved for public release; 
distribution is unlimited. 

12b. DISTRIBUTION CODE 

13. ABSTRACT (Maximum 200 words) 

An evaluation was conducted to determine potential compatibility problems found 
while wearing the Protective Integrated Hood Mask (PIHM) with the Aviator's Night 
Vision Imaging Systems (ANVIS).  The PIHM is worn under a standard HGU-55/P helmet 
and is designed to protect USAF aircrew members in a chemical environment. ANVIS 
is mounted in front of the PIHM visor using a special bracket. The evaluation 
consisted of tests performed at Pope AFB, NC using qualified C-I30E crewmembers. 
Examinations of horizontal and vertical intensified fields of view, cockpit 
lighting compatibility, and a limited fit evaluation were conducted. Testing 
showed that ANVIS/PIHM viewing resulted in average losses of horizontal and 
vertical fields of view of 2.6 degrees and 2.1 degrees. C-I3OE cockpit lighting 
interference was not found when viewing through the ANVIS/PIHM, or under the ANVIS 
through the PIHM visor. No significant problems in achieving proper fit with 
ANVIS/PIHM were found. Overall conclusions were that potential compatibility 
problems of ANVIS and PIHM integration can be reduced or eliminated with proper fit 
and adjustment of the ANVIS/PIHM. 

14. SUBJECT TERMS 

Protective Masks 
Transmissivity 
Visual Perception 

Image Intensifiers 
Visual Acuity 
ANVIS       PIHM 

15. NUMBER OF PAGES 

26 
16. PRICE CODE 

17. SECURITY CLASSIFICATION 
OF REPORT 

UNCLASSIFIED 

18.   SECURITY CLASSIFICATION 
OF THIS PAGE 

UNCLASSIFIED 

19.   SECURITY CLASSIFICATION 
OF ABSTRACT 

UNCLASSIFIED 

20. LIMITATION OF ABSTRACT 

UL 
NSN 7540-01-280-5500 

568 

StandarfJ Form 298 (Rev. 2-89) 
Prescribed by ANSI Std   Z39-1B 
298102 



Summary 

A field evaluation was conducted on the Protective Integrated Hood Mask (PIHM) 

to determine its compatibiHty with the Aviator's Night Vision Imaging System (ANVIS). 

PIHM will be used by tanker, transport, and bomber aircrews for protection in a chemical 

environment. ANVIS is a night vision goggle currently used by these same aircrews to aid 

in visual performance during night missions. The evaluation was conducted at Pope AFB, 

NC using qualified C-130B aircrew with ANVIS experience. 

Parameters which were evaluated include: intensified field of view, cockpit lighting 

interference, and subjective and photographic assessments of fit. The approach for the 

evaluation was to compjffe visual performance with PIHM/ANVIS to performance through 

ANVIS alone. The fit assessments were completed to allow users the opportunity to 

conament on fit, and to document specific fit problems. 

The results for the intensified field of view test showed no significant reduction in field of 

view when the PIHM was donned. No cockpit lighting interference was found when viewing 

tmdemeath ANVIS through the PIHM visor, and viewing through the PIHM/ANVIS 

comibination. All subjects reported no major fit problems when using PIHM/ANVIS, with 

the exception of some restricted head mobility when PIHM was employed. 

As a result of this emluation, it became evident that proper training procedures for 

donning the PIHM with ANVIS need to be developed and adopted. Optimal visual performance 

was primarily achieved because the subjects who participated in the evjduation had assistauice 

in donning the equipment from a life support specialist.   This specisdist ensured exact 

fit of the PIHM amd proper aJignment of ANVIS. It is possible that reductions in visual 

performance will occur if proper PIHM/ANVIS fit is not achieved. 
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Introduction 

The Aircrew Eye Eespiratory Protection System (AERPS) is designed to protect 

USAF mrcrew members in a potential or known diemical environment without imposing 

physiological burdens or degrading mission capability. The Protective Integrated Hood 

Mask (PIHM) is the candidate subsystem of AERPS for use by aircrew members of tanker, 

transport, and bomber aircraft. The PIHM is designed to be worn under a standard HGU- 

55/P flight helmet. 

Prior to C-130E flight testing, the Life Support SPO (HSD/YAG) requested AAMRL/HE 

to evaluate potential compatibility problems that may result from wearing the Aviator's 

Night Vision Imaging System (ANVIS) with the PIHM (see Figure 1). While wearing the 

PIHM, ANVIS is mounted to the helmet using a special bracket that allows the night vision 

goggles (NVGs) to be positioned just in front of the PIHM visor. The mounting bracket used 

was designed by the Special Mission Operational Test and Evaluation Center (SMOTEC) 

for pilots of special operations aircraft. Integration of the PIHM with ANVIS results in the 

PIHM visor being located between the user's eye and the ANVIS objective lens. Since there 

are normally no obstructions between the eye and ANVIS, integration of the PIHM with 

ANVIS could result in visual limitations during NVG missions. Specific concerns rmsed by 

HSD/YAG included: reductions in ANVIS intensified field of view, loss of visu^ acuity, 

cockpit lighting interference produced by glare from the visor, PIHM/ANVIS combination 

fit, and distortion and transmissivily of the PIHM visor. 

The AAMRL Night Vision Operations (NVO) Laboratory, in support of the AERPS 

evaluation, conducted both on-site imd laboratory testing to s^sess these compatibility 

issues. The on-site evaluation yras completed at Pope APB NC using qu^ified C-130E 

pilots to examine the PIHM/ANVIS intensified field of view, cockpit lighting compatibility, 

imd PIHM/ANVIS fit. The results of the laboratory evaluation axe described in a separate 

AAMRL technical report [1]. 
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Figure 1.1: PIHM/ANVIS Combination 
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Method 

2.1 Subjects 

Two C-130E pilots and three C-130E navigators psa-ticipated in the evaluation. All 

subjects had a minimum of 100 hours of NVG flight experience. Each subject was fitted 

with a HGU-55/P helmet and the proper PIHM prior to the evaluation. Three subjects 

wore a medium PIHM and two wore a large PfflM. Life support specialists from Eglin AFB 

assisted each subject in doiming the PIHM and achieving a proper fit. 

2.2 Apparatus 

The evaluation was conducted in a darkened hangar at Pope AFB after dusk. Natural 

lighting conditions approximated a quarter moon iUtraunation level, thus requiring no 

additional lighting during the evaluation. Intensified field of view measurements were 

obtained for each subject using a 5 ft. square visual field (see Figure 2.1). A light emitting 

diode (LED) positioned in the center of the field was used as a fixation point, A second 

LED which moved idong a vertical and horizontri scale, was used to measure the vertical 

and horizontal intensified fiel^ of view. The crewstation of a C-130E (shown in Figure 2.2) 

was used for the codcpit lighting interference equation. 

2.3 Procedures 

Intensified Field Of View (POV) Measurements 

Measurements of the horizontal and vertical intensified FOV were performed on each 

subject wearing the HGU-55/P helmet and the ANVIS. A baseline measurement without the 

PIHM was recorded first, followed by a measurement with the PIHM/ANVIS combination. 

Subjects were seated so that the ANVIS oculars were at a distance of 6 ft. from the LED 
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Figure 2.1: Apparatus Used to Measure PIHM/ANVIS Intensified Field of View 

Figure 2.2: C-130 Aircraft Used for Cockpit Lighting Evaluation 
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fixation point. Subjects were positioned in a chin rest to restrict head movement during 

the measurements. After adjusting the NVGs, the subject was instructed to close one eye 

and fixate on the center LED. The experimenter then moved a second LED inward along a 

vertic^ or horizontal scale beginning at a 22 degree POV. The subject indicated when the 

LED was just visible at the edge of the intensified field. This procedure was repeated twice 

for each eye in both the vertical Mid horizontal dimensions. The average of the two left and 

right side measiirements was added together to obtain the total FOV for each eye. After 

baseline FOV was measured, the subject donned his prefitted PfflM/ANVIS combination 

with the assistance of the life support specialists. The FOV for the PfflM/ANVIS combination 

was then measured following the same procedure. 

Cockpit Lighting Interference 

Cockpit lighting interference was evjJuated for two different viewing modes: 1) viewing 

through the PfflM/ANVIS combination and 2) viewing through the PfflM visor but underneath 

the NVGs. Subjects performed the cockpit lighting evaluation seated at the pilot's station 

of the C-130E cockpit. The subject was asked to set cockpit lighting at a comfortable 

NVG mission level. He then viewed an acuity diart positioned at eye level 20 ft. from 

the windscreen and indicated any reflections that were present. The sources causing the 

reflections were documented. Subjects then viewed the crewstation through the PfflM but 

underneath the NVGs and noted Miy reflections. If no interferences were noted, the test 

was terminated. 

Photographic Evaluation of PIHM/ANVIS Anthropometric Fit 

Ront and side view photographs were t^en of each subject weiffing the ANVIS both 

with and without the PfflM. The photographs were used as documentation to assess any 

specific fit problems with the PfflM/ANVIS combination. 

Evaluation of the PIHM/ANVIS Anthropometric Fit and Visibility 

A questionnaire which addressed the PIHM/ANVIS fit and visibility wm administered 

to each subject at the conclusion of the tests outlined above. The questionnaire is included 

in Appendix 5.1. 
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Results 

3.1 Intensified Field of View Measurements 

Tables 3.1 - 3.3 summarize the results of the intensified FOV measurements for each 

subject. Both horizontal and vertical FOVs are expressed in degrees of visual angle for the 

right and left eye positions, respectively. When averaging the measurements obtained for 

each eye, the horizontal and vertical FOVs measured for baseline were 38.8 and 38.1 degrees, 

respectively. The average horizontal and vertical FOVs measured for the PIHM/ANVIS 

combination were 36.2 and 36 degrees. Thus, the PIHM resulted in an average horizontal 

FOV loss of 2.6 degrees or 6.7 percent of baseline. The vertical FOV was reduced by 7 

percent of baseline. 

The ANVIS are designed to allow a 40 degree horizontal and vertical intensified FOV. 

Baseline measures were probably slightly less than 40 degrees because of individual differences 

in ANVIS adjustment and/or fit. It shotdd be noted that each subject donned and adjusted 

his ANVIS without any assisteince prior to the baseline measurements. Subjects were 

assisted when donning the PIHM/ANVIS combination and careful attention was given to 

proper adjustment. 

3.2 Cockpit Lighting Interference 

The results from the qualitative assessment of cockpit lighting interference indicated no 

problems for viewing through PIHM/ANVIS or through the PIHM and under the ANVIS. 

One subject reported reflections upon entering the crewstation when the lights were turned 

up. However, these reflections were no longer present when cockpit lighting was set to 

normal night mission levels. In addition, no lighting interference was produced when 

subjects moved their heads side to side while looking around the cockpit. 
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Table 3.1: Baseline (no PIHM) Horizontal and Vertical Intensified Field of View (in degrees) 
for Right and Left Eye Positions. 

HOBIZONTAL VERTICAL 
Sub. Rt. Lt. AVG. Rt. Lt. [AVG. 

1 37^ 37° 37° 36° 36° 36° 
2 40 39 39.5 39 36 37.5 
3 40 40 40 40 39 39.6 
4 39 39 39 37 40 38.5 
5 38 39 38.5 40 38 39 

AVG. 38.8 38.8 38.8 38.4 37.8 38.1 

Table 3.2: Horizontal and Vertical Intensified Field of View (in degrees) for PIHM/ANVIS 
Viewing 

HORIZONTAL V] BRTICAL 
Sub. Rt. Lt. AVG. Rt. Lt. AVG. 

1 35° 35= 35° 33° 34° 33.5° 
2 38 35 36.5 38 39 38.5 
3 38 37 37.5 37 35 36 
4 36 36 36 35 36 35.5 
5 36 36 36 37 36 36.5 

AVG. 36.6 35.8 36.2 36 36 36 

Table 3.3: Percent (%) Change in Field of View from BaseJine 

HO] BIZONTAL V] ERTICAL 
Sub. Rt. Lt. AVG. Rt. Lt. AVG. 

1 5.4% S.4% 5.4% 8.3% 5.6% 6.9% 
2 5 10.2 7.6 2.5 7.6 5 
3 5 7.5 6.3 7.5 10.2 8.9 
4 7.6 7.6 7.6 5.4 10 7.7 
5 5.2 7.6 6.4 7.5 5.2 6.4 

AVG. 5.6 7.7 6.7 6.2 7.7 7 
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3.3 Photographic Evaluation of PIHM/ANVIS Fit 

Photographs were taken of each subject immediately following the FOV measurements 

while wearing the ANVIS both with and without the PIHM. Examination of the photographs 

revealed that the NVG oculars were in proper alignment for all of the subjects while wearing 

the PIHM/ANVIS combination. No problems were noted with the mounting bracket while 

wearing the PIHM. The ANVIS oculars did not come in contact with the visor when in 

the proper viewing position. To ensure optimal field of view the oculars were positioned 

as close to the visor as possible (approximately 10-20 mm). The photographs showed 

that for subjects 1 and 2 the oculars were tilted slightly upward during the baseline FOV 

measurements. As displayed in Table 1, the baseline vertical FOV measured for these two 

subjects was below the average measured. Photographs of baseline and PIHM/ANVIS fits 

are included in Appendix 5.2. 

3.4 Subjective Evaluation of PIHM/ANVIS Fit and Visibility 

The subjective evaluation indicated no significant problems in achieving a proper fit 

with the PIHM/ANVIS combination. One subject indicated that the moimting bracket 

needed more vertical adjustment range to ensure proper positioning of the NVGs in front 

of the eyes. The remaining subjects reported no problems in achieving a proper fit. 

Two subjects reported that the visibility through the PIHM/ANVIS combination was 

better than through the NVGs alone because the "graininess in the NVGs was less" when 

viewing through the PIHM visor. The remaining three subjects reported that their visibility 

was unchanged by the PIHM/ANVIS combination. Two subjects reported restricted head 

mobility while wearing the PIHM/ANVIS combination which limited the range over which 

they could look from side to side. All subjects reported that the intensified FOV with the 

PIHM/ANVIS combination appeared to be the same as the intensified FOV without the 

PIHM. A complete simimary of the questionnaire results is included in Appendix 5.1. 
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Conclusions and 

Recommendations 

The ei^ustion described in this report was designed to examine the compatibility 

of ANVIS night vision goggles with the PEHM system. Both the data and observations 

indicated that the integration of ANVIS with the PIHM did not result in any significant 

compatibility problems. However, the results of this evaluation demonstrated the importance 

of following proper PIHM donning procedures and careful adjustment of the ANVIS to 

ensure optimal performance. The conclusions and recommendations drawn from each test 

objective iffe described separately in the following paragraphs. 

4.1    Intensified Field of View 

The PIHM/ANVIS combination resulted in small reductions in the horizontal and 

vertical intensified fields of view. The average reduction from the 40 degree optimri ranged 

between 2 and 4 degrees. This rather insignificant effect on the intensified FOV resulting 

from the PIHM/ANVIS combination can be attributed mostly to proper fit and adjustment. 

Each subject received assistance in donning the PIHM and adjusting the ANVIS mount from 

life support specialists prior to testing to ensure that the NVG oculars were centered over 

each eye and as dose to the visor as possible. Without careful adjustment or proper fit, the 

PIHM/ANVIS combination could potentially reduce intensified field of view significantly. 

The photographs of the baseline FOV measurements recorded at Pope AFB indicated 

that the NVG oculars were slightly tilted upward for two subjects, resulting in less than 

optimal FOV's. Loss in POV could be magnified by an improper PIHM fit, and/oT improper 

adjustment or aJignment of the NVGs. Therefore, careful attention should be given to PIHM 

system fit as well as proper NVG adjustment prior to PIHM/NVG missions. 

The mounting bracket should allow the NVG oculars to be positioned directly in front 
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of the eyes and level with the line of sight. The vertical adjustment range of the mounting 

bracket miay have to be increased to ensure proper positioning. The NVGs should also 

be positioned as close to the visor as possible without damaging it. Optimal field of view 

will be achieved with the NVG oculjirs just touching the visor. Mole skin padding could 

be placed around the NVG lens to eliminate the risk of scratching the PIHM visor. It 

is recommended that proper training procedures be developed for donning the PIHM and 

adjusting the AN VIS. 

4.2 Cockpit Lighting Interference Assessment 

The evaluation results demonstrated no cockpit lighting interference when viewing 

both through the PIHM/ANVIS combination and through the PIHM visor underneath the 

NVGs. Crewstation lighting levels were set by each subject to preferred night mission 

levels. Although no interference was noted for this test, it is possible that increased cockpit 

illumination levels could result in reflections and/or interference with the PIHM/ANVIS 

combination. It is recommended that potential sources of lighting interference from the 

crewstation are identified and eliminated prior to NVG flights with the PIHM. 

4.3 Subjective Evaluation of PIHM/ANVIS Fit 

The questioimaire results and photographs indicated that the subjects were able to 

achieve a proper fit with the PIHM/ANVIS combination and that no discomfort was 

experienced. However, it is recommended that the mounting bracket be miodified to allow 

a greater range of vertical NVG adjustment without increasing the distance at which the 

oculars are positioned in front of the eyes. 

580 



Bibliography 

[1] Donohue-Perry, Mary M,, Eiegler, Joseph T., Hausmann, Martha A., «A CompatibUity 

Assessment of the Protective Integrated Hood Mask with ANVIS Night Vision Goggles 

(U)", Armstrong Aerospace Medical Researdi Laboratory, June 1990. 

581 



Appendix 

5.1     Questionnaire Results 

The questionnaire administered to the five crewmembers at Pope AFB is included 

below. A summary of the responses made to each question is provided. 

Aircrew Eye Respiratory Protection System (AERPS) NVG Compatibility 

Questionnaire 

The purpose of this questionnaire is to evaluate the effects of viewing through 

the protective integrated hood/mask system (PIHM) using ANVIS night vision goggles. 

The questionnaire addresses visibility, field of view loss, and cockpit lighting interference 

while wearing the PfflM/NVG system. The results from the questionnaire will aid in 

determining the severity of these problems as they relate to mission success. Please use the 

rating scales provided and feel free to add any additional conmients. Responses made on 

this questioimaire will be kept confidential. 

Name: 

Organization: 

NVG FUght Hours: 

Helmet Size: 

Mask Size: 

1. Did you notice any interference or reflectance from light sources within the 

cockpit when viewing: 

a. through BOTH the PfflM and NVG's? Yes - 0 No - 5 

b. through the PfflM but underneath the NVG's? Yes - 0 N o - 5 
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2, If yes, describe the sources of the interference. 

"Initially with the lights up, there was interference. Decreasing the Bght source eliminated 

aU reflections," 

4. Describe the overall visibility through the PIHM/NVG system as compared 

to viewing through the NVG's alone. 

(1) much worse - 0 

(2) worse - 0 

(3) same - 3 

(4) better - 1 

(5) much better - 1 

"Gr^n in NVG is less" 

5. Describe the intensified field of view when viewing through the PIHM and 

NVGs as compared to the NVGs alone. 

(1) much worse - 0 

(2) worse - 0 

(3) same - 4 

(4) better - 1 

(5) much better - 0 

6. Were you able to get a good fit with the PIHM/NVG system? 

Yes-5 

"Yes, except the NVG bracket needed to be removed and screws loosened to give more 

vertical adjustment." 

T. What were specific problems you encountered while wearing the PIHM/NVG 

system? 

"Discomfort from PIHM wear." 

"Wearing glasses, I had slight pressure on the bridge of my nose." 

"MobiUty" 
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8. How would you improve the mounting of the NVGs when used with the 

PIHM system? 

"The Bailey mod on the Pope mount works best for 317 TAW." 

"Need a bracket with more vertical range or preset brackets that can be stored for PIHM 

use so that they will not need to be adjusted in flight." "It was fine." 

"Mounting is okay." 

9. Do you have any suggestions for improvement to the PIHM/NVG system or 

to the NVGs alone? 

"The hood imit needs to be longer to allow for the increased head movement required when 

wearing NVGs." 
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5.2    Photographic Evaluation of PIHM/ANVIS Fit 

Photographs of ANVIS baseline and the PIHM/ANVIS combination fit mth the 

HGU-55/P helmet and SMOTEC mounting bracket for four mrcrew members are displayed 

in Figures 5.1 through 5.2. 

Figure 5.1: Baseline ANVIS Fit with HGU-55/P Helmet and SMOTEC Mounting Bracket 
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Figure 5.2: PIHM/ANVIS Combination with HGU-55/P Helmet and SMOTEC Mounting 
Bracket 

*U.S.Govamment Printing Offlce:i990—748-002/20206 
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WflSht raktaraon htt, CM 4S433-CS73 

SOMNARy 

*lthoufln MlfJit vialon Gogqlaa jiivcaj aitaad th# luBlnanca ranqa ovat which wa can uaa 
out vialon, cuccant AH/PVS ayataaa raqulra apaelal ceekplt liahtlno to ba fully 
•ftaetiva, caauca vlaual dapth ot riald and dlniniah tha flald ot »ia»», All thraa of 
tkaaa taetera aca aRttamly tapoctant to pi lota parfotnlnt nljht opotatloM. Thia panar 
daacrlbaa tha taaulta of aavatal opatatlenally orlantad afferta eonductad by tha tlnltad 
Stataa hit ratem Aaroapaea Hadleal Raaaarch t,aborateiy*a Human Bnglnaaclna Olviaion to 
iBpiowa wlaual partoriianca, eoekplt llfhtlng, and (light infomatlon tcanafac in 
cDBJunetloB with tha uaa of niflht vialon 90»laa. Tha afferta tncluda an opacational 
daflnltion of KVG coMpatlbta llqhting, a racoiiMandad approach to improvlns dapth of 
focua, an attampt to aapand flald of vlaw, and a daaerlptlon of a NVC MOD ualne 
optically Injactad flight data. All aftorta cantar around using or Mdlfylng currant 
AH/PVS MVCa uaad by OS  toreaa. 

VISUAL PERrORNAHCE TKROOCH NVOS 

Hight vialon anhanca«ant davlcaa appaac to ba gaining ulda accaptanea among both civil 
and ■ilitary eeganizationa aa aaana to improva vlaual pareaptlen undar conditions of low 
luwinanca. Tha nan davlcaa ara not aacaly light anpllfiara flight balng daflnad aa that 
portion of tha alactroaagnatle apactrua to tihlch our ayaa ara aonsitlva), but astand our 
capability to aaa Into tha naar Infrarad. Bacauaa of this dlftarantial aanaltivity of 
our ayaa and night vialon davlcaa, both ll<|htlnq amilnaata and night vialon daviea usara 
■uat ba awara of tha poaalbla dagradatlena In parfornanca in aithar tha unaidad o« 
anhancad vlaual ayataas cauaad by inappropriata lighting schamaa. In laany caaaa. 
Inappeopriata lighting may eaoaa vlaual parformanea through night vialon davlcaa to ba 
taaa than that aiparlanead without tha davlcaa In placa. 

Although tha hunan aya la aanaitlva to alactroaagnatle radiation froa about 3ai na to 
about 7ii na. It la not aqually aanaitlva to all wavalangtha of light. During daylight 
or pbotoplc vialon, our ratinaa ara aaalaally aanaitlva to light whoaa wavalangth la 
about S5S na (a yalloM-gtaan). During night, or acotopic vialon, our catinaa ara 
aaalaally aanaitlva to light whoaa wavalangth approaehaa SfS na {a blua-geaan). ri^ura I 
Bhowa tha ralativa apactral and anargy aansltivitlaa of tha photopic and acotopic vlaual 
ayataaa. 

|i»>iiii>ii<<«tiiit)iiii 

moTone.... 
iCOtOfIC—- 

/ •\ 
/ \ 

/ \ 
/ 
f 

\ 
\ 

- V . 
'   \ 

% 
, K 

/,-- N-      ,. 
i      K      i      I 

• 

WAVitlKCTH   (WAMOMETERS) 

FICUIE   I 
AEStJLlITE   SPECTRAL   AND   ENERGY 
SFVSITIVITIKS   OF   TIIK   I'SAIIlEIt   vy, 

587 



Tha dynamic rang* of th* photopic vtaual  ■yatem la about 10^ -   10 ML, and th* dynamic 
range of tha acetopic ayatam la about 1- I0~* ML.    Although our  eyea ara  vary aanaitlve 
to   light whan  fully dark  adapted   <undat   ideal   conditiona  wa  can aaa a candle at  a 
diatanca of about one nila),  their reaolution acuity ia very  low.    At beat,   tha acotopic , 
viaual ayatam'a reaolution  ia about 20/200,  and axhiblta a central  acotoma or blind ' 
apot.    In other Morda,   anall objecta will diaappaar when  looked at directly. 

Firat generation devicea were photOBultlpliera that were aenaitive to a apectral 
dlatrlbutlon almilar to our eyea. They would amplify what viaible light waa available, 
and preaent the information on a nonoehronatic diaplay. Since the diaplay luminance waa 
high enough to activate the photopic viaual ayaten, tha limiting factor in reaolution 
waa the optoelcctronlca in tha device rather than the eye. 

The viaual environment at night ia relatively poor in viaible wavelength energy, but 
renaina relatively rich in longer wavelength (infrared) energy. Paaaive devicea which 
uaed theaa infrared wavalengtha could then rely on a atatiatlcally larger number of 
photona to activate the ayatema and improve reaolution. The US Army'a AN/PVS 5A aacond 
generation night viaion gogglea (GEN II HVCa) maintained aenaitivlty to the viaible 
WAvelangtha, and extended their aenaitivlty to the near infrared wavalengtha. Thla 
■aant that the aecond generation devicea could not only 'aee* light whoae amplitude waa 
normally too low for our unaided eyea to perceive, but they could alao "aee" wavalengtha 
to which our rattnaa were inaenaitlve, and improve reaolution above that given by firat 
generation ayatema. Figure 2 ahowa relative apectral aenaitivltlea of the human eye and 
GEN II NVGa.     It alao ahowa the relative amounta of radiant energy available at night. 
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ui CA u\ in.Ci HI t/i l/i 
IB 

WAVELENGTH (NANOMETERS) 
FIGURE 2 

RELATIVE SPECTRAL SENSITIVITIES 
OF EYE TO GEN II NVG 

Scenea viewed through GEN II NVGa are perceived aa ahadea of green becauae of the 
phoaphor eharacteriatica of the ayaten. The output luminance of the NVGa la aufficlent 
to activate tha photopic viaual ayatam, but reaolution ia still limited by the NVGa 
rather than the eye. Typical viaual acuitiea of individuala wearing operational unite 
under typical night conditiona range from 20/80 to 20/50. The unaided daytime viaual 
acuitiea of theae people are 20/20 or better. In addition, the Inatantancoua binocular 
field of view (BFOV) la limited to *»<> rather than the 100° ■unxeatrlcted" field of 
view. Becauae of optical Inconaiatenclea in the gogglea, atereopaia (one component of 
depth perception) la poorer than expected for photopic viaion, but equal to or better 
than that experienced with acotopic viaion. Table 1 ia a aummary of varloua viaual 
thresholds of the unaided eye and the visual system Including NVGa. 

588 



Table 1 

CompBtisoB ot Photopic, Scotoplc, and NVO-Aiaed Viaion 

Photopie Systan    Scotoplc Syatan 8y« + mSm 

Dynamic Ranqa !•" - It  Mt 

Recaptor JEya)   Conea 

I-  1»-' Ht 

Roda Rods t  Conaa 

Syaten 

Reaolutlon   Better than 1 arc-mln li arc-Bin    2-3 arc-m»nC«VGJ 

Speeteal 

Senaitlvlty  35« - 7M MM 

Msx Spectral 

Senaitlvlty   555 HH 

Pecceivad Spectral 

Output Colora 

AH/PVS-S;   •••• 

351 -   7B«  NK       AH/PVS-S!   •••• 

rield of Vit I8i= 

5i5 HM 

Graya 

-  1«»*' 

AH/PVS-5f   •••• 

hH/PVS-tt   •••• 

Sraena 

48° 

Max Retinal 

Senaitlvlty       •<>   ♦   2.5<>   tdiac) atOjannuluaJ     2.5=  (dlac 

Dark Adaptation 

Tlaie  Cfulll       !• ainutaa 

Dark Adaptation 

?!■• (flaah) Saconda 

Sark Adaptation 

flaw (fallura) 

30 Mlnutaa    Saconda 

Seconda Seeonda 

Has 2 Hlnutea 

view la atlll llaltad to 4i*, and atereoaealty ceaaina aodacataly qood. 
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As wa gained experience with NVGa in oijerational environnenta, aevaral critical human 
engineering factors becane apparent! cockpit (instrument, switch and display) lighting 
must be compatible with both the NVGa and the unaided eye if both are to be used to 
their fullest capability; the NVGa could be Modified to improve field of view and 
display characteristics; refocussing from outside the cockpit to see instruments was a 
problem; new helmet mountings needed to be designed to better distribute the weight; and 
future NVG design must consider safety and ejection factors. 

NVG COHPATIBLB LTGHTINC 

In order for NVGs to be most effective, the cockpit lighting must be optimized fpr the 
NVG's spectral senaitivity. Even low amounta of red and IR wavelengths generated within 
the cockpit can significantly reduce the goggles' aensitivity to the outaide scene. 
Several vendors are now producing "HVG compatible* lights, even though there is no 
generally accepted neaaure of compatibility. The moat promiaing products appear to be 
those that drastically reduce or eliminate emiaslons correspoinding to visible red and 
longer wavelengths, however the abaence of red warning lamps may be of some concern to 
traditional  cockpit  lighting engineers. 

Our deflnintlon of "NVG compatibility* contains two general criteria: I) the lights 
will not degrade vision through the NVGs tor specified lighting positions or 
confIgurationa, and 2) the llghta will allow good vision of instrumenta or other objects 
for the unaided eye. He include not only instrument and panel lights in this 
definition,   but CRT and other diaplays. 

Many users found that normal Incandeacent aeurces which were used to provide In-cockpit 
illumination for the unaided eye would emit too much Infrared energy, and cause the NVG 
to lose sensitivity to out-of-cockplt scenes (because of activation of the automatic 
gain control). Many filtering systems, electroluminescent lighting schemes, and light 
emitting diode achemea were investigated; all of which were intended to reduce the 
emitted   IR  energy,   and maintain  sensitivity  of  the goggles. 

We have found it helpful to describe at least three categories of cockpit lighting 
configurations, and have begun to eatabllah compatibility ratioa for most 'NVG 
compatible sourcea' for each condition. Category 1 includes lights in the direct field 
of view of the goggles, category 2 includea light reflected from the windacreen or other 
object into the gogglea, and category 3 includes 'light pollution' from other sources. 
When viewing outside scenes, lights which are almost always in the direct field of view 
of the NVGs should not be considered to have the same effect as light sources normally 
wel 1 out of the NVG field of view. 

We have developed a preliminary Compatibility Ratio (CR) that takea into conaideration 
propertiea of both the unaided eye and the NVGs. This Compatibility Ratio may be used 
for any lighting configuration, type or placement, and will predict the relative effects 
of varioua vendors' products on visual and NVG performance. Eaaentlally, CR is the 
ratio of the photopic eye rerponse for a particular wavelength to the ANVIS sensitivity 
to  the  same wavelength. 

Compatibility Ratio may be expressed mathematically as follows: 

7» 
J Vv      H        d. 
480 

CR   .  
liaa 
/■_    GR    "     * «0> 

Where: 

■> 

Vv        • Relative photopic eye  responae for CIE 
1931 standard obaerver 

H        ■   Relative   spectral   radiance   for   a 
particular   light source  (Watts/cm    Sr n«) 

G_ • Relative ANVIS apectrsl response aa 
measured or specified by manufacturer 
at JLC Ad Hoc Comatttee 

Appropriate Compatibility Ratio limits are now being found by empirical determination 
for a subset of typlcsl cockpit Illuminators snd categories. Speettotadloaietrle 
measurements of other illnaiinants will than allow ranking or compatibility compsrlaona 
of many cockpit lighting types and sources without the necessity of complex aiaulator 
devices. Wie C» will also provide suitable wavelength mixture information to lamp 
designers. 
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?'f^'A*?J" process of defining  spectral   loci   fo£  acceptable HVC compatible 
cockpit lighting. Assuming the pilot will be able to see various Insttuwent and cockpit 
Indicatoir lights both with and without the »VGs, the ptobl.ms of apptoptiate color 
coding, equality of hue and equality of luBlnanee foe either unaided or ald«d vision are 
added to the list ej concerns for the illumination engineer. Care must be taken that 
«ernln| and caution lights are sufficiently different from "normal" llluminsnts to avoid 
confusion. Historically, this has been accomplished via color coding the former lights 
red or yellow, but since these longer wavelengths are not compatible with MVC usaqe, the 
choice of spectral components  Is severely restricted, 

NVGS *H0 VIDEO SISPLMS 

Initial tests indicate color video displays will have to be modified to reduce long 
wavelength emissions. Essentially, this means eliminating or significantly reducing the 
output of the red gun, with resultant degradation In visible color separation for the 
display graphics or symbology. In addition, displays using P-43 or similar phosphors 
will have to be filtered to reduce the normally tiny long wavelength "bump" on the 
emission curve. If this is not done, the display will cause the MVGe to lose 
sensitivity at brightness levels Just barely sufficient for comfortable unaided vision. 

one possible use of passive HVOs Is In conjunction with active tuiu or other systems 
whose Information is presented on a Heads Op Display (HOD). Since the HUD Imagery is at 
optical Infinity, refocussing the HVGS la eliminated. However, holographic or 
dlfftactlve HUD combining glasses ate tuned to reflect only the narrow green band of the 
P-43 phosphor. The imagery generated by these HODs appears dimmer with AM/PVS S goggles 
than wlthoutl The reason for this apparent anomaly Is the presence of a minus-blue 
objective  lens coating,  which prevents much of the green band from entering  the MVSs. 

DEPTH  Of  FOCUS   PROBLEHS kHD SOtOTIOHS 

The normal eye can accommodate or focua on objects at different optical distances, when 
we fixate on distant objects, near objects are blurred. When we change focus to the 
near object, the distant target is blurred. The range of distances over which wo can 
see clearly without refocussing Is called the "depth of focus" or "depth of field". 
Refocussing is accomplished by the action of the ciliary muscles In each of our eyes, 
changing the shape of the crystalline lens. 

When properly adjusted, the ocular lenses of the night vision goggles place the Image of 
the scene near optical Infinity for the wearer's eyes. The MVG's objective lenses are 
then adjusted to focus on the object of regard. Because of their small f-numbet, there 
la very little depth of focus for NVGs. If a pilot had his systr-i , tcussed for out-of- 
cockplt viewing, he would be unable to clearly see legends or <. ttnments within the 
cockpit without manually refocussing each tube. Mter reading his Instruments, he must 
then reCoeus  for clear distance viewing. 

The *H/PVS « goggles were provided with an Aviator's Might Vision System (ANVIS) mount, 
which allowed the pilot to look under the tubas to see hla Instruments. This feature 
attempted to eliminate the refocussing problem encountered with the AH/pvs 5 mounts, 
which ware designed tor ground use. Unfortunately, the AHVIS mount moved the center of 
gravity of the goggles farther from the head, and en^haalied the problem of maintaining 
lighting compatibility for hoth the goggles and the unaided eyee at the same time. In 
addition, when the pilot wanted to see Instruments near the top of his glare shield, the 
pilot needed to move his hesd In an uncomfortable manner to move the goggle tubes out of 
hie field of view. Several ether MVG manufacturers produced different systwae to reduce 
the near vision problem, such as the Marconi Cats Eye, and the FJW Industries See- 
Through Might Vision Goggle (SHVS). 

Another answer to the refecustng problem is addressed by shared-aperture epttea. The 
concept of shared-aperture optics Is similar to that of plnhole optics, 1B which light 
is Imaged «n a atirfaee without the use of lenses. The shsred-apertus* concept is 
•imllac in that the objective lenses of the MVGs are coated with a ■Inus-blue filter, 
•ffeetlvely blocking shorv visible wsvelengtha of light. If cockpit lights are filtered 
or otherwise caused to emit only short wavelengths, these lights will not be seen when 
looking through the goggles. Mow envision a small aperture, similar to that in a 
pinhole camera, in the minus blue coating. The relatively high anargy, short- 
wavwlength Inatrumont light can pass through this aperture, and form a clear image in 
the MVGS. The large area around tha aperture acts aa a relatively low f-nmOMr optical 
•yatam to the entalde aeene, which ia rich in long wavelengths, with apprepriatw shared 
•pertttcaa, and with the system focussed tor Infinity, the filot can see both tha eutaide 
world and hla iastrvmenta with relativaly normal head and eye motions. Figure 4 
diagrams the optical concept of shared apertures, which can be incorporated into praamnt 
AM/PVt syataaw. 
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FIGURE     4 
OPTICAL   CONCEPTS   OF   SHARED   APERTURES 

Ono disadvantage of shared aperture optic* is the critical selection of wavelengths 
suitable for In-cockpit Illumination. These wavelengths must he almost totally blocked 
by the filter coating on the objective lens, thus significantly reducing the number of 
available illuminant choices. 

FIXATION   POINT   PROBLEMS  AND  SOLUTION 

Unfortunately, with any of the above methods of allowing vision of both the exterior 
scene and cockpit instrumentation, the pilot is still required to change his visual 
point of regard from outside to inside views; requiring changes in accommodation (for 
conventional aperture systems), light sdaptation, and fixation posture. While his 
visual system is busy with one scene, important changes could be taking place In the 
other. Since MVGs are typically used at very low altitudes, normal aircraft velocities 
cause high rates of spproach, and concurrent rapid changes in visual scene, which may 
degrade  safety. 

Scientists at AFAHRt. approached the problem of seeing both the outside scene and 
instrument dtsplsy by electronically and optically injecting critical flight instrument 
readings into the optical path of the NVCs. Now, the pilot need adjust his HVG's focus 
only once — for distant vlnwlng, and the flight data would also be seen near optical 
infinity. In the ssae field of regard s* the outside scene. In effect, we created a 
Heads Dp Display (HOD)  for the HVGs,  so we named it the AFAHRL NVG HUD. 

Before using the HVG HDD, the visual duties of crew members of night flying aircraft 
were partitioned — some tasked to look outside and others tasked to look only at 
instruments of various types. The pilot was to look outside the cockpit, while the co- 
pilot was to look at the critical Instranents. Both the radar operator and copilot 
reported to the pilot verbally over the intercom. All crew members who were to look 
outside the cockpit wore night vision goggles, and the cockpit lighting was suitably 
modified to least interfere with the HVGs. 

Since the dsTelepment of the AFAHRt. HVQ HOD, the visual tasks of the crew can be 
partitioned in a more normal (i.e. mote ■imilar to daylight flying) fashion. The 
pilot's visual abilities are actually enhanced in that he can now see both the outside 
scene and flight data at the same time, without refocusing either his eyee or the HVGs. 
In fact, he need not change his vlsusl regard from any exterior scene of interest; his 
flight dsta are projected to sppest near the point at which he is  looking. 

The aircraft foe which the HVG HDD was originally designed were not equipped with 
conventional HOOs, but displayed Information on both video displays and round-dial 
InstruSHinta located on a conventional Inatrument panel. AFAMRL engineers were able to 
sample data on the computer bus serving the Instruments, and use these data to generate 
a display on a email CRT. Several Interactive studies were performed by AFAMRL and MAC 
to detarsilne the optimum diaplay format and aymbology to effectively portray data 
values. 

The CRT display was then coupled to a coherent fiber optics bundle, which was psssed to 
the pilot's helmet. The output of the bundle was collimated and reflected from a 
beamrpllttex or combining glass meunted on the HVG barrel.   Into the optical path of the 
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NVGa. In this faahion, the wearec ot th« HVGa eeuld ■«• the outatde seen* with both 
eyea,   and th« Slight data Inage with one eye. 

The bzightneaa of the diaplayed data can ha dinned by the pilot, ao he can "look 
thcough" the graphlca at the outalde ecene, uainf binoculac vlalon. Ae the need fot 
critical flight data Inereaaea, he can increase the relative brlghtneaa of the graphlca, 
ao he can eaaily perceive the data with one eye. Since the ether eye continually 
maintains a view of the out-of-cockpit scene, the visual system superinpoaaa the Imagery 
created en the face of the CR7 over the oataide scene. Since there is a great 
difference in appearance of the images, there Is no retinal rivalry effect, and both the 
outside scene and the flight data are aeen conatantly. ?hare have been no reports of 
the Pulfrlch phenomenon while using the ayatem, and no unuaual lighting compatibility 
criteria need be addrassed. 

riBLD OP VIBW IMI'ROViHSHfS 

Both the AH/fVS 5 and »H/PVS 8 HVGa restrict the wearer's Instantaneous binocular field 
of view to a 40° circle. In order to carry on any visual aearch pattern, HVS wearers 
must increase the amount of head and neck notion to cover the same area previously 
covered by relatively simple eye aiovements alone, $hia increased head aoveaent, 
combined with the weight dlatribution of the MVGs contributes greatly to neck muscle 
fatigue. Optically increasing the field of view of the MVGs results in a reduction of 
resolution. The pilot might see more in his instantaneous field of view, bat what he 
does aee will be less distinct. 

One possible method of Improving the horlaontal field of view Is "toeing-in" the NVS 
tubes. Since the HVGs have a nagnlf icatlon factor of 1, moving the tubes from their 
parallel position will have no effect on the positions of the eyes' lines of sight. 
Some time ago, ArkKRt produced a prototype NVG arrangement with the tubes "toed-in" 10° 
each. ?he result was an instantaneoua field of view of C0°, consisting of a binocular 
overlapping field of view of 29°, and two monocular ficlda of view, each of 29° (See 
figure S). All Imagea in the instantaneous field of view maintain their correct 
relationships to all other Imagea, and many pilots who tried the goggles were unaware of 
the presence of two monocular fielda until told to alternate closing their eyea. The 
toe-in concept la not a new one ... it was patented In the OS several yeses ago and is 
also demonstrated with Harconl's Cats Bye MVGs, 

flCORB  5A 
CURRBMt  40'*  rOV 
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FIGURE   SB 
AHRL  HODIFIED   FOV 

FUTURE  CONCEPTS 

\u display technology improvea, and computar anhanced imagery maturea, it is poaaible 
that the pilot of the future need not depend aoley on his unaided vision while flying at 
night or under conditiona of poor visibility. He sea the early stagea of new viaual 
applications in the acceptance of NVGa, HUDa and FLIRa. The concept of providing 
enhanced imagery to the pilot ia not new, but the methoda to do thia are rapidly 
evolving. AFANRL la at the forefront of thla technology with ita state of the art 
Visually Coupled Airbourne Systems Simulator (VCASS), which allows the pilot to take 
advantage of new sensor technology by displaying varloua inagery on his halnet visor. 
Systems control, sensor pointing and device awltching are performed with normal head and 
eye movements, providing a wide binocular field of view, with computer enhanced imagery, 
color and symbology. Artificially induced stereo cues add a new dimension to spatial 
aense. 

The uae of night vision enhancement devlcea appeara to be growing In acceptance. 
Performance with these devlcea will be further aided by assuring appropriate human 
engineering factors are considered both in their design and application. It la not 
necessary to wait for next-generation inprovenenta to become available in order to have 
an effective night vision system useabla by aircraft pilots. NVG modifications and 
ancillary devices made and planned by AFAMRL and other organizations can be applied to 
today'a  aecond  and  third generation producta. 
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PREFACE 

This report describes the development, evaluation, and application of night 

vision goggles (NVG) modified with head-up display (HUD) synfeols.    The NVG/ 

HUD system was designed for flying night, visual  flight rule (VFR)    low 

level operations.   The results proved to be generallzable to a variety of 

aircraft and missions.   The report was prepared In part by Systems Research 

Laboratories. Inc. (SRL). 2800 Indian Ripple Road. Dayton. Ohio 45440. under 

Contract F33615-82.C-0511.   The work was performed In support of the 

Harry 6. Armstrong Aerospace Medical Research Laboratory (AAmL). Pro- 

ject 7184-12-15. Lighting and Light Control, under the direction'of 

Mr. Jeffrey L. Cralg for the Human Engineering Division (HE). Wright- 
Patterson Air Force Base, Ohio 45433. 

The authors gratefully acknowledge the contributions of Dr. Harry Lee Task 

who designed and developed the NVG/HUD display, the assistance of Mr. David 

Lambertson who des1gn«l and reported the aircraft instrumentation Inter- 

faces, and to MS. Carla Reese (SRL) who tabulated the pilot questionnaire 
responses. 

Special  acknowledgements are made to the following MAC personnel who 
coordinated the field and flight test trials: 

Capt. Doyle Walker, Airlift Center. Pope Air Force Base, NC 

Maj. Terry Silvester, SMOTEC. Hurlburt Field. FL 

Maj. Richard Runyon. SMOTEC. Hurlburt Field. FL 
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Section 1 

INTRODUCTION 

This report documents the development, evaluation, and application of night 

vision goggles (NVGs) modified with head-up display (HUD) symbols for flying 

night, visual flight rule (VFR), low level operations. The NVG/HUD combines 

NVG compatible symbols, infinitely collimated for a monocular presentation, 

and a binocular view of an infrared scene. The Harry G. Armstrong Aerospace 

Medical Research Laboratory (AAMRL) conducted the evaluation program for 

special Military Airlift Command (MAC) operations. 

The NVG/HUD was used by 30 pilots flying eight models of jet and turboprop 

cargo aircraft and conventional helicopters in night sorties. Question- 

naires and interviews were used to guide design changes, suggest training 

requirements, and assess pilot acceptance of the NVG/HUD device. 

This section includes a brief description of requirements for development of 

the NVG and NVG/HUD for night, low level operations. The approach for 

qualifying the NVG/HUD in successive aircraft is described, a background 

discussion of NVG state of the art is presented, and a list of test objec- 

tives is included. Section 2 includes the critical mission factors for all 

of the aircraft. (Unless noted otherwise, the term "aircraft" includes 

fixed-wing and rotary-wing aircraft.) Descriptions of NVG/HUD equipment, 

crew experience, and the development of the evaluation questionnaires are 

also highlighted. Section 3 summarizes the results of the in-flight 

tests. Section 4 presents the final display/control configurations, sug- 

gested training requirements, and recommendations for NVG/HUD applications. 

Appendices include descriptions of the NVG/HUD demonstration device used in 

this study and the questionnaires and their responses used to evaluate the 
device. 

BACKGROUND 

Godfrey (1982) describes the development and use of NVGs in military 

crewstations: 
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NVGs have now attained a level of sophistication such that 
aircraft can be safely and comfortably flown using these 
devices.    NVGs operate by amplifying reflected low Intensity 
visible and near Infrared (Invisible) light.   The goggles most 
conmonly referred to are AN/PVS-5 (Generation 11) and ANVIS 
(Generation III)  (Aviators Night Vision Imaging System),    Gener- 
ation II goggles can be helmet-rounted but are rather heavy and 
awkward.    The user imist see everything through than including 
cockpit instrumentation.   The Generation II produces a bright 
target image at light levels as low as quarter moon illumina- 
tion.    The latest NVGs (Generation III) are helmet-mounted, 
lightweight, and well balanced so that the person wearing them 
can operate unhlnderal.   The design pennits use of the goggles to 
produce a clear green picture of the vwrld around, vrtiile at the 
same time permitting use of the naked eye to look under the 
goggles and read Instrurentation or other Infonnatlon,    Genera- 
tion III NVGs produce a bright target image at light levels as 
low as starlight Illumination. 

As with any new technology introduced into areas as conplex as an 
aircraft crewstation, there are a number of problems which must 
be resolved.   The most significant problem is the light which Is 
enhanced to produce a picture of the outside world.   The wave- 
length of this light Is between 600 to 900 nananeters.   This 
means that Incandescent lamps or any other light whose wavelength 
is longer than approximately 525 nananeters (green light output) 
will also be amplified and Interfere with the Image of the out- 
side scene.    Yellows, reds, and Infrared either "blind" the 
goggles or cause them to protectively shut down much as the 
unaided eye adapts to very bright light. 

The response of the goggles used in this study are shown In Figure 1. 

APPROACH 

AW1RL approached the problem of flying very low levels, at night, by pro- 

viding HUD symbols on a combining glass over one of the goggle eyepieces. 

The concept was to provide sufficient position and attitude information to 

allow an "eyes-out" orientation during special operations.   Several tirades of 

mission-oriented symbols were Included as pilot options. 

As shown in Figure 2, the AAMRL concept was to generate syirt^ols based on 

digitized data from aircraft sensors, display the symbols on a CRT, and then 

fotus the CRT Image on a 400 x 400 element, fiber optic cable.   The cable 

transmitted the image to a canblning glass positioned In front of a single 
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NVG lens.    The pilot's eye saw the symbols col 11mated at Infinity, and 

within a wider fleld-of-vlew of an Infrared Image of the real world. 

The overall approach was to select a feasible set of military standard HUD 

symbols and use actual OTSE flight experience with a demonstration device to 

obtain user nwdlflcatlon requirements and acceptance Information.    For each 

aircraft test, pretest discussions were held with MAC personnel to derive a 

symbol set and control panel that appeared to satisfy the aircraft's mission 

requirements. 

HQ MAC authorized the Operational Feasibility Test and Evaluation  (OFT&E) of 

the NVG/HUD based on successful  trials in preliminary C-141B flights: 

Operational  Incidents have highlighted the need to enhance the 
safety of night special operations missions.    At HQ MAC/XPQ 
request, the AAMRL developed a HUD system for C-141B aircraft 
that Is compatible with NVG use...    The C-141B test results 
verified the usefulness and potential of the system to enhance 
C-141B special operations missions.    (MAC Project Plan 15-84-84) 

Over a 1-year period, MAC directed that NVG/HUDs be flown on the following 

aircraft: 

C-141B C-130E   (AWAOS) HH-53H  (PAVE LOW) 

MC-130E  (TALON) HH-53B/C  (SLICK) 

AC-130  (6UNSHIP) UH-60A  (BLACKHAWK) 

HC-130P 

The AC-130 data were not available for this report and may be requested from 

AAMRL.   The fixed-wing and rotary-wing aircraft used filtered Incandescent, 

filtered electroluminescent  (EL), and blue cockpit lights with blue second- 

ary lights to achieve NVG use compatibility. 

The test objectives listed in Table 1 were obtained from MAC test directives 

and pjersonnel and included requirements for detailing hardware, software, 

training, and operational procedures.    A special objective addressed the 

possible effects of levels of lunar (moon) illumination on NVG adequacy. 
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TABLE 1.    TEST OBJECTIVES 

• Detenmlne usefulness and potential to enhance special operations. 

• Develop syirtbols, symbol  format for each aircraft (or mission mode when 

appropriate).    Minimize the number of symbols, modes, and controls 

without compromising crew safety or adding to crew workload. ' 

• Assess effects of night illumination, 

t      Develop control   requirements. 

• Detenmine compatibility with current mission equipment. 

• Develop operational procedures. 

• Quantify training requirements. 
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Section 2 

METHOD 

This section summarizes the mission planning factors, the NV6/HUD equipment, 

the experience levels of the crews, and the development of the question- 

naires used for subjective ratings on system performance. 

MISSION PLANNING FACTORS 

The mission planning factors that affected NVGs during special low level 

flight usage are listed In Table 2. 

TABLE 2. MISSION PLANNING FACTOIS 

Factors 

,.       ^^ .,  . , Sortie Duration 
Aircraft Altitude (feet) Airspeed (knots)* (hours)** 

C-141B 500-1000 

C-130E . 500-1000 

MC-130E 500-1000 

AC-13(W 6000 

HC-130P 500-1000 

HH-53H 50-500 

HH-53B/C 50-500 

UH-60A 50-500 

230-300 4 

210-220 6-7 

210-220 6 

190-200 5 

210-220 5 

60-130 4 

60-130 4 
60-150 2 

SPECIAL MISSION REQUIREMENTS 

• Air Drops 

• Blackout Landings* 

• Hover Operations 

• Aerial Refueling 

• Full Moon to No ttoon Conditions 

• 3000-Foot Celling, 3 nm Visibility Minlmums 

• Covert Operations, Operating With Minimum Number of 
Internal and External Lights Set at Lowest Intensities 

*Excludes hover airspeeds. 
**Excludes In-flight refueled sorties. 
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NV6/HUD EQUIPMENT 

The equipment configuration designed for the flight demonstration is shown 

in Figure 3 and is described in more detail in Appendix A.    The symbols used 

for each aircraft evaluation are shown in the questionnaires  (Appendix B) 

and drawings of the final symbol sets proposed for fixed-wing and Votary- 

wing aircraft are shown in Figures 20, 21, 22, and 23. 

INPUTS FRO 
AIRCRAFT 
SYSTEMS 

DATA COLLECTION 
AND 

FORMATTING 

SYMBOL   GENERATOR 

AND 

CRT/OPTIC   COUPLER 

OPTICAL 
COMBINER 

DISPLAY 

Figure 3. NVG/HUD Configuration 

The flight instrument raw signal information was collected by the aircraft's 

signal processing computer, converted into Arinc 429 formatted data, and 

transmitted to the display. The display unit converted the data to a sym- 

bolic displao' on a cathode-ra^ tube format. The symbology display was 

reflected from a front surface mirror to a relay lens which focused the 

image onto a flexible fiber optic bundle. The bundle transmitted the image 

to the NV6 where a collimating lens moved the symbol image to optical infin- 

ity. This image was then reflected from a beam splitter into the NVGs. The 

observer viewed the image of the HUD symbols superimposed over the outside 
view. 
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Several  modes of mission oriented information were included as pilot 

options.    Figures 4 and 5 shows the HUD symbols selected for the transport 

and helicopter flights.    Generally, for mdes such as SEARCH and LANDING 

the number of symbols was reduced to avoid cluttering the center of the I'R 

image when the pilot is concentrating on ground patterns and landmarks. 

Some examples of special  features of the symbology are listed in Table 3 and 
were varied for several  of the aircraft. 

The final control panel used by the pilots Is shown In Figure 6.    The panels 

were positioned at various cockpit locations, depending on the type of air- 

craft.    A design goal was to Include only critical pilot control  functions 

and automate other functions {e.g., focus, contrast). 

CREW EXPERIEfCE 

Table 4 summarizes the flight experience level of the pilots used in the 

study.    The data are Incomplete because of incompleted questionnaires. 

The number of pilots fully qualified In several MAC special operations units 

IS very small.    For example, the six C-141B aircraft conmanders (ACs) listed 

In Table 4 represented the majority of the total C-UIB ACs qualified for 

this mission.    In general, the pilot population was highly experienced in 

total  flight time, time In the aircraft, and (except for combat) time with 
the mission. 

QUESTIONNAIRES 

The same MAC questionnaire (Appendix B) was used to obtain pilot'experience 

and comments on mission adequacy and training requirerents.   Several AAMRL 

developed questionnaires (Appendix B) were used to obtain five-polnt ratings 

and comments on symbols, symbol characteristics, symbol modes and controls, 

and was tailored, where appropriate, for each aircraft.   [For this report  ' 

the term "mode" means the display of a syr^ol set for a portion of a mission 

(e.g.. enroute mode, landing mode)].    The results from the questionnaires 
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Figure 4. HUD Symbols Used for F1xed-W1ng Flights 
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Figure 5.   HUD Syi*ols Used for Rotary-Wing Flights 
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TABLE 3.    SPECIAL SYMBOL FEATURES 

Altitude Displays barometric or radar altitude, radar changes in 
10-foot increments below 1000 feet, 100-foot increments above 
1000 feet. 

Fixed Digit     The last zero for altitude and vertical   velocity is an 
unchanging zero (0) to reduce distraction of a fast changing 
digit. 

Pitch Over 10 degrees of pitch, a 10's digit is displayed to the 
left of the aircraft and I's unit to the right. 

4 PUSHBUTTONS 

BARO - Selects barometric pressure 

MODE - Selects symbol set for mission segment 

POWER - Turns HUD equipment ON 

PITCH - Trims the aircraft symbol to horizon 
bar for pitch reference 

1 RHEOSTAT (not shown, mounted on helmet) 

BRIGHTNESS - Changes symbol brightness 

Figure 6.    NVG/HUD Controls 

are presented in Table 4 (Pilot Experience), for each type of aircraft in 

Section 3 (Results), and in greater detail in Appendix C. 

610 



TABLE 4.    PILOT EXPERIENCE 

C-141B   C-130E   m-nm.   hc-im   m-nw   HH-53H   HH-SM/C   UH-6OA 

Number of Pilots 

Crew Positions 

FEAC 

IP 

Pilot 

2 » 

2    2 1 
1     3 3 

Total night HPS («n)* 2350  1866           950 

Months «VG Qualified (iwi) 20 

**SOLL II Flight Hrs (wn) 250 

Months SCH.L II Qualified (im) 21 

• Cmn " average inean) 

••Special (derations Low Level II includes the use of HVBs for night airdrops and landings under blackout 
conditions. 
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Section 3 

RESULTS 

This section summarizes the pilots' comments on the NVG/HUD system and their 

recommendations for system modifications and procedures for operating the 

equipment.    The data are presented as average ratings  (mean = sum of 

ratlngs/n of respondents) individually for each aircraft,  in the order the 
aircraft were flown. 

For purposes of brevity, the crew's comments on symbol characteristics have 

been summarized in Figure 9.    Additional pilot ratings and comments have 

been included in Appendix C.    The crew's terms for symbols  (e.g.. heading, 

track, and mag heading) were retained for the report. 

Generally, the fixed-wing and rotary-wing pilots use NVGs to maintain an 

outside scan while the copilots scan inside and ensure the integrity of 

aircraft velocity and attitude.    Navigators and third pilots may share 

inside and outside vigilance duties In fixed-wing aircraft and verbally 

provide critical airspeed, altitude, and range values to the pilot. 

C-141B FLIGHTS 

The four-engine C-141B heavy jet transport flies Special Operations Low 

Level  II  (SOLL II) missions that Include night, blacked-out airdrops or 

landings, and takeoffs from remote fields with three pilots, two of them 
wearing NVGs. 

The fixed-wing questionnaire  (Appendix B) was used to obtain the pilot 
ratings shown In Figure 7. 
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RATINQS (mn) 

UNACCEPTABLE ACCEPTABLE EXCELLENT 

SYMBOLS 
GROUND SPEED 
PITCH LADDER 
AIRCRAFT 
HORIZON 
IAS 
MAG HEAD 
TRUE TRACK 
DRIFT ANGLE 
BARO ALTITUDE 
VERTICAL VELOCITY 
RADAR ALTITUDE 

CONTROLS 
INTENSITY 
FOCUS 
BARO ALTITUDE 
PANEL LOCATION 

6 
5 
6 
6 
6 
6 
6 
4 
6 
6 
5 

5 
4 
3 
5 

Figure 7. C-141B Pilot Ratings of Symbols and Controls (Total n»6) 

Using the five-point rating scale, the HUD symbols were rated as being 

between "more acceptable" and "excellent" except for the drift angle 

symbol. The three system controls (to adjust intensity and focus and to 

reset the barometric altimeter) were rated as more than acceptable. The 

location of the control panel was rated acceptable; however. Its relocation 

was also recommended. Visual fatigue was rated as below average to none and 

display contrast as being adequate for most night sky conditions under 

various levels of Illumination. In terms of the system's contribution to 

mission success, the pilots generally agreed that the NV6/HUD enhanced 

control of the aircraft, reduced interphone communication and Increased 

fitght safety (terrain clearance). 
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C-130E FLIGHTS 

The C-130E Is an extended range version of the C-130B with large underwing 

fuel tanks and is equipped with an Adverse Weather Aerial Delivery System 
(AWADS). 

In addition to ratings on symbols and controls, ratings were obtained on 

symbol sets for three mission modes for the rest of the aircraft in this 

report. Figure 8 presents the ratings of adequacy of NVG/HUD symbols and 

controls and Figure 9 presents the ratings on mode symbols. 

Four pilots rated the drift angle symbol as acceptable but did not use it 

and recommended deleting it in the operational system. The aircraft symbol 

size was considered too small to be seen separate from the horizon symbol 

and preferred a new shape {  or  ) that was closer to the ADI symbol. The 

vertical velocity symbol was rated as desired but Its movements during the 

flight were erratic and unreliable. For the standard and enroute modes, the 

sky pointer was considered superfluous, and IAS was recommended to replace 

TAS. Critique of the landing mode included comments on deleting the mode, 

replacing it with the normal mode, and deleting mag heading and the lubber 

line. Two pilots recommended enlarging the symbol area ("doubling it") for 

easing readability. Control panel location in the cockpit was considered 

acceptable; however, one pilot suggested moving It to the forward end of the 

pilot's left control panel. All of the controls were rated near excellent, 

and one pilot recommended moving the mode pushbutton to the top of the panel 

because It is the most used control. 
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UNACCEPTABLE 
SYMBOLS                      ^ 2 

RATINGS (mn) 

ACCEPTABLE 

3 4 

EXCELLENT 

5 

n 

GROUND SPEED 5 
PITCH LADDER 5 
AIRCRAFT 5 
HORIZON 5 
IAS 5 
MAG HOG 5 
DRIFT 1 5 
BARO ALTITUDE 5 
VERTICAL VELOCITY 5 
RADAR ALTITUDE 5 
BANK 5 
SKY POINTER 1 5 

CONTROLS 
MODE 1 5 
BARD ALTITUDE 1 5 
PITCH 1 5 
BRIGHTNESS 1 1 S 
LOCATION 1 5 
PANEL LOCATION 1 5 

Figure 8.   C-130E Pilot Ratings of Syntfjols and Controls (Total  n«5) 
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SYMBOLS 

NOT 
REQUIRED 

1                    2 

NORMAL 

RATINQS (mn) 

MODERATE 
REQUIREMENT 

3 4 

ABSOLUTE 
REQUIREMENT 

5 n 

PITCH 1 .   5 
BANK SCALE 1 1 5 

HEADING 1 5 
VERT VEL SCALE I 5 
GROUND SPEED 1   1 5 

IAS 1 5 

MAG HEAD 1 5 

RADAR ALT 1 5 

BARO ALT 1 5 

VERT VEL DIGITS 4 

LUBBER 1 5 

DRIFT 5 

AIRCRAFT 1                                    1     1 5 

BANK POINTER 1 
1 

5 

SKY POINTER 5 

ENROUTE 
1 

1 
1 

PITCH 1 1 
BANK SCALE 1 1 

1 HEADING 1 
GROUND SPEED 1                                      1 
IAS 1                                       1 
MAG HEAD 1 
BARO 1 1 

1 LUBBER 1 
DRIFT ANGLE 1 
AIRCRAFT 1 1 

1 BANK POINTER 1 
SKY POINTER 1 1 

LANCNNO 
1 1 

HEADING 2 

VERT VEL SCALE I 3 

IAS 1 3 

MAG HEAD 1         1 

1   1 
3 

BARO ALT 1             1 3 

RADAR ALT 1 3 

VERT VEL DIGITS 1             1 3 

LUBBER 1 1 
1 

as  (Total  n« 

3 

DRIFT 1 3 

Figure 9.    C-13C )E Pilot Ratings o1 ' Syir bol Mod ■5) 
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MC-130E FLIGHTS 

The m-mz  (Combat Talon) aircraft Is a low level penetration version of 
the C.130E. The fifteen aircraft are flown by special operations squadrons 
based m the Philippines, West Germany, and Florida. 

Figures 10 and 11 present the MC-ISOE pilot ratings on symbols, ^odes. and 

contro s. The MCISOE pilots rated symbol, symbol sets, and controls l«,er 

than the other aircraft pilots In this study. Several pilots suggested 

deleting the drift, sky pointer, lubber line, baro alt. vertical velocity 

and bank angle scale symbols. The enroute mode was recommended for deletion 

and A6L replaced with the MSL symbol. Hagnetic heading, lubber line, baro 

alt, and vertical velocity symbols were reconmended for deletion In the 

landing mode. The control panel (and particularly the mode control) was 

recommended for placement nearer to or on the control yoke. The need for a 

pushbutton method of controlling baro alt and pitch were rated low. The 

location of the brightness control (on the helmet) was a problem for some 

pilots. Washout of the Image from ground lights during a short final- 

excessive eye fatigue from changing focus between symbols and field; some 

restraint of head movement from the helmet; Integration of INS inputs for 

navigation; and possible body movement problems In an emergency were 
mentioned by the pilots. 
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UNACCEPTABLE 

1                      2 
SYMBOLS 

RATINGS (mn) 

ACCEPTABLE 

;                   3                   4 

EXCELLENT 

5 

1 

1 

1 
1 
1 

1 

1 

n 

GROUND SPEED 7 

PITCH LADDER 1 
1 

6 

AIRCRAFT 5 

HORIZON 5 

IAS 7 

HEADING 

1 
]                  1 

6 

DRIFT 1 5 

BARO ALT 7 

VERT VEL 1 6 

RADAR ALT 1 7 

BANK ANGLE 1 6 

SKY POINTER 1 « 

CONTROLS 
MODE 1 6 

BARO 
b 

PITCH i 6 

BRIGHTNESS 1 5 

LOCATION / 

PANEL ARRANGEMENT 1 / 

, Figure 10.    MC-130E Pilot Ratings of Adequacy of 
Symbols and Controls (Total  n=7) 
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NOT 
REQUIRED 

NORMAL 

RATINQS (mn) 

MODERATE 
REQUIREMENT 

ABSOLUTE 
REQUIREMENT 

1 

PITCH 
BANK 
HEADING 
VERT VEL POINTER 
GROUND SPEED 
TAS 
MAG HEAD 
RADAR ALT 
BARO ALT 
VERT VEL SCALE 
LUBBER 
DRIFT 
AIRCRAFT 
BANK 
SKY POINTER 

PITCH 
BANK 
HEADING 

GROUND SPEED 
TAS 
MAG HEADING 
BARO ALT 

LUBBER 
DRIFT 
AIRCRAFT 
BANK 
SKY POINTER 

I 
1 
1 

1 
1 

1 
1 

1 1 
1 1 

1 
1 

1 1 

ENROUTE 

I 
LANDING 

HEADING 
POINTER 
IAS 
MAG HEAD 
BARO ALT 
RADAR ALT 
VERT VEL SCALE 
LUBBER 
DRIFT 

n 

5 
5 
5 
5 
5 
5 
4 
5 
5 
5 
5 
5 
5 
5 
5 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

4 
8 

6 
6 
6 
6 
6 

Figure 11.    MC-130E Pilot Ratings of Symbol Modes (Total n«7) 
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AC-130 FLIGHTS 

The data from these flights were not available and are not  reported in this 

study.    Queries for these data should be addressed to Jeffrey Craig. AAMRL. 
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HC-130P FLIGHTS 

The HC-130 is an extended range version of the C-130 with upgraded engines 

and specialized search and rescue equipment for the recovery of aircrews. 

Twenty HC-130s were modified to HC-130Ps for refueling helicopters in- 

flight. 

Figures 12 and 13 present the HC-130P pilot ratings on symbols, modes, and 

controls.    The sky pointer and lubber line were recommended for deletion and 

increased size recommended for the bank angle, horizon, and drift symbols. 

Triangles (▲} were suggested for the sky pointer and bank angle symbols. 

One of the two pilots did not use the mode, baro, or pitch pushbuttons and 

both pilots recommended dual controls for brightness. 

Possible problems  in moving around the cockpit in an emergency, the need  for 

checklist calls for mode selection, and display tuning problems were men- 

tioned by the pilots. 
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UNACCEPTABLE 

1                    2 

SYMBOLS 

RATINGS (mn) 

ACCEPTABLE 

3                   ^ 

EXCELLENT 

I                   5 n 

GROUND SPEED 2 

PITCH LADDER 1 2 

AIRCRAFT 1 2 

HORIZON 2 

IAS 2 

MAG HEAD 2 

DRIFT 2 

VERTICAL VELOCITY 2 

RADAR ALTITUDE 2 

BANK 1 2 

BARO ALTITUDE 1 1 

SKY POINTER 1 

CONTROLS 
2 

LOCATION 

MODE 1 

BARO ALTITUDE NO RESPONSE 0 

PITCH 1 1 

BRIGHTNESS 1 1 

PANLE LOCATION 1 

Figure 12.    HC-130P Pilot Ratings of Symbols 
and Controls (Total  n=2) 
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NOT 
REQUIRED 

1 

NORMAL 
RATINGS (am) 

MODERATE 
REQUIREMENT 

2                  3 

ABSOLUTE 
REQUIREMENT 

«                  5 r 

HIIUH 
2 

BANK 2 
HEAOINQ 1 2 
VERT VEL POINTER 
GROUND SPEED 1 1      _ 2 

2 
IAS 

2 
MAG HEAD 

2 
RADAR ALT 

2 
BARO ALT 
VERT VEL SCALE 
LUBBER 

1 2 

1 2 
2 

DRIFT 
2 

AIRCRAFT 2 
BANK 2 
SKY POINTER 1 

OUTE 

2 

E ■NR 1 
1 
1 PITCH 1 ? 

BANK 

HEADING 
2 

1 ? 
GROUND SPEED 

? 
IAS 

? 
MAG HEAD 

2 BARO ALT 
? 

LUBBER 
? 

DRIFT 
2 

AiRCHAF 1 1 
1 

? 
BANK 

2 
SKY POINTER 1 7 

LANDINQ 

ncAOING 
? VERT VEL POINTER 
? IAS 

MAG HEAD ? 
? BARO ALT 

1 2 HAUAR ALT 

VERT VEL SCALE 
LUBBER 

2 
1 2 
1 ? DRIFT 

2 

Figure 13.    HC-130P Pilot Ratings of Symbol Modes (Total  n=2) 
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HH-53H FLIGHTS 

Nine HH-53Cs were modified to HH-53H aircraft (PAVE LOW) for night and 

adverse weather operations.    Their equipiiKnt includes a stabilized forward- 

looking infrared (FLIR) system, an inertial   navigation system,  a new Doppler 

navigation system, and a computer projected map display and radar from the 

A-70. 

Figures  14 and 15 present the HH-53H pilot  ratings of symbols, modes,  and 

controls.    The time-to-go, ground speed, true heading, and distance-to-go 

were rated as being too small.    Again,  for all  of the nwdes, many of the 

symbols were rated as being too small  in size.    Ground speed, true heading, 

steering, and radar altitude were rated as the most required symbols. 

Inadequacy of display when looking toward brightly lighted areas; relocation 

of symbols to edge of display; need for symbols focused at infinity; eye 

strain helped by changing Intensity, relief of workload; being able to turn 

off the bright FLIR display and reduce cockpit illumination; rotation of the 

NVG tube in the direction of the hanging bundle; and location of the mode 

select on the cyclic stick were reported by the pilots. 

• 
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RATINGS (mn) 

SYMBOLS 
GROUND SPEED 
TRUE HEADING 
HORIZON 
TFBOX 
TIME 

WAYPOINT STEERING POINT 
DISTANCE TO GO 
RADAR ALT 

CONTROLS 
NORMAL 
HOVER 
SEARCH 

UNACCEPTABLE 

1 

EXCELLENT 

5 n 

5 
5 
5 
5 
4 
5 
5 
4 

3 
3 
3 

"'"'' "• T.^rj^. I^T^:--'^- - =^--' 
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NOT 
REQUIRED 

NORMAL 

RATINGS (mn) 

MODERATE 
REQUIREMENT 

ABSOLUTE 
REQUIREMENT 

1 

GROUND SPEED 

HEADING 
HORIZON 

RADAR ALT 
WAYPOINT STEERING BAR 

DISTANCE TO GO 

TIME 
AIRCRAFT 

TFBOX 

GROUND SPEED 

HEADING 

DISTANCE TO GO 

RADAR ALT 

VVI 

TIME 
VELOCITY VECTOR 
LOCAL VERTICAL 

GROUND SPEED 
HEADING 
DISTANCE TO GO 

TIME 
RADAR ALT 

1, 
1 

1 

1 
1 

1 
HOVER 

^ 

SEARCH 

5 
5 
5 
5 
5 
5 
5 
5 
5 

3 

3 
3 
3 
3 

3 

3 
3 

4 

4 
4 
4 

5 

Figure 15.    HH-53H Pilot Rating Symbol Modes (Total  n=5) 
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HH-53B/C FLIGHTS 

The HH-53B twin turbine heavy lift helicopter was ordered for the rescue and 

recovery service.    It has all-weather avionics and armament and Is faster 

and larger than the Jolly Green HH-3Es.    The helos can carry 38 passengers 
at  170 knots. 

Figures  16 and 17 present the HH-53B/C pilot ratings on symbols, modes, and 

controls.    Based on two pilot subjects, the ground speed, mag heading, 

distance-to-go, and radar altitude symbols were rated as being too small  In 

vertical  size.    The velocity vector and steering bar symbols were inopera- 

tive and not rated.   Time-to-next-waypoint was rated as not needed In the 

hover mode.    The mode pushbutton was recanmended for a yoke location.    Mag- 

netic heading and radar altitude were rated as the rrost required symbols. 
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RATINGS (mn) 

UNACCEPTABLE 

1 2 

SYMBOLS 
GROUND SPEED 

HEADING 
HORIZON 

DISTANCE TO GO 

RADAR ALT 
TIME TO NEXT WAYPOINT 

VVI 

CONTROLS 

MODE 

BARO 

PITCH 

ACCEPTABLE 

3 

EXCELLENT 

5 

1 
NO RESPONSE 

2 

2 

2 
1 

2 
1 

1 

0 

2 

Figure 16.    HH-53B/C Pilot Ratings of Adequacy of 
Symbols and Controls (Total  n=2) 
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NOT 
REQUIRED 

1                   2 

NORMAL 

RATINGS (mn) 

MODERATE 
REQUIREMENT 

3 

ABSOLUTE 
REQUIREMENT 

4                   5 n 

GROUND SPEED 2 
HEADING 2 
STEERING BAR 1 2 
HORIZON ? 
VELOCITY VECTOR ? 
RADAR ALT 7 
TIME TO NEXT WAYPOINT 2 
DISTANCE TO GO 2 

HOVER 
1 

GROUND SPEED 1 1 
HEADING 1 1 
STEERING BAR 1 
DISTANCE TO GO 1 1 
VVI 1 1 
RADAR ALT 

1 1 
TIME TO NEXT WAYPOINT 2 
VELOCITY VECTOR 1 
TFBOX 1 

1 
SEARCH 

1 

GROUND SPEED 1 
STEERING BAR 1 1 
HEADING 1 
DISTANCE TO GO 1 1 
RADAR ALT 1 1 
TIME TO NEXT WAYPOINT 1 1 

Figure 17.    HH-53B/C Pilot Ratings of Symbol Modes (Total   n=2) 
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UH-60A FLIGHTS 

The Blackhawk is a twin turbo powered,  184 mph, 11 passenger helo equipped 

with standard U.S. Army configurations for conducting special operations 

missions deep behind enemy lines,  in darkness or bad weather, and at treetop 

level. 

Figures  18 and 19 present the UH-60A pilot  ratings on symbols, modes, and 

controls.    Both of the UH-60A pilots recommended larger ground speed, time, 

and distance-to-go symbols.    Scale changes of radar altitude were suggested 

for hover and search modes.    IAS was recommended rather than ground speed 

for normal  and search modes and not  required for the hover mode.    Real-time 

in Zulu and deletion of VVI in hover were suggested.    Heading, distance-to- 

go, and the steering bar were rated as the most required symbols.    Slight 

eyestrain; need for VVI information; movement of the power cord;  lag in bank 

angle response of the symbol; and "spreading out" of the symbol  array was 

mentioned by the pilots. 
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SYMBOLS 

UNACCEPTABLE 

1                  2 

RATINGS (mn) 

ACCEPTABLE 

3                  4 

EXCELLENT 

•5 n 

GROUND SPEED 

IGBAR 

2 

HEADING 1 2 

HORIZON 2 

AIRCRAFT 1 2 

TIME 2 

WAYPOINT STEERIh 1 2 

DISTANCE TO GO 1 2 

RADAR ALT 1                   1 2 

Figure 18.    UH-60A Pilot Ratings of Symbols and Controls {Total  n=2) 
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ADEQUACY OF 
MODES 

NOT 
REQUIRED 

NORMAL 

RATINGS (mn) 

MODERATE 
REQUIREMENT 

ABSOLUTE 
REQUIREMENT 

GROUND SPEED 1 2 

HEADING 1 2 

HORIZON 2 

RADAR ALT 1 2 

WAYPOINT STEERING BAR 1 2 

DISTANCE TO GO 1 2 

TIME 1          , 2 

AIRCRAFT 1          1 1 

1 
1 

2 

TFBOX 1 
1 

HOVER 
1 

GROUND SPEED 1 2 

HEADING 1 2 

DISTANCE TO GO 1 2 

RADAR ALT 
2 

VVI 1 2 

TIME 1 
1 
1 
1 

2 

1 
SEARCH 

1 

GROUND SPEED 1 
1         1 

2 

HEADING 1 2 

DISTANCE TO GO 1 1 2 

TIME 1 1 1 2 

RADAR ALT 1 2 

F.igure 19.    UH-60A Pilot Ratings of Symbol  Modes  (Total   n=2) 
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SYMBOL CHARACTERISTICS FOR ALL FLIGHTS 

For brevity and comparisons, ratings on symbol characteristics for all of 

the aircraft are included in Table 5. Symbol characteristic ratings were 

not obtained for the first aircraft, the C-141B, and the data were not ' 

available for the AC-130 aircraft. 

Insufficient  size of some symbols (e.g.. ground speed, drift), deletion of 

some symbols for some modes {e.g.. vertical  velocity, sky pointer), shape 

and size of the fixed aircraft symbol, size and location of the distance-to- 

go symbol, and shape/size/scale rate of movement for the bank angle syi*ol 

were rated for changes.    However, such recommendations may be specific to 

the type of aircraft and its special mission requirements, as well  as dif- 

ferences between the visual   information requirements for fixed-wing and 

rotary-wing aircraft at variws airspeeds (0 to 300 knots).    A high number 

of "no change" responses can be interpreted as being firm symbol  require- 
ments for an aircraft. 
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TABLE 5.    RATINGS  ON SYMBOL CHARACTERISTICS   (ALL AIRCRAFT) 

C-130E 

(Total n) (5) 

Would You Change        Yes No 

Ground Speed 

Size 

location 

Width 

Movement 

Add a Scale 

Delete 

Hag Heading 

Size 

Location 

Width 

Delete 

Scale Movement 

Delete the Scale or 

Lubber Line 

Add a Label 

Heading 

Size 

Location 

Width 

Delete 

Pitch Ladder 

Internal 

Length of Steps 

Number of Steps 

Label Steps 

Aircraft 

Change Shape To 

Horizon 

Size 

Width 

Location 

Movement 

Delete 

5 

5 

5 

5 

5 

5 

5 

S 

5 

5 

4 

5 

5 

5 

2  3 

5 

5 

5 

5 

S 

1 

MC-130E 

(7) 

Yes No 

2 

3 

1 

1 

4 

6 

4 

6 

6 

4 

4 

3 

4 

5 

2 

1  2 

1  2 

1  2 

3 

HC-130P HH-53H HH- 53B/C UH-60 

(2) (5) (2) (2) 
Yes No Yes No Yes No Yes No 

2 3 1 1 2 
2 2 1 I 1  1 

1  1 2 1 

2 

2 

2 

2 

2 

4 

1 1 

2 

2 

1 2 1 1 
1 4 3 2 1 

1 1 
2 

1 

1 

1 

1 

1 
4 1 2 1 

1 
1 1 

2 

2 
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TABLE 5. RATINGS ON SYMBOL CHARACTERISTICS 
(ALL AIRCRAFT) (continued) 

C-130E  m-nm     HC-130P  HH-53H  HH-5»/C  UH-60 

(Total I.) (5)     m (2)     (5)     (2)     (2) 
Mould Vou Change       Yes No  Ves No  Ves Ho  Ves No  Yes . No  Yes No 

TF Command 

Size 

Shape 

Location 

Movement 

Delete 

IAS 

Size 5 
Location 5 
Add a Scale S 
Movement 5 
Add a Label 1  4 

Delete 1  4 

TAS Symbol 

Size 

Location 

Add a Scale 

Movement 

Add a Label 

Delete 

Add a Scale 

Movement 

Add a Label 

Delete 

DPI ft 

Shape 5 
Size 5 
Scale 5 
Movement 4 
Itelete 4 

Distance to 6o 

Size 

Shape 

Location 

Width 

Delete 

1 3 
3 I 
2 4 

3 

1 3 
3 

5 2 2 
5 2 1 1 
5 

4 

2 

2 

2 

2 

4 2 2 

4 

2 

2 

I 

2 

2 
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TABLE 5. RATINGS ON SYMl 50L CHAR ACTERIS TICS 
(ALL AIRCRAFT) (continued) 

C-130E MC- 130E HC- 130P HH-53H HH-538/C UH-eo 

(Total n)    (5) (7) (2) (5) (2) (2) 
Would You Change Yes    No Yes No Yes No Yes    No Yes      No Yes    No 

Bar Altimeter 

Size 5 4 

Location 5 2 3 

Movement 5 3 1 

Add a Scale 5 1 3 

Add a Label 1      4 1 3 

Delete 5 I 3 

Vertical  Velocity 

Scale 1      4 2 1 

Pointer 5 2 1 

Digit Size 5 2 1 

Location 5 2 1 

Digit Movement 2      3 1 2 1 

Pointer Movement 3      2 3 

Delete Decimal 2      2 3 1 

Delete Heading 2      2 2 

Velocity Vector 

Size 

Shape 

Location 

Box Moveinent 

Delete Vector 

Delete Box 

Radar Altimeter 

Size 5 1 5 2 1 2 2 

Location 5 3 4 2 1        1 1      1 

Width 2 2 

Add a Scale 5 1 5 2 2 1      1 

Movement 5 3 3 2 1 2 

Add a Label 1      4 1 5 2 1 2 

Delete 5 S 2 1 2 2 

VVI 

Size 

Location 

Delete 

Time to Next Waypoint 

Size 1 

Location I 

Delete 1 
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TABLE 5.    RATINGS  ON SyMBOL CHARACTERISTICS 
(ALL AIRCRAFT)  (continued) 

Mould You Change 

(Total 
C-130E   MC.130E 

n) (5)      (?) 

Ves No  Ves No 

HC-130P 

(2) 

Ves No 

HH-53H 

(5) 

Ves No 

HH-53B/C 

(2) 

Ves  No 

UH-ftO 

m 
Yes ,%o 

Time 

Size 

Shape 
3 

1 
2 

Location 2 

Width 
1  1 2 

OeletR 
2 

2 
2 

2 

Aircraft 

Size 

Shape 1  I 

Location I  1 

Movement I  I 

Delete I  1 

Maypoint Steering Point 

2 

Size 

Shape 
2 

2 

1 

Location 2 

Movement 
1 2 

Width 

Delete 

2 

1  1 

2 

2 

2 

2 

Bank Angle 

Shape 5   1  2 1  1 
Size 5   2 2 
Scale 5   3 2 
Rate of Movement 5    1  2 2 
Add a Label 1  4       3 2 
Delete 5    1  2 2 

Sky Pointer 

Shape 
5       2 1 

Size 5       2 1 
Scale 5       2 
Movement 

5       2 
Delete 2     3         2  2 1 
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Section 4 

CONCLUSIONS 

This section addresses the fulfillment of the seven test objectives listed 

in Table 1.    Also, some recommendations are made for considering the use of 

the device for other aircraft and missions. 

In general, the pilots accepted the device as favorably affecting mission 

success, wanted larger symbols, recommended relocating the symbols to the 

edge of the field-of-view, and changing the symbol  focus to infinity; and 

some fixed-wing and rotary-wing pilots suggested a two-mode rather than 

three-mode concept.    The two-mode concept (Figures 20 through 23) were pro- 

posed as final  prototypes for fixed-wing and rotary-wing aircraft. 

USEFULNESS OF NVG/HUD FOR SPECIAL OPERATIONS  (OBJECTIVE 1) 

The pilots rated the NVG/HUD as being useful  for improving mission 

performance as follows; 

IMPROVING MISSION PERFORMANCE 

r* Yes No Aircraft iHf. — 
  Fixed-Wing ° Q 
Rotary-Wing -L — 

15 1 

and included the major advantages and disadvantages shown below (rank 

ordered for frequency of response): 

Fixed- Rotary- 

Advantaqes of Using NVG/HUD "^"9 (") MlliaJllI 

Approaches and Landings 

Night Navigation 

Increases Safety 

Better Control of Aircraft 3 

Everything 

Air Drops 

Hover 
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Disadvantages of Using NVG/HUD 

Makes Runway Acquisition Difficult 

Degrades Map Reading 

Landing Pilot has to Refocus 

Flxed- 
Wlng (n) 

1 

1 

1 

Rotary 
Wing (n] 

The majority of the pilots who responded (94 percent) recommended the 

NVG/HUD as being useful  for improving their mission performance. 

PROPOSED SYMBOLS, SYMBOL MODES  (OBJECTIVE 2) 

A majority of the pilots recommended expanding the HUD 14-degree instant 

f1eld-of-view (IFOV) within the 40.degree IFOV of the NVG goggle.    This 

section Includes AAMRL's proposed symbols for fixed-wing and rotary-wlng 

aircraft and includes a two-mode concept for symbol modes. 

The symbols and symbol modes, shown In Figures 20 and 21. are proposed as 

test candidates for fixed-wing and rotary-wing aircraft.    Differences in 

symbol  scaling or movement for each aircraft are indicated in parentheses 

(e.g.. HH-53H). where appropriate.   The selections were based on pilot 

debriefs, questionnaire responses, and consultations with MAC personnel. 

Individual   aircraft with unique symbol  requirements werereported in summary 

form (Section 3) and for each pilot participant (Appendix C).    Each NVG/HUD 

application may have to be tailored to unique signal   Interface and maneu- 

vering requirements, and these data may serve as a source for selecting 

symbol and symbol mechanization requirements. 
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13- 

Index Symhology Function 

1 Indicated 
Airspeed 

Displays airspeed in I knot  Increments for full 
range of aircraft airspeeds. 

-^ Course 
Steering ISir 

Provides left/riijht waypoint steering areas  in 
relation to the course steering Index.    Full  scale 
displacement Is 40 degrees. 

3 Magnetic 
Heading 

Displays aircraft heading In l-degree Increments 
from 000 degree to 360 degrees. 

4 True  Track 
(C-IAIB Only) 

Displays desired true track  In  l-degree Increments 
from 000 degree to 360 degrees. 

5 Drift Angle Displays left/right drift against fixed scale of 
lO-degree Increments. 

6 Barnmetric 
Altitude 

Displays altitude In 10-fnot Increments from 
0000 feet to ysgO feet. 

7 Vertical 
Velocity 

Displays velocity In lU feet per minute Increments 
in thousands fpm (7S0 fpM Is displayed as  .7b). 

8 Ahsolute 
Altitude 

Displays radar In 10-foot Increments at or below 
300 feet and 20-foot Increments above 300 feet 
from 000 feet to 999 feet. 

9 Bank Anyle Displays 10. 20, 30. and 60 degrees of bank. 

10 Ground Speed Displays speed In 1 knot increments for full  range 
of aircraft speeds. 

11 Pitch Ladder 
(iraduatlons 
With Artifi- 
cial  Horizon 

Displays horizontal pitch graduations In b-riegree 
Increments  from 0 to 90 degrees. 

12 Numeric Pitch Displays pitch at 10 degrees and, thereafter. In 
1 degree Increments from 10 degrees to 90 degrees. 

13 Aircraft Symbol Fixed symbols. 

Figure 20.    Proposed Symbol  Sets for Fixed-Wing Aircraft, Mode 1 
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Index 

5 

6 

7 

8 

Symbology 

Indicated 
airspeed 

Magnetic 
Heading 

True Track 
(C-141B Onl^) 

< Drift Angle 

Bapometrlc 
AUItude 

Vertical 
Velocity 

BapometHc 
Altitude 

Ground Speed 

Function 

Figure 21.    Proposed Symbol Sets for Flxed-Wing Aircraft, Mode 2 
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1       2 3 

10 - 

8    7 

SymboXtxiy 

CKOundiip«*tf 
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Figure 22. Proposed Symbol 
Normal Mode 

Sets for Rotary-Wing Aircraft, 
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Index Symbology 

Sroundapeed 

Heading 

Distance to 
Mext Waypoint 

liadar 
Altitude 

Time to 
Sext Waypoint 

Course 
8t«ering Index 

Couree 
Steering Bar 

Function 

Display, groundspeed in 1 knot increments. 

?mflSf "ifcraft heading in degrees true 
in 1 XL  ?««««=*° (OH-SOA and HH-53B/C) 
mi degree Inerenents. 

DiaplayB the radar altitude in 1 Coot 
increments trm 0  to 50 feet, 5 feet 
increments fr«« 50 to loo feet, and lo feet 
increments above 100 feet. 

Sha^iXf «f ^i"^ *" ■*•""=•« -n" seconds to 
.IfaSKj g'fiSJee-d'r*"*"' """^ "^ '"* 

frrifafi™-l^'Jf* ••yP«lnt -teering cues 
FSII ■«J*^if- ?•" **•"■! "M^lnf index. Full scale dlsplaeement is + 20 degrees. 

Figure 23.    Proposed Symbol Sets for Rotary-Wing Aircraft, 
Search Mode 
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Symbol  Requirements for All Aircraft 

Figures ?4, 25, and 26 include pilot responses averaged (means) for each 

type of aircraft.    These data are not included for design decisions which 

are considered to be aircraft specific but rather for research personnel 

examining visual   information requirements for night, VFR, low altitude* 

flight. 

Figure 24 presents the adequacy of the HUD symbols for both classes of 

aircraft.    The presentation of baro altitude, bank angle, and vertical 

velocity in fixed-wing aircraft and ground speed, real-time (clock time), 

and vertical  velocity were considered marginal  and in need of change of 

shape, movement, or deletion. 

Figures  25 and 26 present pilot  ratings for symbol  requirements for low 

level, night VFR flight.    For fixed-wing aircraft (Figure 25), true with mag 

heading and lubber line symbols for the normal  mode; bank angle, true with 

mag heading, drift, and sky pointer symbols for the enroute mode;  and baro 

alt  and the lubber line symbols for the landing mode may not be significant 

requirements.    For rotary-wing aircraft (Figure 26), only VVI and time to 

next waypoint symbols  in the hover mode were rated below moderate require- 

ment.    An engineer selecting symbols for new devices might consider the 

symbols rated as absolute requirements as being a minimum symbol  set and the 

priorities between moderate and absolute requirements for selecting a mode 

oriented set of symbols. 

APEOIJACY OF DEVICE  FOR  LEVELS  OF  NIGHT  ILLUMINATION (OBJECTIVE 3) 

Moon disc size for the flights was estimated by the pilots to average 

45 percent  (range = no moon to 98 percent, n = 10) and effective ground 

illumination from moonlight to average 40 percent (range = 10 to 100 per- 

cent, n = 13).    Visibility for all  of the flights was reported as clear 

(unlimited) with high scattered clouds from 10 to 25,000 feet. 

The majority of the pilots considered the HUD display as being adequate for 

all   night sky illumination conditions  (overcast to full  moon). 

644 



FIXEDWING AIRCRAFT (MC-IME AND HCISOP) 

RATINGS (mn) 

UNACCEPTABLE 

1 

ACCEPTABLE 

2                   3 4 

!»AFT 

EXCELLENT 

5 n 

GROUND SPEED 9 

PITCH LADDER 1 8 

AIRCRAFT 7 

HORIZON 7 

IAS 9 

HEADING 8 

DRIFT I 7 

BARO ALT 

1 
IG AIRCI 
1 

8 

VVI 1 8 

RADAR ALT 9 

BANK ANGLE 1 8 

SKY POINTER 1 7 

ROTARY-WIW 

GROUND SPEED 1 9 

HEADING 9 

HORIZON 1 y 

AIRCRAFT (H-«)) 2 

DISTANCE TO GO I 8 

TF COMMAND (HH-SSHJ 1 1 5 

RADAR ALT 1 8 

TIME(HH.53H,H-«)) 1 1 6 

TIME TO NEXT WAYPOINT (HH-53B/C) 1 

WAYPOINT STEERING POINT 1 7 

VVI 1 
1 

Figure 24.    Adequacy of HUD Symbols 
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NORMAL (MC-130E, HC-13C 

RATINGS (mn) 

NOT                              MODERATE 
REQUIRED                  REQUIREMENT 

12                   3                   4 

IP) 

ABSOLUTE 
REQUIREMENT 

5 n 

PITCH 1 7 

BANK SCALE 1 7 

HEADING II 7 

VERT VEL SCALE 1 7 

GROUND SPEED 1 1       1 7 

IAS 1 1    1 7 

MAG HEAD 1 6 

RADAR ALT 1 _J       1 7 

BARO ALT 1 

130P) 

P)        1 

7 

VERT VEL DIGITS 1 7 

LUBBER 1                  1 7 

DRIFT 1        1 7 

AIRCRAFT 1            1 7 

BANK POINTER 1 7 

SKY POINTER il 
JOE, HC- 

7 

ENROUTE(C-130E, MCi: 

PITCH 1 
1 

6 

BANK SCALE 1 6 

HEADING 
1 

I 

] 
6 

GROUND SPEED 1 6 

IAS 1 6 

MAG HEAD 1 6 

BARO ALT 6 

LUBBER 1 6 

DRIFT i 6 

AIRCRAFT 1 6 

BANK POINTER 6 

HQ 

AC-130E, HC-130 

6 

LANDING (A 
VERT VEL SCALE 1 8 

IAS 1 Z]   1 8 

MAG HEAD 1       1 8 

BARO ALT II 8 

RADAR ALT Z]   1 8 

VERT VEL DIGITS 1                 1 7 

LUBBER 8 

DRIFT ■~l 1 8 

VERT VEL Pt)INTER 1     1 8 

Figure 25. Symbol  Requireme nts for F ixed -Wing Aircraft 
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NOT 
REQUIRED 

NORMAL 

RATINGS (mn) 

MODERATE 
REQUIREMENT 

ABSOLUTE 
REQUIREMENT 

GROUND SPEED 9 
TRUE HEAD 1                          1 7 

2 

9 

MAG HEAD 1 
HORIZON 1              1 
RADAR ALT 7 

WAYPOINT STEERING BAR 1 1                    7 
STEERING BAR 1 1                    2 

1                     9 DISTANCE TO GO 1                          1 
TIME 1 7 

2 

7 

TIME TO NEXT WAYPOINT 

AIRCRAFT 1 
TFBOX 1 1                    6 
VELOCITY VECTOR 1 C

M
   C

M
 RADAR ALT 1 

HOVER 
1 

GROUND SPEED 1 1                    6 
TRUE HEAD 1 

- 

1                    3 
2 

1                    5 
1                     5 
1                    6 

MAG HEAD 1 
DISTANCE TO GO 
RADAR ALT 1                            1 
VVI 1 
TIME 1 1                   5 
VELOCITY VECTOR 1                     4 
LOCAL VERTICAL 1 1                   3 
STEERING BAR 1 
TIME TO NEXT WAYPOINT 1 1                   2 
TFBOX 

1 

SEARCH 
1 

GROUND SPEED 1 1                    7 
TRUE HEAD 1 1                    4 

1                   2 
1                     7 

MAG HEAD 1 
DISTANCE TO GO 1 
TIME 1 7 
RADAR ALT 1 8 
SJEERING BAR 1 1 
TIME TO NEXT WAYPOINT 1 1 

Figure 26,   Symbol Requirements for Rotary-Wing Aircraft 
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CONTROL REQUIREMENTS (OBJECTIVE 4) 

The five controls shown in Figure 6 (for power, pitch adjust, mode select, 

barometric adjust, and brightness adjust (on the helmet) are proposed for an 

NVG/HUD specification. On a vertically aligned panel, the mode button was 

recommended for the top position (unless the panel is overhead) and for the 

nearest position to the pilot for horizontally aligned buttons. Individual 

pilots recommended the mode button be installed on the cyclic, run the optic 

cable on top of the helmet, and add a control for symbol intensity. All of 

the eight rotary-wing pilots said that operation of the NVG/HUD controls did 

not interfere with any other equipment nor did the operation of other equip- 

ment interfere with operation of the NVG/HUD. The optic bundles might 

impede movement in the cockpit in an emergency. 

COMPATIBILITY WITH CURRENT EQUIPMENT (OBJECTIVE 5) 

A microprocessor based data collection and formatting unit was developed to 

provide interfaces to all of the required sensor data. Signals were scaled 

and formatted to an ARINC 429 standard for transmission to a symbol genera- 

tor. Software was prepared using assembly language for each aircraft. 

Generally, pitch and roll signals were derived from attitude gyros; heading 

from a directional gyro; radar altitude from a radar altimeter; navigation 

data from a doppler radar; and attitude, airspeed, and vertical velocity 

from pitot-static systems. Installation downtimes were minimized by the 

introduction of a common data collection and formatting unit. 

OPERATIONAL PROCEDURES (OBJECTIVE 6) 

The fixed-wing pilots commented on the probable elimination of communication 

from the copilot and radar navigator to the pilot (especially concerning 

airspeed and altitude) (MC-130E); both pilots could simultaneously use 

goggles on the entire mission (HC-130P) and its use would promote more 

aggressive flying (HC-130P). The rotary-wing pilots also commented on the 

reduction of communication requirements, the reduction of light in the 

cockpit by turning off the bright FLIR display, and its aid as an instruc- 

tors' device; however, crew coordination would have to be increased for 
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Night Recover System (NRS) equipped aircraft that requires the flight 

engineer to operate a camera. Formal checklist requirements for tuning and 

checking the device and copilot calls to the pilot to change modes ("before 

takeoff, before landing") were recomnended. 

TRAINING REQUIREMENTS (OBJECTIVE 7) 

Table 6 summarizes pilot reconmendations for training requirements (one to 

three flights) for NVG qualified pilots. 

TABLE 6. TRAINING REQUIREMENTS 

Aircraft Pilot Corwnents n 

MC-130E 

1 

One ride (one low approach or until comfortable, 
one flight of 2 hours). 

Two rides  (minimum of four landings and one 
go-around each ride). 

3 

1 

HC-130P No special  requirement. 
Two rides  (with an IP). 

1 
1 

Rotary One ride C2-hour sortie after a training 
session. Include a new sortie with approaches 
and hovering over a landing zone (LZ)]. 

One to two rides  (include terminal operations, 
low level  formation, terrain masking, and 
refueling). 

Two to three rides. 

2 

2 
2 

NVG/HUO APPLICATION CONSIDERATIONS 

The impetus for the use of night vision optics started with the use of hand- 

held starlight scopes with the U.S. Army ground and air forces In Vietnam. 

The Air Force soon adopted handheld and gimballed TV and IR devices In a 

variety of recon and strike aircraft. The astonishing success of side- 

firing aircraft in Vietnam (Ballard, 1982) and later in Grenada, confirms 

the necessity for having a night VFR target detection and strike capabil- 

ity. The requirement for penetrating a high threat, night, Warsaw Pact 

conflict with low level tactics has been well documented and will doubtless 

proliferate the use of night optics Into future systems. 
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Future developers should consider the NVG factors listed in Table 7 as the 

three services move into airborne low level night operations. 

TABLE 7. NVG/HUD APPLICATION CONSIDERATIONS 

Factors Comments 

Field of View    Restrictions of FOV (40 degrees for Generation III NVG) 
may affect scanning patterns and target acquisition 
capabilities. Any restriction of the aft or high scan 
envelope may directly affect formation, refueling, or 
air combat maneuvers. 

Visual Fatigue   Anticipate visual fatigue problems because of the 
monocular presentation and close focused symbols super- 
imposed over an image at infinity. Some pilots may 
reduce cross checks and tend to focus on the close 
symbols. 

Helmet Weight    Physiological fatigue for some pilots is increased with 
increased helmet weight and type of weight 
distribution. 

Optics Bundles    The bundles may limit head movements and body 
movements. 
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NIGHT  VISION  GOGGLE   (NVG)      HEADS-DP  DISPLAY   (HUD) 

Jeffrey  Craig 

Air  Force Aerospace Medical  Research  Laboratory 
Wright-Patterson  Air  Force Base,   Ohio    45433-6573 

SUMMARY 

Standard night vision goggles were modified to accommodate a 
visual display similar to that employed in aircraft Heads-Up 
Displays (HDDs),  Primary users of this device are Military 
Airlift Command (MAC) pilots flying low level special operations. 
During use, the pilot sees a thermal image of the ground, with 
critical flight path and attitude information symbolically 
displayed on the scene.  This modification allows the pilot to 
fly at very low levels at night without having to look inside in 
the cockpit.  This paper relates the process of design and 
fabrication of the HUD optics and the selection of the heads-up 
symbols (e.g., airspeed, altitude, heading) for transports and 
helicopters.  It also reports the first successful trials on a C- 
141B jet transport. 

INTRODUCTION AND BACKGROUND 

This report documents the development and first application 
of NVGs modified with HUD symbols for flying night, visual flight 
rule (VPR), low level operations.  The NVG/HDD combines 
monocularly presented flight symbology with a binocular view of 
the outside scene.  Development and construction of the devices 
associated with the NVG/HUD were performed at the Air Force 
Aerospace Medical Research Laboratory (AFAMRL). 

The NVG/HUD is presently used by pilots flying jet and 
turbo-powered cargo aircraft, as well as pilots of conventional 
helicopters. Flight testing was performed during night sorties 
in South Carolina and Florida.  Structured questionnaries and 
interviews are used to guide design changes, suggest training 
requirements, and assess pilot acceptance. 

Characteristics and use of NVGs 

Godfrey (1982) described the development and use of NVGs in 
military crewstations. 

"NVGs have now attained a level of sophistication 
such that aircraft can be safely and comfortably 
flown using these  devices.  NVGs operate by 

'•amplifying reflected low intensity visible and near 
infrared (invisible) light. The goggles most commonly 
referred to are AN/PVS-5 (Generation II) and ANVIS 
(Generation III)  (Aviators Night Vision Imaging 
System). Generation II goggles can be helmet-mounted 
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but are rather heavy and awkward. The user must see 
everything through them including cockpit instrumen- 
tation. The Generation II produces a bright target 
image at light levels as low as quarter moon 
illumination.  The latest NVGs (Generation III) are 
helmet-mounted, lightweight, and well balanced so 
that the person wearing them can operate unhindered. 
The design permits use of the goggles to produce a 
clear green picture of the world around, while at the 
same time permitting use of the naked eye to look 
under the goggles and read instrumentation or other 
information.  Generation III NVGs produce a bright 
target image at light levels as low as starlight 
illumination." 

As with any new technology introduced into areas as complex 
as an aircraft crewstation, there are a number of problems which 
must be resolved.  The most significant problem is the light 
which is enhanced to produce a picture of the outside world. The 
wavelength of this light is between 600 to 900 nm. This means 
that incandescent lamps or any other light whose wavelength is 
longer than approximately 525 nm (green light output) will also 
be amplified and interfere with the image of the outside scene, 
yellows, reds, and infrared either "blind"  the goggles or cause 
them to protectively shut down much as the unaided eye adapts to 
very bright light.  The response of these goggles is shown in 
Fig. 1. 
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Figure  1.     Response of night  vision  goggles. 
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Characteristics of the NVG/HDD 

AFAMRL solved the problem of flying very low  levels,   at 
night, by providing HUD symbols on a combining glass over one of 
the goggle  eyepieces.     The concept was  to provide  sufficient 
position  and  attitude  information  to  the pilot  during  enroute, 
air  drop,   and  landing operations  to allow  an  "eyes-out" 
orientation during  the complete operation. 

Several  modes of  Information display are  available.     Fig.   2 
shows  the HUD symbols selected  for one mode   (normal)   of  the 
transport  and helicopter mission.     Generally,   for  other models 
such as SEARCH and LANDING,   the number of  symbols  was  reduced  to 
avoid cluttering the center of the IR image when the pilot is 
concentrating  on ground patterns  and   landmarks. 

inn 
NMfllMO Mn 

HiAOHMS I stm «Neii 

OKHAY OKHAY mCM- 

WMO H5MIIOH- 
oou Hot Item 

aiOUNO SKED 

TEMAIN 
.(UO MT.      AVOIDANCE' 
-i'wiCH CK»S 

TEMAIN 
AVOIDANCE 
•OX 

ClOCIt 

DISTANCE TO GO 

ti-i(t 

KAD MT. 

Figure 2.  HUD symbols for transport and helicopters. 
Several special features of the symbology are 
indicated in Table 1. 

TABLE 1.  Special control/display features. 

Altitude 

Fixed Digit 

Pitch 

Displays barometric or radar altitude, 
radar changes in 10-foot increments below 
1000 feet, 100-foot Increments above 1000 
feet. 

The last zero for altitude and vertical 
velocity is an unchanging zero (0) to 
reduce distraction of a fast changing 
digit. 

Over 10 degrees pitch, a 10«s digit is 
displayed to the left of the aircraft 
and I's unit to the right. 
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The flight instrument raw signal information is collected by 
the aircraft's signal processing computer and converted into 
ArinC 429 formatted data.  The data are transmitted to the AFAMRL 
display unit across the Arinc 429 bus. 

The data unit converts the data to a symbolic display on a 
cathode-ray tube format.  The symbology display is reflected from 
a front surface mirror to a relay lens which focuses onto a 
flexible fiber optic bundle.  The bundle brings the image up to 
the NVG where a colliinating lens moves the image or the symbology 
to optical infinity.  This image is then reflected from a beam 
splitter into the NVGs.  The observer sees the image of the HUD 
symbols superimposed over the outside view. 

The controls for the HUD portion of the system are shown in 
Figure 3.  The control panels are positioned at various 
locations, depending on the type of aircraft.  The design goal 
was to include only critical pilot control functions and automate 
other functions (focus, brightness, contrast). 

4 PUSmUTTONS 

BARO - Changes readout to match aircraft 

altimeter 

MODE - Selects symbol set for mission segment 

POWER - Turns HUD equipment ON 

PITCH - Trims the aircraft symbol to horizon 

bar for aircraft attitude 

Figure 3.  Pilot's controls for transport and helicopters 
(tentative) . 

Evaluation of the NVG/HUD 

Evaluation and modification of the device was iterative. 
The approach was to use actual flight experience to modify user 
HUD symbol requirements, obtain acceptance ratings for the 
device, and identify problems.  For each aircraft, pretest 
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discussions were held with MAC personnel to derive a symbol set 
that appeared to satisfy the aircraft mission requirements. 
Throughout the aircraft test series, the design goal was to 
minimize the number of symbols, modes, and controls without 
compromising crew safety or adding to crew workload. 

HQ MAC authorized a series of evaluations based on 
successful trials in preliminary C-141 flights.  Over a 1-year 
period, MAC directed that other aircraft be evaluated for NVG/HUD 
use; 

Aircraft Evaluated for NVG/HOD Use 

C-141B C-130E (AWARDS) H-53E 
MC-130E HH-53B/C 
AC-130H HH-53H 
HC-130 UH-60A 

Several C-141 and C-130 crews have flown and endorsed the NVG/HUD 
for low level operations.  Testing and evaluation on other air- 
craft is ongoing, 

RESULTS 

The four-engine heavy jet transport, C-141B, flies a low 
level mission that currently relies on the pilot looking outside 
and maintaining terrain clearance while the co-pilot looks inside 
and ensures the integrity of aircraft velocity and attitude.  The 
missions include a blacked-out approach, landing, and takeoff 
from a remote field.  The current concept (pre-NVG/HUD) is for 
the co-pilot and two navigators to verbally provide critical 
information to the pilot throughout the operation.  Six C-141B 
pilots flew night approached and full-stop landings with the 
NVG/HUD.  A structured questionnaire was used to obtain the pilot 
ratings shown in Table 2. 

Using a five point scale C0=unacceptable, 3=acceptable, and 
5=excellent), all HUD symbols were rated between "more 
acceptable" and "excellent"  except for the drift angle symbol. 
The three system controls (to adjust intensity and focus and to 
reset the barometric altimeter) were rated as more than 
acceptable.  The location of the control panel was rated 
acceptable! however, its relocation was recommended. Visual 
fatigue was rated as below average to none and display contrast 
as being adequate for most night sky conditions under various 
levels of illumination.  In terms of the systems contribution to 
mission success, the pilots generally agreed that the NVG 
enhances control of the aircraft, reduces interphone 
communication and increases flight safety (terrain clearance). 
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Examination of a Method for Improving 
Night Vision Device Depth of Field 

Peter L. Maraseo 
H. Lee Task, Ph.D. 

AL/CFHV 
2255 H. Street, Rm. 300 

Wright-Patterson AFB, OH 45433-7022 

ABSTRACT 
Night Vision Device (NVD) depth of field is extremely 
small when viewing objects close to the observer. An 
optical system's depth of field can be increased by 
reducing, or slowing, the system's t-number (f/#) which 
can be accomplished by adding restrictive apertures onto 
the front of the objective lens. This noticeably increases 
NVD depth of field but causes a significant reduction in 
the device's light gathering capability. This paper derives 
equations describing the phenomenon, assesses the 
tradeoffs that are involved in using apertures to increase 
depth of field, and discusses an experiment demonstrating 
improved depth of field resulting from decreasing the 
objective lens aperture. 

INTRODUCTION 
A problem with Night Vision Devices (NVDs) is their 
depth of field. When the device is focused far away, such 
as at infinity, objects close in are out of focus. This 
problem has little effect on pilots flying an aircraft, whose 
attention is on distant objects, but it presents a safety 
hazard for some crewmembers who must constantly move 
about the aircraft, refocusing their NVDs while trying to 
accomplish complicated tasks [3]. When focused close to 
the user. NVD depth of field is extremely small. If a user 
moves their head only a few inches, the image moves in 
and out of focus quite rapidly, complicating tasks. 
Frequent refocusing of the device may be unacceptable to 
the user who continually changes the point of their 
attention or has a heavy workload, such as a loadmaster, 
gunner, or medic [4], This report examines one approach 
for improving NVD depth of field by using small 
apertures over the objective lens, and its potential limits of 
NVD pertbrmance. 

Depth of field arises from the ability of an imaging device 
to accept detbcus [5]. Ignoring objective lens aberrations, 
imaging array resolution is limited by the picture element 
(pixel) size. The pixels of the NVD under "bright" light 
conditions are  the   individual   channels in the image 
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Figure 1. Geometry for derivation of hyperfocal distance. 

intensifier (I^) tube microchannel plate [2]. This paper 
concentrates on the bright light condition where the NVD 
is microchannel-plate limited. In dim light conditions 
where system performance is limited by the human eye, 
the treatment of the problem changes somewhat and will 
not be addressed here [2]. 

Hyperfocal Distance 
One should note that imaging system objective lenses are 
normally not single lenses but rather complex 
combinations of lens elements. For these complex lenses, 
the focal length of the lens,^, is the distance fi-om the rear 
principle plane to the focal plane. To simplify the 
diagrams and to make the geometry more clear, complex 
objective lenses will be represented by a simple, single 
lens element. 

An interesting condition can be derived from the geometry 
of a lens focused at infinity (Figure 1). Because it is 
focused at infinity, we know that the distance from the 
lens to the imaging array is exactly /„ [5J. It is also 
known that because of the pixel size, or acceptable blur 
size, B, some points closer to the observer than infinity 
will be in acceptable focus. From this information, it is 
possible to determine the distance to the closest point that 
will appear in focus to an infinity-focused imaging system. 
From Figure 1, a point inside infinity, P, forming a blur 
circle of exactly B and appearing in focus to the imaging 
device,   forms   an   image   a   distance  x   behind   the 
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photocathode. Given a lens of diameter D and a blur size 
B, X can be found by using basic geometry: 

E/2      ZV2 

X fo + X (1) 

Solving for x: 

x = 
Bfo 

D-B 
(2) 

Once x is known, the near edge of the depth of field for an 
infinity focused lens can be found by determining the 
plane in object space that is conjugate to the image 
distance (fo + x). This can be calculated by using the thin 
lens equation [5]: 

i   1_± 
s     s'     fo 

(3) 

Where, s is the distance from the lens to the object and s' 
is the distance from the lens to the image. For this 
derivation, s' is equal to/o + x. Substituting this into the 
thin lens equation and solving for s yields: 

Mfo + x) 
s =■"  

X 
(4) 

Substituting the expression for x. Equation 2, into 
Equation 4 and simplifying yields an expression for the 
lens-to-object distance of: 

HFD^s = -.-M 
B (5) 

Where HFD is the hyperfocal distance. Objects beyond 
this distance are in focus for an infinity-focused lens. 
Note that the HFD is directly proportional to the diameter 
of the lens. 

Depth of Field 
Calculating HFD is not ideal for determining the largest 
potential NVD depth of field. It should be easy to see that 
when focused well inside infinity, an optical device's 
depth of field will have limits on both sides of best focus. 
Since the model in the previous derivation is already 
focused on infinity, it only exhibits a near side. There can 
be no far side when focused at infinity since it is 
impossible to have real objects farther away than infinity. 
Conceptually, the infinity focus condition only uses part 
of the viewing device's potential depth of field. 
Derivation of the equations locating the near and far edges 
of the depth of field is more involved than for HFD. 

The lens in Figure 3 is focused on an object at some 
distance, placing a sharp image in the image plane. Points 
closer to the observer than the object whose 

Depth of Field 
Figure 2. Basic depth of field geometry. 

images are at the threshold for acceptable blur, image to a 
plane a distance y' behind the image plane. Points further 
from the observer than the object whose images are at the 
threshold for acceptable blur, image to a plane a distance 
z' in front of the image plane. Images that form anywhere 
up to a distance y' behind or a distance z' in front of the 
imaging array will appear in sharp focus to the observer. 
The longitudinal distance in object space from which 
these images come is the device depth of field, as in 
Figure 2. 

Figure 3. Geometry describing depth of field boundaries. 

Two equations can be derived using the geometry of 
Figure 3: one for the depth of field's near edge and one for 
its far edge. Objects closer to the imaging system than the 
plane on which the imaging system is focused will form 
images behind the imaging array. Point objects closer to 
the observer than the focus distance that create blur circles 
with a diameter of exactly B will image a distance y' 
behind the imaging array. From Figure 3, it can be seen 
using the similar triangle approach that: 

(6) 
B/2 

y 
Dll 

"y+y 

And therefore: 

y^' Bs' 
D-B 

(7) 
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Remember that s' is the distance from the lens to the 
image for a given focus distance. Using the thin lens 
equation, Equation 3, where the lens of focal length is^, 
and the focus distance is^. Solving for s' yields: 

fd~fo 
m 

Now, the location of objects that image to the plane y 
behind the imaging array must be determined. Rewriting 
the thin lens equation so that S' is the image distance and S 
is the object distance gives: 

Jo 
(9) 

Solving for the object distance yields: 

s = J^ 
S'-L (10) 

It is known that S' is equal to the image distance created 
by the lens for a chosen focus, s', plus the extra distance 
behind the imaging array at which acceptable images 
would form, y'. Therefore: 

S' = s' + y' (11) 

Substituting Equation 11 into Equation 10 yields: 

(12) 

Substituting Equation 7 for y' into Equation  12 and 
simplifying yields: 

s = - J£L 
s'D-ffi+f^B (13) 

Substituting Equation 8 for s' and simplifying yields the 
equation for the near side of the depth of field. 

S = DOFM fJ^D 
MD-B} + fjB 

(14) 

The derivation of the equation for the far edge of the 
depth of field closely follows the one for the near edge. 
Objects farther from the imaging system than the plane of 
best focus will come into focus in front of the imaging 
array. Those whose point objects create blur circles of 
exactly diameter B form images a distance z' in front of 
the imaging array. Using geometry and the first order 
imaging technique, it can be shown that the location of the 

i far edge of the depth of field, DOFp, is [6]: 

DOFF=- Lf.D 
(15) f^(D + B)-fjB 

One should notice that the equation for the far edges of 
the depth of field can generate negative numbers if/^ gete 
large enough, implying that DOFp is beyond infinity. 
These results should simply be ignored since in the real 
world, distances cannot be negative and objects cannot be 
located farther away than infinity. Negative DOFp values 
should be treated as an infinity result. 

Limits 
Notice what happens to die near edge of the depth of field 
when focus goes to infinity. This can be determined 
matiiematically by evaluating the limit of tiie above DOFN 

equation as/j gets very large using L'Hopital's Rule. 

lim- 
A^~/o(^ 

fam. 
m+f,B 

M 
B (16) 

This shows that for large focus distances; 

fD 
DOFff='^=HFD (17) 

When the imaging system lens is focused at true infinity, 
the near edge of the depth of field should converge to the 
system's hyperfocal distance. 

Another important condition to note is the focus distance, 
fd, at which the far edge of the depth of field goes to 
infinity. Mathematically, this happens when flie 
denominator of Equation 15 goes to zero. Setting the 
denominator to zero and solving for/^ yields: 

fd 
_fAD + B)     LD 

B B 
(18) 

Since D is much larger than B, this is essentially flie 
hyperfocal distance. Therefore, when the unaging 
device's objective lens is focused at the device's HFD, die 
depth of field's far edge extends approximately to infinity. 
Recall that the near edge of its depfli of field falls closer to 
the observer than the HFD. Since the depth of field's far 
edge extends to infinity for this particular focus condition, 
it is the condition for the maximum depth of field. 

The near edge must be located to quantify the maximum 
depth of field. By substituting Equation 19 into the 
equation for the near edge of die depth of field. Equation 
14, and simplifying, its position can be determined. 

DOF,=MMR 
^ 2B 

(19) 
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Note that this is approximately one-half the HFD. So, if 
the device is focused at the HFD, the depth of field 
extends from one-half the HFD to infinity. Since DOFN 

slowly converges to the HFD as/j gets larger, focusing at 
the HFD will maximize device depth of field. This 
condition is the maximum depth of field for a particular 
imaging system since objects cannot be located beyond 
infinity. Focusing an NVD in any other plane will yield a 
smaller depth of field. 

PROCEDURES 
A brief experiment was conducted to examine the 
practicality of the concept. Apertures were placed over an 
NVD objective lens. Several subjects' visual acuities were 
measured at discrete distances without refocusing the 
NVD. It was anticipated that stopping down an NVD 
objective lens, increasing depth of field, should yield a 
noticeable improvement in subject visual acuity at 
different distances without refocusing the NVD. 

In this experiment each subject was placed in a light tight 
room and allowed to dark adapt for 15 minutes. The 
subject was then given an F4949 ANVIS-type (Aviator's 
Night Vision Imaging System) NVD focused at 30 feet 
and asked to read square wave acuity targets at 30 feet, 20 
feet, and 5 feet from the end of the NVD without 
refocusing the device objective lenses. Subjects were 
allowed to adjust eyepiece focus to optimize their visual 
performance. Three different apertures were selected for 
the tests: 23.5 mm, which corresponds to the normal NVD 
objective lens aperture, 7 mm, and 3 mm. Each subject 
was asked to read the targets once for each aperture. 

The square wave acuity targets used in this research were 
modified versions of the NVD focusing target originally 
designed and fabricated by Armstrong Laboratory 
personnel for the aviators of Desert Shield [3]. 
Modifications were limited to changing the frequency of 
the target square waves to enable the technicians to make 
the anticipated measurements. 

Light levels used in the tests were chosen to maximize 
luminance out of the NVD, thereby maximizing NVD 
aided human visual performance. For these tests, the 
luminance level was chosen between quarter and half 
moon, approximately 8.0X10'^ footLamberts (fL) for the 
open aperture, 9.0X10'^ fL for the 7 mm aperture, and 0.5 
fL for the 3 mm aperture. This ensured constant NVD 
photocathode illumination for all three trials. The higher 
light levels for the 3 mm and 7 mm apertures were 
calculated by taking the ratio of the NVD lens area to the 
aperture area and multiplying by 8.0X10'^ fL. 

RESULTS 
Theoretical 

Example calculations are helpful in emphasizing the 
significance of the resultant equations from the earlier 
derivation. An average NVD will be used, with an 
objective lens focal length of 27.03 mm, an J7# of 1.23, 
and a maximum resolution of 1.0 cycles per milliradian. 
Its exit pupil diameter can be calculated to be 21.98 mm 
using Equation 20 where/, is the lens focal length and D 
is the lens diameter [5]: 

m=^ (20) 

If  RES   is   the   maximum   resolution   in   cycles   per 
milliradian, then the blur circle size can be found using: 

B=foTan 
1 

2000 X RES 
(21) 

Where /„ is the objective lens focal length and B is the 
blur circle size. Substituting the appropriate values into 
Equation 21 yields a blur size, B, of 0.01352 mm. 

Near Edge 

10 100 

Focus Distance (m) 

1000 

Figure 4. Near and far edges of depth of field vs. focus 
distance. 

Now, recall Equation 5, the equation for the hyperfocal 
distance. For this system,/, = 27.03 mm, D = 21.98 mm, 
and B = 0.01352 mm. Applying Equation 5 yields a HFD 
of 43.56 m. It should be noted that many systems 
available today exhibit resolution performance better than 
1.0 cycles per milliradian. Improved resolution reduces B 
and consequently increases the HFD. 

It is useful to examine how the equations behave as a 
function of fj. When the location of the DOFN and the 
DOFp are plotted as a function of the focus distance, the 
results are shown in Figure 4. This figure has two 
interesting features. First, as fd gets very large, as it would 
when the imaging system is focused at infinity, the near 
edge of the depth of field converges to the HFD. One 
should also note that as fj approaches the HFD, DOFp 
goes to infinity. 
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Figure 5. Depth of field vs. focus distance. 

One should note that Figure 4 is a plot of the two edges of 
the NVD depth of field, not the depth of field itself. 
Calculating the difference between DOFN and DOFp and 
plotting it as a fimction of focus distance yields Figure 5. 
It is easy to see the trend that, for distances less than the 
HFD, the depth of field gets larger as the distance at 
which the NVD is focmed increases. 
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Figure 6. Depth of field vs. aperture size for various focus 
distances. 

Figure 6 illustrates the effect of aperture size, D, on depth 
of field for several focus distances. Note that apertures 
above 10 nun have little effect but apertures below 5 mm 
show significant increases in depth of field. Also note that 
as focus distance gets longer, the curves move up and to 
the right, indicating that for longer focus distances, the 
user can achieve the same depth of field with a larger 
aperture. This effect gives rise to a significant tradeoff 
that will be discussed later. It should be emphasized that 
changing the focus distance also changes the location of 
the depth of field's near edge. While increasing focus 
distance increases depth of field, it also moves the depth 
of field's near edge father from the observer. 

Figure 7 shows how depth of field changes with respect to 
NVD resolution performance for an F4949 ANVIS-type 
system where /„ = 27.03 nun and, without a limiting 
aperture, £) = 21.98 mm. The trend indicates that high- 
resolution systems will have smaller depths of field. This 
is true in any two-dimensional imaging array. To achieve 
higher resolution, the pixels must be made smaller, 
making the overall system more susceptible to defocus. It 
should be noted that NVD HFD also increases for the 
same reason. A way around this effect, and recover the 
lost depth of field, is to shorten the objective lens focal 
length while maintaining a constant f/#. Unfortunately, 
this would increase the apparent angular size of the 
individual pixels and reduce the overall system resolution. 
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Figure 7. Depth of field vs. NVD resolution. 

One can also see fi-om Figure 7 that depth of field is larger 
for low resolution NVDs. If the user is willing to accept 
some resolution performance loss, depth of field will 
appear larger. If a user is trying to see large targets and 
adequate performance can be achieved with low 
resolution, user depth of field will appear to be larger. 

Figure 8. Resolution vs. target distance 
Experimental 
The data collected from the experiment described earlier 
appears in Figure 8. These data indicate that decreasing 
the objective lens aperture improves the subject's visual 
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acuity as they view targets displaced from the plane of 
best focus. It also indicates that smaller apertures yielded 
greater acuity improvements than larger apertures. This is 
expected because of the anticipated increase in the device 
depth of field with a decrease in aperture size. 

lens aperture, or lens entrance pupil, and not D, the exit 
pupil diameter, as in earlier calculations. Since the 
entrance and exit pupils are not necessarily the same 
diameter, the radiometry would not correctly describe the 
phenomenon if D were used. 

DISCUSSION 
Radiometry of Small Apertures 
As shown in Figure 6, it can be seen that depth of field 
increases dramatically as the limiting aperture diameter 
decreases. Unfortunately the light gathering capability of 
the device decreases as the limiting aperture gets smaller. 
When light is plentiful, this is not a problem. But in 
situations where one would use an NVD, light is scarce. 
The radiometry of the problem is very straight forward 
and described by the following equation [1]: 

0=lAQ (22) 

Diffraction Limit 
Even if adequate light is available for conducting NVD 
operations with very small apertures to increase depth of 
field, there is another limit that cannot be overcome: the 
objective lens diffraction limit. It is possible to try to 
operate with an aperture on a NVD that is small enough to 
create a diffraction spot larger than the limiting resolution 
of the I^ tube. When this happens, the benefit of the larger 
depth of field is significantly reduced by the loss of 
system resolution. Theory indicates that the diffraction 
limited spot size, in microns, of an optical system is give 
by [8]: 

In Equation 22, <P is the radiant power or flux, L is the 
radiance of the source, A is the projected area of the 
detector, and i2is the solid angle the source subtends from 
the point of view of the detector. The ratio of the radiant 
power collected by two different detectors is therefore 
given by: 

Spot Size = 2.44 Xf/# (25) 

4>. 
(23) 

It is assumed that the two detectors are NVDs looking at 
the same scene, from the same point in space, but with 
different size apertures over their objective lenses. 
Therefore, they both see the same scene radiance, L/ = L2 
= L, and solid angle, Qj = Q2 = -^ When a lens is 
involved in radiometry, the area of the collecting lens is 
substituted for the area of the detector [1]. A; and A2 now 
represent the areas of the two objective lens apertures. 
Equation 23 simplifies to: 

A (24) 

Where r is the radius of a particular aperture. Therefore, 
when using small apertures to increase depth of focus, 
device light gathering capability is reduced by the ratio of 
the squares of the radii of the apertures involved. For 
example, if a 3 mm aperture is placed over a 23.5 mm 
NVD objective lens, the NVD will see only 1.70% of the 
available light. This indicates that operations with small 
apertures over NVD objectives may require the use of 
auxiliary light sources. If such sources are not infrared, 
then the user may find it easier to simply take their NVD 
off and turn on conventional lighting. These calculations 
are made using the physical size of the NVD objective 

Where A is the wavelength of light, expressed in microns. 

Note that ANVIS-type NVDs, such as the F4949, are 
equipped with a minus-blue filter to shape the I^ tube 
photocathode response and block most visible light. 
These filters pass light at numerous wavelengths. In this 
analysis, the filter response was reduced to a single 
wavelength by averaging the filter cut-on wavelength and 
the photocathode cut-off wavelength. Minus-blue filter 
cut-on wavelengths are 0.625 \xm and 0.665 \im for Class 
A and Class B filtered goggles respectively. The cut-off 
wavelength of the photocathode is approximately 0.900 
Jim for the third generation I^ tube's photocathode [7]. 
This yields average wavelengths of 0.763 \ixa for Class A 
filters and 0.783 \im for Class B filters. 

Using the expression of f/# listed earlier, the spot size 
equation can be rewritten: 

Spot Size _2M^ 
D 

(26) 

Note that as the aperture becomes smaller, the diffraction 
limited spot size becomes larger. When the aperture is 
small enough, the diffraction limited spot size becomes 
greater than the resolution limit of the I^ tube. When this 
happens, the maximum resolution of the device becomes 
equal to the diffraction spot size, decreasing NVD 
performance and reducing the benefit of a large depth of 
field. For the example system used earlier, (Spot Size = 
13.52 /im and/o = 27.03 nmi) this happens when the lens 
limiting aperture shrinks below 3.7 mm with a Class A 
filtered response, and below 3.8 mm with a Class B 
filtered  response.     However,  because  of the energy 
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distribution of the diffiaction spot and an appropriate 
point resolution criterion, this phenomenon will not 
become significant until apertures about half as large as 
the calculated values are employed [8]. Therefore, 
apertures smaller than 3 mm were ignored in the 
experiment. 

CONCLUSIONS 
Objective lens focal length, objective lens diameter, 
system resolution, and the distance at which the system is 
focused all influence the depth of field of an imaging 
system like the NVD, Adjusting any of these parameters 
will yield a noticeable change. The amount of 
improvement possible in an application is determined by 
the image quality the user requires. 

Adding apertures to reduce the objective lens diameter 
can significantly increase NVD depth of field. However, 
limitations reduce the usefulness of this approach. 
Apertures dramatically, reduce the light gathering 
capability of the device. Supplemental illumination, such 
as auxiliary infrared lights, may be necessary to achieve 
the desked system performance. It is also possible to 
reduce the aperture to such an extent that imaging 
performance, or resolution suffers. Reducing the lens 
aperture slows the system ## and increases the diffraction 
spot size. Once the minimum spot separation, determined 
by the diffraction spot size and the appropriate resolution 
criterion, exceeds the maximimi resolution of the system, 
imaging performance starts to suffer. 

Other parameters can be adjusted to increase NVD depth 
of field. Accepting lower system resolution performance 
will make device depth of field appear larger. This may 
be difficult to accept for some users whose duties require 
high resolution NVDs, Shortening the objective lens focal 
length while maintaining objective lens/# will lead to a 
larger depth of field but will reduce the system's overall 
resolution performance. Objective lens focus distance can 
be optimized to yield a greater depth of field by focusing 
at the device's HFD. However, this is only practical when 
infinity focus is required. Poor objective lens positioning 
mechanisms make this approach difficult to implement. 

Some performance characteristics can be sacrificed or 
traded to optimize NVD depth of field. These tradeoffs 
must be examined on the basis of individual situations or 
applications to determine the most acceptable compromise 
between depth of field, resolution performance, and light 
gathering before this idea can be implemented. 
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The Impact of Helmet-Mounted Display Visor Spectral 
Characteristics on Visual Performance 

Peter L Marasco 
Air Force Research Laboratory 

Human Effectiveness Directorate 

ABSTRACT 

Visors are an important element in modem helmet-mounted display (HMDs). In addition to their more conventional 
use as eye protection, they can be used as the fiml element in the optical system that relays visual information to the 
observer. To enhance their usefulness as the final optical element (as a beam splitter or image conibiner), visore are 
sonretimes coated to increase their reflectivity, in^roving the efficiency of the optics. However, pOots often object to 
the addition of reflective patches on their visors, indicating, among other reasons, that they decrease observed target 
contrast and, flierefore, decrease target detection range. This paper will examine the impact of the additional reflective 
coating on visual performance through a helmet-mounted dkplay visor. It will propose some design parameters on the 
spectral nature of the coating that might make it more usefvil to both the HMD designer and to the HMD wearer. 
Finally, this paper will ermine visual phenonffina that may affect visual performance through a coated visor. 

Key Words: Helmet-mounted display, HMD, Visor, Visual performance. Coatings 

1. INTRODUCTION 

The visor is a critical part of the pilot's equipment. In most cases, it is one of at least two transparencies (visor and 
windscreen) through which they must look to see Ae world around him. Both transparencies can have a significant 
inqjact on the pilot's visual performance. The optical properties of both the visor and the windscreen, including 
trammission, reflection, distortion, and flieir tendency to scatter light, play an important role in the quality of image a 
pilot can see through Ihem. 

Visors Imve evolved into an inqiortont part of modem helmet-mounted displays (HMDs), To sin^jlify tiie optical 
design, in terms of the niunber of optical elements needed, the helmet visor can be used as the beamsplitter, reflecting 
the HMD imagery into tiie pilot's eyes while still allowing him to see the targets of interest. This fiml reflection can 
rely on the Fresnel reflectivity inherent to the visor or can be enlanced by use of coatings. Coatings of interest can 
enhance the reflection of the visor as much as desired. Unfortunately, these reflection-enhancing coatings are known to 
have a negative impact on the pilot's visual performance. Many pilots have noticed a significant and imacceptable 
reduction in the distance at which fliey can engage a target, or "Tally Ho" distance [Kocian and Task 2000]. However, 
HMDs that enqjloy imcoated visors must rely on very liuninous image sources to ensure that enough light reaches the 
pilot's eyes. This tends to shorten inmge source lifetime and preclude the use of certain image sources in fliese HMD 
designs. 

To examine the impact of visor coatings, one must start with the assumption that reductions in visual performance are 
due exclusively to a loss of target contrast. As shown in Figure 1, this paper will define Lr as the luminance of the 
target. LB as the luminance of the target background, E^ as the external illumination felling on the vkor, and LH as the 
lummance of the HMD display flmt reaches the observer's eyes. Using this nototion, the true contrast (Michaelson or 
modulation contrast) of the target, of luminaiwe ly, with its background, of luminance Lj, can be expressed as: 

' Peter.Marasco®,wpafl?.af.mil: phone 1 937 255-0881; fax 1 937 255-8366; http://www.hec.afi-l.af mil/: Human 
Effectiveness Directorate, Air Force Research Laboratory, AFRL/HECV, 2255 H Street, Bldg, 248, Rm. 300, Wright- 
Patterson AFB, OH, USA 45433-7022 
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Figure 1. Graphical description of parameters affecting observed contrast. 

L^y  — 
Ltf   T JL/p 

(1) 

The primary reason for this loss of observed contrast is the veiling luminance stemming from scattered light from the 
visor and from facial reflections. To incorporate the in^jact of scatter and reflections on the perception of target 
contrast, a veiling luminance, Ly, can simply be added to the target and backgroxmd luminances in Equation 1. This 
approach was used in other papers [Marasco and Task 2001] [Kocian and Task 2000] and treats the veiling luminance 
as if it originates at the visor, not propagating through it like the light from the target. Therefore, the impact of visor 
transmission, Ty, on perceived contrast must be included. This is achieved by multiplying LT and LB by Ty. These 
modifications of Equation 1 change the equation from one describing the true contrast of the target to an equation for 
the contrast seen from the observation point, or observed contrast, Cg. 

^  J{TvLT+W)-{TvLB+Ly\ 

" {TyLj+Ly)+{TyLs+Ly) 
(2) 

Assuming that LB is greater than LT, the above expression sinqjlifies to: 

Cr 
C„ = 

Ly{CT+\) 

LgTy 

(3) 
+ 1 

To maximize Co, one has few options as shown in Equation 3. LB can be large but not on command. The engineer 
cannot control the sky or ground luminance, i^can be made small, but only so small. Recall that: 

Ly — Ly, + L Vf (4) 

Here, Ly^ and Ljj-are the veiling luminance caused by scatter from the transparency and the veiling luminance from 
facial reflections, respectively. The veiling luminance caused by visor scatter is a fimction of a number of parameters 
including the incident illuminance {E^ and the sample's inherent tendency to scatter light, symbolized by a fimction S'y. 
The sanqjle's ability to scatter has been shown to be a function of the illumination and observation geometry and the 
wavelength of the illumination, X [Marasco 2000]. Stated simply, Ly^=Es Sy. If one assumes a Lambertian reflection 
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and keeping in mind that £, = M = «£ [Boyd 1985] where M is the luminous exitance and L is luminance, the 
lummance of the pilot's face, £/, can be described as: 

^/ - n^sI'vRf 

Here, Rfk the reflectivity of the pilot's face. When this light is reflected back to the pilot by the 
Lr. The veiling lummance due to facial reflections as seen in the visor, Lyy, can therefore be expi 

% -n^sTyRfRy 

(5) 

e visor, it contributes to 
ressed: 

(6) 

2f«:• W' '^f"^ '^?2.'°°5r *^ '^^'^^^:^^^ of *e visor. Eliminating scatter from the visor and reflections from 
fte pdot s face is difBcult if not nnpossible. And even if scatter can be eliminated from new visors, it will increase as 
the visors age and become scratched from wear and handling. 

The only parameter in Equation 3 that the engineer can use to improve observed confrast is the visor transmission  Ty 
can be made as large as possible, thus improving the target's observed contrast (Figure 2) In Figure 2 observed 
confrast is plotted as a function of fransmission for a number of conditions described by the ratio of the veilme 
ummance to the background luminance {LyILs). This parameter is used to indicate how much sfronger than veiling 

lummance the background Imnmance is. When LyUs is small, the background luminance dominates the ratio 
unprovmg visual performance by overwhelming the veiling luminance. When LV/LB is large scattered light' 
dommates, reducing visual performance. One should also note from Figure 2 te 
mfluence observed contrast, especially when transmission is below 20%. 

S'rlf^'cf'""rf"^' '"" be designed to build reflectors that are spectrally selective. Such coatings can be designed 
to reflect sfrongly at some wavelengths while fimctioning as an antireflection coating at others, reflecting nearly 
nothmg. This property of dielecfric stack coatings can be exploited to build a visor reflector for HMD applicatLs that 
maxmuzes visor transmission, thus increasing the visibility of targets seen through the visor, while increasing the 
amount ofhght presented to the pilot by the HMD optics. 

Ly/Li 

0.2     0.4     0.6     0.8 

Transmission 

-0.005 
—s*- -0.01 
«„™ "0.05 
—.^^... -0.1 

— -0.5 

Figure 2. The effect of transmission on observed contrast for a 60% contrast target. 

2. EFFECT OF SPECTRAL TRANSMISSION AMD REFLECTION 
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Up to this point, this paper has treated many parameters as constants with respect to wavelength. However, many, if not 
all, parameters discussed are functions of wavelength. For example, the Fresnel surface reflections are often treated as 
relatively constant with respect to the visible spectrum but actually exhibit distinct wavelength dependence. Figure 3 is 
a plot of the index of refraction of two popular plastics as a function of the wavelength of light. Using established 
relationships, the Fresnel reflection for polycarbonate can be calculated (Figure 4). This is a plot of the reflectivity of a 
bare polycarbonate surface inclined at a number of incidence angles. One can see from Figure 4 that even an uncoated 
piece of plastic reflects more strongly in blue light than in red. The Fresnel reflectivity of many optical materials, 
including glass, is a function of wavelength and incidence angle. One should note that the reflectivities plotted in 
Figure 4 are the average of s and p polarized light. The reflectivity of each can be noticeably different (Figure 5). At a 
45-degree angle of incidence, similar to what is used in some helmet-mounted display designs, the bare polycarbonate 
visor reflects predominantly s-polarized light. However, for unpolarized sources, the reflectivity of the surface is the 
average of the s- and p-polarized components. The resulting surface reflectivity is considerably less for unpolarized 
sources. 
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Figure 3. Index of refraction of two plastics plotted as a function of wavelength. 
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Figure 4. The reflectivity of polycarbonate plotted as a function of wavelength for five angles of incidence, in degrees. 
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Figure 5. The average reflectivity of polycarbonate as a function of wavelength and its reflectivity for s- and p- 
polarized light. 

Thin dielectric stacks have been used to create coatings with spectrally conqjlex reflectivities and transmissivities. If 
dielectric stack reflectors are enqiloyed on the visor, flus spectral conqjlexity can be exploited to achieve several 
interesting results. A good coating should do more than jmt reflect the image source of the HMD. One coul4 
theoretically, be timed to give the desired reflection of the HMD while trammitting a large percentage of visible Ught 
from the target. This can be acconqjhshed by redistributing the reflectivity inherent in the visor surface. Fresnel 
reflection for a polycarbonale visor is about 6% per surface (12% per visor). If die visor could be antireflection coated 
in parts of the visible spectrum not needed to reflect the HMD iimge source, this loss could be recovered for 
wavelengths other than those reflected for die display. One could think of the approach as "stacking up" the surface 
reflectivity where desired. This approach works particularly well with narrow emission band phosphors. Coatings can 
be optimized to reflect the primary emksion while antireflection coating the surface for all other vkible wavelengths. 

2.1 Basic Photometry and Coating Design 
It is easy to see how the amount of visible Ught available influences an observer's vision. This paper enqjloys 
photometric quantities to describe Kght. To calculate the amount of visible light available, 1^, from a source of 
spectral radiance L(A), one must apply the following equation [Boyd 1985]: 

"Vis = k^(k)LiX), dk (7) 

This equation describes the summation of all light from flie source over all wavelengths, weighted by flie spectral 
response of die human eye, V(X) (Figure 6). To conqjlete the calculation, the integral is multiplied by k, the luminous 
efficacy, a constant used to convert radiomelric units to photometric units. For example, this integral can be interpreted 
graphically to calculate the amount of visible light emitted from the P43 phosphor (Figure 7). To do this, one would 
multiply Figure 6 by Figure 7, sum die individual conqjonente over all visible wavelengflis and dien multiply by k, 
yielding the amount of visible light (lunanance) emitted from the P43 phosphor in photometric units. The above 
equation can be modified and mti to calculate the inqjact of fdters and reflectors on die amount of visible light 
available by including the spectral mture of die reflector inside the integral. For a reflector, R(X), die equation 
becomes: 

Lyi,--kW(%)R^)Li%)dk (8) 
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Figure 6. Photopic response of the human eye [Wyszecki and Stiles 1982]. 
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Figure 7. Normalized P43 phosphor emission. 

This integral can also be expressed graphically as the multiplication of Figure 6 by Figure 4 and Figure 7, the 
summation of the individual components over visible wavelengths, and then multiplication by k. The result is the 
amount of visible light emitted from the P43 phosphor that is reflected from a polycarbonate visor inclined at 45 
degrees. Using this approach, the amount of light reflected can be expressed as a percentage by dividing the reflected 
light by the incident light. In terms of the integrals used earlier, this ratio can be described as: 

R. 
k \v{x)R{x)L{x)clk 

k p(A.)l(A,)i^ 
xl00% (9) 

If this is applied to the P43 example, one will find that 6.3% of the visible light from a P43 phosphor will be reflected 
from an uncoated polycarbonate visor, inclined at 45 degrees. Using a similar development and by applying thie fact 
that T = 1 - R, the photopic fransmission of a surface can be expressed: 

■■Vis -- k r V{X)T{K)L{'k)dk = k fF(X)(l - R{x))L(k)dk (10) 
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or as a percentage of the total incident light using: 

k rvi%)r{%)L{k)dX    ■           k JF(^Xl -4^))Lfy)dX 
Tphotopic= xiOO%=—i xlOO% (11) 

2.2 Coating Design 
This treatn^nt will restrict analysis to the transmission and reflection of the inner surface of flie visor. One should keep 
in nmd that the overall transmission of the visor is a function of two surfaces and the buUc material. However, since the 
coating on the visor's inner surface cannot influence the transmission or reflection of the other two contributors, they 
will be ignored when con^jaring coatings. 

The goal of this effort is to design a coating such that the reflectance of flie source is as high as it needs to be while 
maximizing photopic transmission through the visor. To improve the pilot's visiml performance, the visor's photopic 
trammission must be approximately equal to the photopic transmission of an uncoated visor surface. One must 
therefore calculate visible light transmitted through the final visor surface. The photopic transmission of the target's 
background, as seen through a visor, can be expressed using Equation 10 by replacing T(X) with the qjectral properties 
of die visor's rear surface, denoted as Tv(X) if the surface is uncoated, and inserting the spectral properties of the target's 
background {L(X)). If the visor is coated, replace T(X) with the spectral properties of the visor's rear surface coating, 
denoted Tyc(A), and perform the appropriate integration. 

This a^Jroach is consistent with the assuaption nmde earlier that the target background is brighter than the target itself 
If this is not the case, one should calculate the photopic transmission of the target seen through a visor. This can be 
expressed usmg Equation 10 and inserting the spectral properties of the target itself (Ifi;) and the appropriate visor 
transmission. 

The second paranKter to examine is the reflection of the HMD image source from the visor. This is in^ortant to ensure 
the observer receives sufiScient light from the HMD to nmke the symbology visible. The photopic reflectance of the 
image source by the visor can be calculated using Eqmtion 8 by replacing R(X} with the spectral properties of the 
visor's rear surfece, denoted either Rvt^X) or Rv(X), depending on whether the visor is coated or not, and inserting the 
spectral emission of the HMD source (L(X)). 

23 Optimization 
The number of degrees of freedom afforded Ae engineer by the design can limit optimization of a coating. The sinqjlest 
coating that might yield the perfommnce required is an antireflection coating with a partially reflecting notch (Figure 8). 
Designing and optimizing a coating of this natare affords the engineer three primary parameters to manipulate: flie 
reflectivity of the coating within the HMD image source emission band, the width of the reflection band for the HMD 
source, and the quality of the antireflection coating outside the notch. One could argue that the location of the reflective 
notch is a fourth parameter, Unforhinately, the selection of the HMD image source will place fliis parameter beyond the 
control of the engineer. To minimize the inqiact of the coating on pilot visual performance, it is recommended tiiat the 
coating be optimized to transmit visible hght equal to flie trammission of die uncoated visor surface. The three primary 
paranreters can be con&ined to yield coatings that transmit as much light as the uncoated visor surface, minimizing die 
inqjact of tiie visor coating, while reflecting significantly more Ught from the HMD. Some of these parameters will 
have a stronger inqjact on the coating performance than others. For e^nqjle, die widtii and reflectivity of die notch will 
strongly influence the amount of HMD image source Ught available to die pilot. Reducing die reflectivity of the 
antireflection coating outeide the reflective notch may have little inqjact on the total Uammitted light, 

3. EXAMPLE COATING DESIGN 
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3.1 Performance Benchmarks 
Two visors historically used on head and helmet mounted displays set performance benchmarks for the technology: the 
standard polycarbonate visor without a reflective coating and the polycarbonate visor with a 13% reflective metal partial 
mirror. The standard neutral gray visor without a reflective coating is considered acceptable for target detection ("Tally 
Ho") but does not reflect much HMD light, requiring a bright HMD image source. Visors vidth a metallic coating 
reflect plenty of HMD light but are not acceptable for target detection. Metallic coatings are considered to have a 
detrimental impact on "Tally Ho" distance due to the associated transmission loss. A solution lies somewhere in 
between. 

The first surface examined here is the uncoated polycarbonate. Two figures of merit of interest are the surface's 
transmission of all visible light, TpHot, and its reflection of the visible light from the P43 phosphor, Rp43. To calculate 
Tphot, one needs to know something about the nature of the light coming fi-om the target background. Since there are 
virtually an infinite number of possible target backgrounds to consider, this paper will limit its analysis to one. The 
target background will be assumed to be spectrally uniform, or white, with all wavelengths considered to have equal 
radiance. This assumption will simplify the resulting calculation. Using the information displayed in Figure 4, Figure 
6, and Equation 11, the photopic transmission of an uncoated polycarbonate surface was calculated to be 93.7%. The 
calculation of the percent of light fi-om the P43 phosphor can be calculated using a similar approach. Using the 
information in Figure 4, Figure 7, Figure 6, and Equation 9, the photopic reflectivity of an uncoated polycarbonate 
surface was calculated to be 6.3%. This result should have been expected because of the nature of the visor reflectivity. 
It reflects all wavelengths of approximately equal radiance. 

The results from the analysis of the metalHc reflective surface were equally predictable. Since metallic coatings exhibit 
relatively uniform reflectivity in the visible region of the spectrum, the 13% reflective surface was modeled as a 
perfectly uniform, 13% reflector at all visible wavelengths. Using this model, the information in Figure 6, and Equation 
11, the photopic transmission of the metal surface was calculated to be 87%). In addition, the reflectance of the light 
emitted from the P43 phosphor was calculated using a similar approach and Equation 9 to be 13%. One should note 
that the metal reflects twice as much photopic energy from P43 as the uncoated visor. In addition, one should note that 
the difference between the photopic transmissions of the two surfaces is only 6.7%>. It is surprising that such a small 
difference in visor transmission can have a significant urpact on visual performance. This emphasizes the need to 
design a visor reflective coating that maximizes photopic transmission. 

3.2 Example Design 
From the previous analysis, one can conclude that some HMD systems require a reflectivity about twice that of the 
uncoated visor to provide adequate light from the HMD image source to the observer. It is also easy to see the need for 
high photopic transmission. Fortunately for the coating design, HMDs tend have image sources that use phosphors with 
fairly sttong, spectrally narrow primary emissions. This tendency can be exploited to design a visor reflector that 
begins to look like an antireflection coating with a slight reflective spike (Figure 8). 

This exan5)le design assumes the HMD image source will use a P43 phosphor. As a result, the spectral width and 
location of the visor coating reflection were chosen to correspond with the primary green emission of the P43 phosphor 
(Figure 7). The exanqile coating's notch falls between 530 and 565 nm. The next step was to choose the quality of the 
antireflection coating outside of the reflection notch. To improve the photopic transmission, an average reflection of 
0.5% was chosen. This parameter may be limited by manufacturing issues not addressed in this paper. However, once 
the quality of the antireflection coating and the width of the reflective notch are chosen, only the average reflection 
inside the reflective notch remains undetermined. Using the parameters established for the coating and Equation 11, the 
average notch reflectivity was calculated such that the coating's photopic transmission was equal to the ft-ansmission of 
the uncoated polycarbonate surface. The resulting reflectivity was calculated to be 17.1%. Using the approach outlined 
earlier and Equations 9 and 11, the exanqsle coatimg's photopic transmission and P43 reflection were then calculated. 
This coating yielded a photopic transmission of 93.7% and a P43 reflectivity of 12%). 
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Figure 8. Spectral reflectivity for a potential visor coating. 

Table 1. Transmissivity of visible light and reflectivity of P43 phosphor emission for three visor coatings 

Coating Tphot Rp43 
Uncoated Polycarbonate 93.7% 6.3 % 
MetaUic Reflector (13 %) 87.0 % 13.0 % 

Example Design 93,7 % 12.0 % 

4. DISCUSSION 

4.1 The Impact of Luminance Transmission 
In adding a reflecting coating to a visor, die additional luminance transmission loss should be insignificant for spectrally 
narrow reflectors of peak reflectivity of 50% or less. One should keep in mind that the current visor can transmit as 
little as 10% of the available light. The addition of such a coating could drop the transniKsion of a particular narrow 
spectral band to, at most, 5% while leaving the visor's transmission over the rest of the visible spectrum unchanged. 
However, if this proves to be a problem, one conceivable solution would be to alter the absorption of the visor to make 
it more traiBmissive in the same place, spectrally, as flie coating is more reflective (Figure 9). The conibimtion of the 
two would then yield an overall transmission similar to the standard, uncoated visor. 
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Figure 9. Graphical representation of the combination of visor and coating transmission. 

4.2 The Impact of Color Perception 
The potential exists for spectrally non-neutral coatings to influence an observer's perception of color. Such color shifts 
should be investigated for each coating and visor combination using conventional techniques for calculating the color 
coordinates of cockpit displays, as seen through both uncoated and coated visors, and determining the magnitude of the 
coordinate shift induced by the coating, such as those outhned by Wyszecki and Stiles [Wyszecki and Stiles 1982]. One 
then must consult the body of literature on color naming and color recognition to determine if the induced color shift 
will inhibit an observer's ability to correctly identify the colors presented by the display. The tolerances on color 
coordinate shift are expected to be fairly large [Post and Calhoun 1988]. However, should color perception become 
problematic, the approach described in the previous section of altering the absorption of the visor, making it more 
transmissive where the coating is more reflective (Figure 9), could be applied. Therefore, the impact on color 
perception is expected to be minimal. 

5. CONCLUSIONS 

Visor coatings can be engineered to increase the amoimt of photopic energy available to the observer while 
minimizing unwanted visual phenomena and minimizing the inpact on "Tally Ho" distance. To increase visor 
transmission, a modified antireflection coating can be applied to the rear surface. This coating effectively "stacks up" 
reflectivity in a spectral region where the HMD source is strong, such as in the green for the P43 phosphor, while 
minimizing it everywhere else in the visible spectrum. The end result is a visor surface that transmits more light than an 
imcoated surface but reflects more HMD light also. Increasing visor photopic transmission increases perceived target 
contrast and, therefore, increases "Tally Ho" distance. This strategy also enables one to gain the added benefit of 
minimizing unwanted reflections firom the pilot's own face and eyes. 

The impact of the visor coating should be minimal. Its effect on overall luminance transmission should be small 
because of tihe absorbing dye that tints the daytime visor. The amoimt of energy fi-om the outside world affected by the 
coating is small when con^jared to the visor tint. This tint can absorb more than 50 to 80% of the incident light, 
depending on how dark the visor is. Color shifts are expected to also be insignificant. The spectral reflections exploited 
could be 10 to 50% depending on the luminance and spectral characteristics of the HMD source. In addition, the human 
tolerance for color naming is fairly large and should be adequate to overcome color coordinate shifts induced by the 
visor coating. Finally, should either luminance transmission or color perception be significantly impacted, 
compensation can be made for both in the absorption of the visor tint. 
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ABSTRACT 

Retroactively introducing night vision goggles to aircraft 
whose initial design did not account for them often poses 
safety and operational concerns. The addition of extra 
devices, such as Night vision goggles (NVG), are of 
particular concern in the fighter community. Fighter 
pilots must continue to contend with where to stow the 
NVG's during landing and take-off phases of flight until 
an ejection-safe NVG is fielded. This issue was 
highlighted recently when an NVG storage case became 
entangled in the flight controls of an A-10 attack aircraft. 
In the cargo and bomber comnninities, non-NVG 
compatible lighting often poses problenB impacting the 
performance of the goggles. The prohibitive cost of major 
aircraft lighting modifications often force aircrews to 
inqjrovise, adapt and overcome the limitations of the 
cockpit design to perform their missioiw. Occasionally 
aircraft System Program Office's (SPO) attempt to solve 
some of these problems with partially effective low-cost- 
altemative solutions. Retroactive solutions to effectively 
introduce and integrate NVGs must be well thought out 
with the safety of the aircrew as the primary concern. 
Methocb of retrofitting the B-1 Bomber wifl» a light- 
weight light-blocking curtain will be addressed. 
Additionally, results of a comparative study on various 
types of batteries will be presented, with possible 
solutions for elimiiMting NVG storage cases fi-om the 
fighter cockpits concluding this paper, 

INTRODUCTION 

B-1 Curtain 

As rright vision goggle performance factois improve with 
such advances in optical lens coatinp and reduced halo 
intensifier tubes, cockpit integration of these and other 
devises must constantly be considered in their 
developnrent and implementation. Fabrics' qualities 
within the cockpits shotild be considered prior to 
introducing NVG's to new weapon sptems. Fabrics with 
high-sheen characteristics reflect excess light causing 
glare, bloom, and system gain reduction in the NVG's. 

Many of these aspects although superficial in conqjarison 
to other flight issues, could negate the intended weapon 
system improvements. 

An effort to improve the Ughting in flie B-1 was initiated 
at the B-1 SPO, Wright-Patterson AFB, Inconqjatible 
lighting in the firont cockpit was corrected with the 
addition of a "Christmas Tree" lighting modification. 
This relatively inexpensive modification involves the 
installation of a string of NVG-compatible lights around 
the flight instruments, similar to those used to decorate a 
tree. These lights etmble the crew to look under die 
NVG's to observe their imtrumente with their naked eyes 
without die light effecting the NVG's performance. 
However, since the Offemive and Defensive System 
Officere ("Back-seaters) don't require NVG's, lighting 
modifications were not made to their stations, leaving fijU 
spectrum lighting in the aft conqjartmente. 

This created problems with incompatible lighting flooding 
into the forward flight station degrading the NVG's 
performance. When exposed to excessive light, the 
NVG's auto-gain feature activates reducing the level of 
light inteiBification as a nreans of protecting the s^tem 
from over light saturation. The gain reduction resulte in a 
general reduction of goggle performance and thus visual 
acquity to the user, 

A means to stop the transition of light from die back to 
the forward area was needed. A prototype curtoin was 
locally fabricated using a heavy black nylon fabric as a 
first attempt to stop the "bad" light. They selected a black 
fabric, as it was perceived to have lower reflectivity. The 
curtain was installed in the hallway between the fore and 
aft flight-stations, and then evaluated on the ground for 
form and fimction. When viewed through NVGs, the 
curtein appeared to "glow" from &e transmission of non- 
con^jatible Ughting through the weave of the fabric. A 
non-porous material was needed to stop the light's 
transmission. The evaluators in^rovised and modified 
the curtain by attaching material from a 35mm projector 
screen onto the back of the nylon curtain. Although this 
nmdification successfiiUy blocked the transmksion of 
light when viewed through NVGs, the resulting curtain 
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was very bulky and concerns of reflectivity and general 
safety surfaced. The prototype curtain was sent to the An 
Force Research Laboratory for spectral evaluation. The 
materials were immediately recognized as imsuitable for 
the typical military flight environment. The flammability 
of the nylon was the first concern and although the 
characteristics of the projector screen material were 
unknown, the safety and availability of the material would 
likely be questionable for general application in fielding 
the design. 

Sample Selection 
Efforts to find replacement materials began immediately. 
Materials had to have low reflectivity and low or zero 
light transmission.   The materials also needed to be fire 
resistant for use in the cockpit environments. 

The samples identified in Table-1 were selected for 
evaluation. Several of the samples, such as the flight 
clothing and B-52 material, were materials already 
approved for use in flight environments. The other 
samples were selected based on the known flame resistant 
qualities of bothNomex'''" and fiberglass. 

Flight clothing was selected for evaluation since their use 
in flight environments had akeady been established. 
Evaluating the flight clothing would also provide a 
baseline of reflectance levels already tolerated in the 
cockpits. 

1 SAMPLE #                         Description                       | 

1 Teflon-Coated Fiberglass (55-5) 
2 Teflon-Coated Fiberglass (55-10) 
3 Mylar Sandwich 
4 Rubber-coated Cotton (two-sides) 
5 Flat-Black Rubberized 
6 Proto-type (Nylon/screen) 
7 NOMEX-Black 
8 NOMEX-Sage green 
9 TCTO Curtain (Urinal) 
10 B-52 Curtain-Cotton (un-coated) 
11 B-52 Curtain-Cotton (rubber coated) 
12 Green Flight Jacket (CWU-36/P) 
13 Teflon-Coated Nomex (63-10) 

Table 1. Subject Sarrples 

Set-up & Testing-Transmission 
The samples were measured for both light transmission 
and  spectral  reflective  qualities  using  the  following 

methods. During transmission evaluation, a Hof&nan 
ANV-120 integrating sphere provided a calibrated light 
source for transmitting light through the subject materials. 
Any light transmitted was captured and intensified using 
an NVG (model AN/AVS-9) on the other side of the 
subject material. A luminance probe measured the 
goggles output luminance before and after the subject 
material was inserted in the light path between the light 
sphere and the NVG. Light transmitted through the fabric 
would be a percentage of the light originally measured in 
the sphere. 

The NVG'S were focused to infinity and eyepiece lenses 
set at zero-diopter using the Hoffman ANV-126 and then 
centered on flie sphere's output. After a brief NVG 
warm-up, the luminance in the sphere was adjusted to 
(1.980 X 10"^ Foot-Lamberts). A reference reading was 
recorded before measuring the samples by placing the 
luminance probe in the center of the sphere's output. The 
sample-reading would later be divided by this reference- 
readings to determine the percentage of light transmitted. 
Zero light transmission was the desired readings with 
eight samples meeting this goal, (see Table 2 ) 
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Table 2.Transniission 

Set-up & Testing-Spectral Reflectance 
Assessing the spectral reflectance qualities of the fabrics 
involved bouncing a 2856K light source off the subject 
materials and measuring the reflected light using a 
spectradiometer. A reference reading of the light source 
was directly measured to calculate the percentage of light 
reflected. This would provide the "spectral" reflectance 
of the material samples. 

Figure 1. Measuring Spectral Reflectance 
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[Target Plate 
We placed the 2856K light source at a 90° angle to the 
sample surface and parallel to the original reference 
measurement axis. The spectradiometer was positioned 
45° off the original measurement axis with the lens 
positioned 52" and centered from the target area to adjust 
for the focal length of the spectradiometer. 
After a 15-minute warm up for the light source, the 
samples were positioned flat against the target plate and 
individually scanned and recorded on a laptop computer. 
The 2856k source was then placed in the sample location 
and centered in the field of measure for the 
spectradiometer. A scan of the light source was taken 
from the same 45° off axis target plate location. This 
reading would serve m the base line for division of the 
sample scans givmg us the spectral reflectance qualities of 
the materials. See Table 3 for results. 

Table 3. Spectral Reflection Results 

The Teflon™-coated fibergtos and Nomex™ materials 
(samples 1, 2 & 13) performed well exhibiting relatively 
low reflectance and zero transmission. Just as important. 
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both qualities were achieved with a single febric-layer 
design as opposed to Sample 11, which was the two-layer 
bulky B-52 curtain. Sample 5 performed well with zero- 
reflectance, but lacked flie necessary flame protection 
qualities. The original curtain (sample #6), performed 
well in the transmission tests, but faired relatively poorly 
when Msessed for reflection. It's bulkiness and 
flammability did not help it's case either. Sample #4 did 

well in the tests, but was not selected due to flammability 
concerns. 

The relative high reflectivity of standard flight clothing 
was validated in both this study and in the 1994 B-1 
Night Vision Enhancement Project Report, with the need 
to consider newer, lower reflective febrics cited.' 

The manufacture of the Teflon-coated materials, CS Hyde 
Company, bo^ts flame resistant qualities in the fiberglass 
samples, but these fabrics tended to be less pliable with a 
tendency to crease when folded. This would likely effect 
the long-term durability of the curtams. We selected the 
Nomex"^" fabric because of it's pliability, flame resistant 
qualities and from it's prior approval for use in flight 
environments. 

CS Hyde febricated a proto-type curtain using the Teflon- 
coated Nomex™. The curtain was evaluated for form and 
function on the B-1 bombere at Ellsworth AFB, ND with 
highly positive resulte. If approved for use, the entire B-1 
bomber fleet will likely receive copies of these new light- 
blocking curtains. 

This study was successful in discovering a new 
lightweight material solution for inexpensively retrofitting 
the B-1 bombers for NVG operations. Additionally, the 
B-52 bomber fleet and other airframes could benefit by 
adoptmg this new curtain m exchange for theu- two-layer 
cumbereome cotton curtains. 

Powering NVG's 

Field unite have loudly expressed their disdain for 
products powered by lithium or "exotic" batteries. 
They're justifiably concerned about with the availdiility 
of custom designed/special pinpose batteries either prior 
to short notice deployment or when deployed to remote 
locations. There's a strong preference for a battery that's 
available at any "grocery store" worldwide. 

Lithium batteries pose many logistical problems for 
supervisors in the field. Storage, disposal and 
transportation of these hazardous items increases the 
supervisors workload and budget reqmremente. With 
reduced manpower levels across the DOD, supervisore are 
adamant about minimizing procedures for common tasks. 
Having to dispose of environmentally hazardom lithium 
batteries is an arduous task they would prefer to eliminate. 
Additionally, shipping these items during deployments 
dramatically increases the paperwork and stress prior to a 
deployment. But is the use of lithium batteries justified 
with improved performance? 
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A two-fold study was conducted to both con^are lithium 
and alkaline batteries and to base line the battery 
consumption rates of the four-tube (image intensifier) 
Panoramic Night Vision Goggle (PNVG) system. We 
anticipate the requirement of this data during final critical 
design and logistical decisions for the new Integrated 
PNVG (IPNVG) system. 

During the test, we compared the 3.6V AA-size lithium 
and AAA-size alkaline batteries for endurance imder 
maximum current draw conditions for the four-tube 
PNVG systems. The 3.6 volt lithiimi battery is the same 
battery currently used to power the goggles in the field. 
The "Banana" mount must have extender caps installed 
prior to using this AA full-sized battery. We also ran a 
test with a two-tube, AN/AVS-9 (F4949) NVG for 
conqjarison. 

EQUIPMENT: 
7101B Hewlett-Packard strip chart recorder 
1980A Pritchard™ photometer S/N C-512 
VARIAC Voltage Control 
4-Watt light bulb w/ holder 
Lab jack 
Foam core lined box 21" h x 20" w x 19" d 
SAFTTM Battery, Lithium 3.6V (AA-size) 
Kodak™ Battery, 1.5 (AAA-size) 
Energizer™ Battery, 1.5 (AAA-size) 
PNVG II, Configuration 4, S/N 0001 
PNVG I, Configuration 2, S/N 0002 
F4949D, S/N 3873 

We lined a box with white foam core to provide a 
relatively even luminance into the goggles objective 
lenses. The box was placed on its side on an optical table 
and a lab jack placed six inches into the box. The jack 
would be used to elevate the goggles into the center of the 
box opening. A foam core baffle was then placed in 
front of the lab jack to reflect light back into the box 
cavity. We then centered a 4-watt light within in the box, 
in front of the baffle and plugged the light into a variable 
power controller. The lab jack was raised to 
approximately center the goggles to be measured in the 
box. (See Figure 2) 

Once initial set-up was acconq)lished, we calibrated the 
photometer and placed the detector head perpendicular to 
the opening of the box approximately one meter from the 
box opening. This would allow sufficient distance to 
focus die detector onto the output of the subject NVG. 

Figure 2. Battery Consumption Test 

Photometei 

3 
strip Chart 

We selected the 20-minute measuring aperture and a 
(10:1) scale for low magnification and a strip-chart 
recorder was attached to the photometer to record the 
luminance levels. We checked the scale on the recorder 
and zeroed it to the output of the photometer and set the 
strip chart recorder to lOV and 1 in/hour scale as a 
conqjromise between sensitivity and readability. 

The goggles were positioned onto the lab jack and the 
photometer was focused onto the output of the left 
channel of the F4949 goggles, and the left-central channel 
of the PNVG's. We adjusted the 20-minute aperture of 
the photometer's detector to be overfilled by 2/3 to 
maximize luminance input. With the basic test set-up 
accomplished, we turned out the lights and started the 
strip chart recorder. The photometer measurement 
aperture was opened and the goggle battery pack switched 
"ON". 

The variable power controller for the 4-watt light bulb 
was "zeroed" then switched "ON". While watching the 
luminance level on the photometer, we slowly increased 
the light bulb's intensity. The intensity was carefully 
adjusted until the goggles out-put leveled off, indicating 
activation of the goggles' protective gated power supply 
system. We then reduced the goggle output by 10% by 
reducing power to the 4-watt bulb. 

Once initiated, we monitored the test hourly. The 
batteries all supplied consistent power as indicated by the 
level limiinance readmgs on the strip charts. We 
concluded the tests when the readings on the strip chart 
"nosed over" indicating a drop in goggle output 
luminance caused from a lack of sufficient current to the 
image intensifiers. At the conclusion of the tests, the 
photometer's aperture was closed and all associated 
equipment was shut down. 

Two unusual observations were noted during the tests. 
The first was an asymmetric luminance degradation of the 
optical charmels towards the end of the battery hfe when 
testing the four-tube PNVG systems. The output of the 
left out-board channel was noticeably brighter than the 
adjacent optical channels. The Iximinance levels degraded 
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from right to left with the right most channel being the 
most dim. 

Another interesting characteristic we noted was a high 
rate of fishing in all optical channels when the PNVG I's 
with AAA batteries reached approximately 1.97 vdc. The 
image intensifiers began an on/oflf oscillation at a rate 
simUar to the flash rate of the low battery indicator. 

The four-tube PNVG's with the AA Lithium batteries 
averaged 7.45 houre while the other four-tube PNVG 
vereion averaged 11.18 hours using the AAA alkaline 
batteries. Both battery types would provide sufficient 
ener^ to power either a two-tube or four-tube NVG 
system on a typical 4-5 hour mission, (see Table 4.) 

Using the aircraft's power to energize helmet accessories 
would be ideal for both the user and the maintainers. For 
the maintainers, a ship-side power supply would reduce 
the logistical footprint during deployments. However, 
maximum commonality in aircraft and man-side 
components must be stressed. 

NVG In-flight Storage 

Storing NVG' in a fighter cockpit poses serious concerns. 
Currently, NVGs are removed during critical phases of 
flight to include landings and take-ofifs. When removed, 
today's goggles are placed in their storage case, which 
^ically is the size of a lunch box. When the carry strap 
of one of these cases became entangled in the flight 
controls of an A-10 attack jet, the immediate removal of 
the straps was orderd Air Force wide. However, the issue 
of storing the case in the jet remains. With the tight 
confines of today's modem fighter aircraft, there's hardly 
room for any additional items. The ideal solution would 
be to simply eliminate the need to remove and store the 
NVG's. The helmet-mounted Integrated Panoramic Night 
Vision Goggle (I-PNVG) will solve this as it will remain 
attached to the pilot's helmet during all phases of flight. 
They will have the capability to be removed from the 
pilots' field of view by simply rotating them to an up and 
stowed position, but will drop down during ejection to 
provide wind blast protection, (see Figure 3) 

Figure 3, Integrated PNVG 

However, until these goggles are fielded, an mterim 
solution to safely stow the today's goggles needs to be 
devised. An early attempt to solve this problem was 
initiated by designing an NVG storage bracket for 
attachment to the inside of the cockpit wall. The goal was 
to find a design solution that would not require aircraft 
modifications, would be inexpensive to produce, and 
could integrate in a maximum number of airframes. 

The firet bracket design utiUzed an ANVIS-style NVG 
helmet mount that allowed the NVG's to easily click m 
and out of the bracket. The intent of this design approach 
was to use the unoccupied oxygen regulator storage 
bracket m a mounting point. Since the actual oxygen 
regulator would be attached to the pilot's torso harness in- 
flight, the regulator storage bracket would be available 
for use during flight to mount an NVG storage bracket, 
(see Figure 4) 

Figure 4, Initial NVG Cockpit Mount-Vereion I 

However, during field evaluation we discovered a couple 
of problenw with this design. The pOots we interviewed 
explained that the wall-moimted regulator brackets were 
seldom in serviceable condition due to Iheir flimsy 
mounting points. In the F-16, the bracket is attached to a 
thin sheet of a plastic-like material. This caused the NVG 
storage bracket to wobble during use. The bracket moved 
during installation and removal making it unstable to use. 

Additionally, the position of the wall bracket posed some 
possible spatial disorientation issues. Since the bracket 
was positioned on the lower right wall behind the ejection 
seat, the pilots would have to turn their heads down and to 
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the right durimg storage and removal of the NVGs. 
Placing the head at these axis, particularly at night could 
cause the pilots to experience some levels of spatial 
disorientation. 

The pilots recommended we alter our design to mount the 
bracket on the canopy's hand rail, or what they referred to 
as the "towel rack." The hand rails are used to manually 
lift the canopy open during an emergency ground egress. 
The right-side hand rail is used to stow a portable 
floodlight. When not flying, the floodlight is attached to 
the right lower panel, but during night flights, is brought 
forward and attached to the rail via a small, adjustable 
clamp. We redesigned our NVG storage bracket to moimt 
to the same style clamp as is used with the floodlight. 
(See Figure 5) 

Figure 5. KIVG Cockpit Mount-Version II 

The design is simple and inexpensive to produce. We 
sent the newly designed mount to the 113 F-16 Fighter 
Squadron in Terra Haute Indiana for further assessment 
and are awaiting feedback to finalize the design. If the 
design proves worthy of implementation, flight safety in 
the fighters could be inqjroved with the removal of the 
NVG storage case. Pilots will be able to safely store their 
NVG's without having to fumble for storage cases, and 
the storage cases will no longer pose threats as loose 
objects within the cockpit. This inqiroved design should 
also minimize spatial disorientation events by allowing 
the pilots to store their NVG's without having to turn their 
heads. 

early design considerations to add insight to potential 
designs and identify imanticipated limitations. 
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In conclusion, we must ensure integrating future cockpit 
technologies are well considered to minimize or eliminate 
retrofitting with band-aid solutions. When selecting 
power sources for these technologies, logistical support 
issues must be considered on how they'll inpact the 
maiming at the gaining support units, regardless of the 
edge these additions contribute. If they can't be sustained 
logistically, they're of no use to the war-fighter. 
Recommend inviting troops from "the trenches" during 

684 



Task, H. L. (1992). Cockpil/NVO visual integration issues. AGARD Lecture Series 187: Visual Problems in Night Operations 
(pp. 8-1 through 8-6), Neuilly Sur Seine, France: NATO Advisoiy Group for Aerospace Research & Development. (NTIS No. 
AOARD-LS-187) 

COCKPIT/NVG VISUAL INTEGRATION ISSUES 

H. Lee Task, PhD 
AL/CFHV 

Armstrong  Laboratory 
Wright-Patterson AFB, Ohio   45433 

SUMMARY 

This paper is divided into two main sections: 
Visual significance of NVG characteristics and 
Coclcpit/NVG integration issues.   The first section 
deals with the relationship between the NVG 
characteristics discussed in the previous paper 
and visual capability.  The second section explores 
several issues associated with successfully 
integrating the NVG with the aircraft cockpit for 
optimum system performance, 

VISUAL SIGNIFICANCE OF NVG CHARACTERISTICS 

Tdsle 1 is a listing of the NVG parameters 
discussed in the previous paper paired with the 
visual parameter that it Is most closely related to. 
Each of these is discussed in the following 
sections. 

Table 1.  NVG and Vision Parametere. 

NVG PARAMETERS VISION PARAMFTFRS 

Field-of-view 
Image quality 
Exit pupil size 
Eye relief 
Image location (focus) 
Luminance level 
Luminance gain 
Luminance uniformity 
Beamsplitter ratio 
Distortion 
Magnification 
Input/output align. 
Image rotation 
Fixed pattern noise 
Signal-to-noisA, ratio 

Field-of-View 

Visual field 
Visual acuity 
Eye pupil diameter 
Eyeglasses 
Accommodation 
Brightness 
Visual acuity 
Image perception 
Image perception 
Image perception 
Binocular effects 
Binocular effects 
Binocular effects 
Masking/distraction 
Visual acuity 

The visual pwameter that corresponds to the 
NVG FOV is the human eye's visual field which is 
approximately 200 degrees horizontally and 120 
degrees vertically (Wells et al, 1989).   However, 
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this is somewhat misleading since the visual 
KJUity over this range Is quite varied.   Only the 
central 3-5 degrees provides high-acuity vision; 
the visual acuity drops off quite rapidly outside of 
this area.  This means that for a 40 degree FOV 
NVG some of the resolution on the disfi^ay is not 
toing used by the visual system; but the "extra" 
FOV is important for providing peripheral vision 
informatiofi. 

The totjd FOV may be increeaed by pjartially 
overi3[^3ing ttie two NVG oculars as noted in the 
previous paper.   At least one study suggests that 
there is little performance difference between 
100% overiap and 80% overlap for visual 
recognition performance (Landau, 1990) implying 
that an 80% overlap binocular NVG may be a good 
compromise between the need for larger FOV 
without impacting visual performance.   However, 
in real NVG oculars there are other factors that 
may produce undesirable binocular effects in the 
overiap region.   If the oculars have a signficant 
center to edge luminance non-uniformity then this 
could result in a binocular luminance imbalance for 
parts of the overiap image region.   Ban-el or 
pincushion distortion may not be noticeaUe for 
fully overiapped oculars but if they are only 
partially overlapped then the distortion may result 
in a mismatch between corresponding points in the 
two oculars (Self, 1986) producing binocular 
rivalry. 

Imaye Quality 

The visual parameter corresp>ondlng to image 
quality (resolution S contrast) is visual acuity. 
Normal visual acuity for the human eye is 
approximately one minute of arc for high contrast, 
brightly lit targets.   However, this acuity is 
reduced for lower light levels such as those found 
in the NVG display (maximum of about 1 to 2 foot- 
Lamberts with typical operational luminanMS 
much lower).   If one were to match the display 
image quality to the human eye, a firat order 
design might result in a pixel on ttie display 
subtending an angle of one minute of arc.  For an 
imaae source consistina of 500 bv 500 oixels. this 



would mean an angular subtense of the entire 
display of 500 minutes of arc, or 500/60 = 8.3 
degrees.  While this NVG might result in good 
image quality to the human eye, it would be an 
extremely small display.   Most NVGs provide a 
FOV that results in an angular resolution larger 
than one minute of arc suggested by human visual 
acuity. 

Exit Pupil 

When the eye pupil is fully within the exit pupil 
of the NVG then the entire FOV is observed; if the 
eye pupil is only partially in the exit pupil (and the 
exit pupil is unvignetted) then the observer will 
still see the entire FOV but it will be reduced in 
brightness.   This can be particularly disconcerting 
for NVGs used in high performance aircraft 
because the pilot may not know whether he is 
starting to lose the exit pupil or if he is starting to 
lose consciousness from high acceleration 
maneuvers.   Once the eye pupil is outside the exit 
pupil then none of the NVG FOV can be seen. It 
should also be noted that the NVG FOV may become 
vignetted (lose part of the image) if the eye pupil 
is too close to or too far away from the exit pupil. 

From a visual capability standpoint it is 
important for~the exit pupil to be as large as 
possible to ensure the eye pupil will remain within 
it to permit viewing of the NVG.   However, large 
exit pupils typically come only at the expense of 
greater size of optics and weight on the head.   In 
addition, if the FOV is very large then the eye 
must rotate to view the edge of the display.   Since 
the eye rotates about a point within the eye, the 
eye pupil moves within the NVG exit pupil.   If the 
NVG exit pupil is not large enough then it is 
possible for the entire display to disappear every 
time the observer tries to move his eyes to view 
the edge of the display.   Exit-pupil-forming optical 
systems also increase the difficulty of making 
accurate adjustments for binocular or biocular 
NVGs in that each eye pupil should be centered in 
each exit pupil of the NVG. 

Eve Relief 

As with so many other NVG parameters, larger 
eye relief usuafly means larger and heavier optics. 
The reason for having a large eye relief is to allow 
the use of eyeglasses with the NVG (Self, 1973; 
Task et al, 1980).   The eyeglasses may be for 
visual correction, eye protection or both. 

Image Lgcation 

In order to obtain good image quality the eye 
lens must focus at the same optical distance as the 
virtual image produced by the eyepiece.   For young 
eyes which have a fairly large accommodative 
range there is a tendency to set the focus (for 
NVGs that have eye-lens diopter adjustment) so 
that the image is too near.  The image may look 
clear but long term wear of the NVGs with the 
image at a close distance may lead to visual 
fatigue.   For night operations it makes sense to 
have the NVG image focussed at the same distance 
as the aircraft panel instruments to minimize the 
time required to visually switch between looking 
at the NVG and looking at flight instruments. 

Luminance Level 

Brightness is the visual sensation or perception 
that corresponds to luminance.  The luminance 
level has a significant effect on the pupil diameter 
of the eye; a higher light level means a smaller 
pupil diameter and vice versa.   The visual acuity 
of the human eye also varies with eye pupil 
diameter (Farrell & Booth, 1984).    However, for 
NVG applications the luminance must be kept 
reasonably low to match cockpit lighting levels for 
night operations.   Thus the resolution observed on 
the NVG may well be a result of a combination of 
the inherent resolution of the NVG and the limits of 
visual acuity of the eye at low light levels. 

Luminance gain 

There isn't a direct visual analog to luminance 
gain.   However, the higher the gain of an NVG for a 
given ambient lighting level then the higher the 
output luminance, which should result in higher 
visual acuity.   A study by Levine and Rash (1989) 
stated that an 80% reduction in output luminance 
(equivalent to an 80% reduction in gain) by using a 
filter did not result in a statistically significant 
reduction in visual acuity.   However, for starlight 
conditions their data showed a 37 percent 
reduction in visual acuity (not statistically 
significant) which is a rather substantial loss. 

Luminance uniformitv 

Luminance uniformity is probably not a critical 
factor for visual performance or acceptance 
providing the luminance variation is gradual and 
not excessive.   A ratio of 3:1 center to edge 
luminance variation in NVGs is not unusual. 
However, if the two NVG oculars are used in a 
partial overlap mode to increase the horizontal 
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more concern since this would produce a binocular 
luminance mismatch beAween the tavo eyes. 

Distortion,   imaoe   rotation,   maginification.   and 
input/ output optical axes alianmant 

These four geometric mapping parameters are 
grouped together since, virith the exception 
perh^s of distortion, they are all primarily a 
problem only for binocular systems.   If a 
monocular Image Is slightly rotated, or slightly 
different from unity magnification or slightly 
shifted in position (optical axes ^Ignment) it 
really doesn't affect the visual system.   However, 
if the image in one eye is rotated relative to the 
image in the other eye at some point the amount of 
rotation is sufficient to cause the visual system to 
be unable to fuse the two images. This could result 
in double images or In suf^ession of one of the 
images.   Similar effects occur if there is a 
mismatch between the two eyes due to distortion, 
magnification, or Image position differences 
between the two oculars. 

There may also be a less obvious effect due to 
geometric image mismatch.   If the differences are 
not sufficient to cause image suppression or double 
imaging they still may be sufficient to cause eye 
fatigue, nausea, and or headaches when these 
slightly disparate images are viewed for a long 
period of time. 

In addition, the distortion effecte may produce 
undesirable Illusions or image motion for dynamic 
viewing situations (such as landing). 

These four parameters need to be specified 
based on their effects on binocular vision and not 
on their individual monocular effects. 

Sional-to-noise ratio ISiNm 

SNR primarily affects visual acuity.   RIegler et. 
al. (1991) published a study showing the effect of 
SNR level on visual acuity for different luminance 
levels and contrasts using NVGs.  Four PVS-7 
image intensifier tutes were used that ranged in 
value from a SNR of 11,37 to 17.92,  As might be 
expected the largest visual acuity differences 
were due to changes in contrast of the targets and 
light level.   However, there WJB a significant 
effect due to the SNR of the tubes. The Increase in 
visual acuity going from a SNR of 11.37 to 17.92 
depended on the contrast and lighting conditions. 
For the low contrast (20%), low luminance (1% 
moon) the Improvement in visual acuity was about 
27% for the higher SNR tube.   But for ttie high 
contrast (95%) high luminance (25% moon) the 
improvement was only about 10%. g 

Beamsplitter fcombinftr\ mtin 

The NVG beamsplitter (if one is used) is not 
designed to superimpose the NVG image on the real 
world scene but rather Is intended to pertnit direct 
viewing of the aircraft HUD undegraded bf the 
image intensifier system.   This is accomplished by 
turning the NVGs off when viewing the HUD arwl 
turning ttiem bai* on when vleviring through ttie 
windscreen (the on/off switching is dona 
automatiC£dly).   But, as ite name implies, the 
beamsplitter splits the light so that there is a 
reduction in luminance coming from the HUD (due 
to the tr«»smission coefficient of the 
beamsplitter) and a reduction in luminance coming 
from the image intensifier (due to the reflection 
coefficient of the beamsplitter).   In general the 
reflection and transmission coefficiente must add 
up to a number less than one (assuming the 
beam^litter coating is neural with respect to 
wavelength).   This results in a direct trade-off: 
higher tnuismlssion means the HUD will be easier 
to see but also means lower reflection coefficient 
which resulte in a lower NVG scene luminance.  For 
best results the beamsplitter probaUy cannot 
vary too much from a 50-50 split (same 
transmission and reflection coefficient). 

Fixed pattern noise 

This parameter primarily refers to the visible 
structure of the fiber optics twister or fai^plate 
(if fiber optics Is used in the image intensifier 
tube).   The fiber optics production method results 
In-a hexagonal pattern (also called "chidden wire" 
for this rei^on) that may become visible under 
higher lighting conditions.  This acte as a 
distraction or marking pattern when trying to 
observe the NVG image.  At present there is not a 
good means of quantising this parameter and little 
data on the significance of this parameter vwth 
respect to visual performance.   Typical 
sfseclflcations state that the "chicl<en wire" shall 
not be objectionable. 

COCKPIT/NVG INTEGRATION ISSUES 

Since NVGs do not attach to any part of ttie 
aircraft It is usually assumed (incoirectly) that 
ttiere really are no integration issues.   In fact 
there are several potential integration proUems a 
few of which are described herein. 

Cockpit lighting 

g7  One of the earliest and most obvious NVG cockpit 
integration problems was the incompatibility of 



the NVGs with standard cockpit lighting.   Most 
cocl<pit lighting is produced by incandescent bulbs 
filtered to produce red, white or blue-white 
lighting (depending on aircraft) for unaided nif 
flying.   The filtered Incandescent lights, how^    ^ 
emit tremendous amounts of near infra-red energy 
to which the NVGs are very sensitive (700nm to 
QOOnm).   This produces considerable light pollution 
in the cockpit for the NVGs.   The result is much 
like sitting in a well-lit room trying to look outside 
at night; the reflected light from the window is far 
greater than the meager light from outside coming 
through the window so one only sees the room 
reflections in the window instead of outside. 

Several techniques have been developed to 
reduce or eliminate this problem (Holly, 1980; 
Task & Griffin, 1982; f^il Specification Mil-L- 
85762).   These techniques include using filters to 
remove the near infra-red, using baffles to 
redirect the light away from the windscreen, and 
using alternate lighting sources such as electro- 
luminescent lighting (which has a very low infra- 
red component).   It should be noted that just 
filtering the incandescent light and making it blue- 
green does NOT mean that the filter has removed 
the offending infra-red light.    Many plastic filters 
that make the incandescent lighting appear blue- 
green are almost totally transparent in the 700- 
900 nm range so one must be careful in selecting 
filters for this purpose. 

The phrase "NVG compatible* when referring to 
aircraft interior and exterior lighting has taken on 
at least two meanings.   There is no question that 
the Mil-L-85762 lighting specification intent is to 
insure that the cockpit is illuminated with light 
that is visible to the unaided eye but is as invisible 
as possible to the NVGs.   In the case of exterior 
lighting it is desirable to have lighting that is 
visible through the NVGs and to the unaided eye but 
insure that it does not 'overpower' the NVGs. 

Yet a third meaning of "NVG compatible" is for 
the light source to be visible ONLY to the NVGs and 
not to the unaided eye such as in aircraft landing 
lights for covert operations.   Given these different 
interpretations of the phrase "NVG compatible' it 
is recommended that one be explicit in defining 
exactly what level of NVG visibility is desired. 

Aircraft head-up display 

Here again is another area in which "NVG 
compatible" is ill-defined.   For some applications it 
may be desirable to be able to see the HUD image 
through the NVG image intensifier system (for 
non-beamsplitter NVGs) in which case one would 
like the NVGs to be able to "see" the light from the 
HUD.  For other applications where the NVG has a 68 

combiner for viewing the HUD directly it is 
desirable to have the NVG be totally insensitive to 
the HUD image to prevent double imaging (direct 
view and NVG view).   A further concern with some 
recent NVG designs is that the objective lens of 
the NVG may not be located in a position where it 
can see the HUD. 

If the NVGs are to be used to view the HUD 
symbology then the symbol sizes need to be 
sufficiently large so that the resolution of the 
NVGs can still permit the pilot to easily read the 
symbols.  This means the HUD symbol sizes should 
be absolutely no smaller that 20/60 (15 minutes 
of arc) and preferably larger. 

Another issue of NVG and HUD compatibility is 
the transmission coefficient of the HUD combiner. 
The HUD image is produced by reflection from a 
combiner located directly in front of the pilot. 
This combiner therefore reduces the amount of 
light that is available for NVG viewing when 
looking through the combiner (even with the HUD 
off) due to the transmission coefficient of the 
combiner.   The transmission coefficient may be 
50% or less which means the scene viewed 
through the combiner will appear significantly 
darker that looking around the combiner.   If the 
HUD is "on" it is even more difficult to view 
through the HUD due to the radiance of the HUD 
symbology. 

Aircraft  windscreen 

There are several separate integration issues 
associated with the aircraft windscreen.   The 
most obvious is the spectral transmission of the 
windscreen.   Most windscreens are designed with 
the visible wavelengths (400-700nm) in mind. 
Some windscreens do absorb light in the very near 
infra-red where the NVGs are most sensitive 
(700-900nm).   This can significantly reduce the 
effective gain of the NVGs.   Transmission 
coefficients for windscreens measured at their 
installed angle can range from 70% down to 20% 
or less depending on the aircraft and viewing angle 
through the windscreen.   As the viewing angle is 
steeper (toward the lower, forward part of the 
windscreen) the percent transmission is lower. 
This is unfortunate since for many applications 
this is the part of the windscreen that is most 
critical for air-ground target acquisition and 
landing. 

Another area of integration concern has to do 
with the aperture of the NVG objective lens.  When 
a pilot views through a windscreen with unaided 
vision his eye pupil is on the order of 2 to 4 mm in 

^iameter (daylight through early evening lighting). 
Thick, curved, plastic windscreens don't affect 



the pilot's visual acuity t^cause his eye pupil is 
relatively small (ray bundle sizes are limited by 
the pupil).   However, if a larger size ^serture is 
used for imaging (such as an NVG objective lens) 
then the size of the windscreen over which the 
wavefront aberrations are averaged is larger and 
the potential for reduced clarity is greater.   This 
is typically not a problem for flat glass or thin 
glass windscreens but for the more recent bird- 
strike resistant windscreens made of curved 
plastic it is a very real concern.   The effect of the 
interaction on the larger NVG aperture with the 
windscreen is lower effective system resolution. 

A third area of concern has to do with simple 
geometry.  The NVGs protrude from the face tif a 
considerable distance (as much as 8 inches).  For 
small cockpits this can become a problem as pilots 
try to look out to the side where there is not much 
clearance with the windscreen.  The NVGs can hit 
the windscreen causing scratches and not making 
the pilot very happy either. 

Some NVG designs position the objective lens 
higher or further off to the side than the natural 
eye position. Windscreens are designed around a 
"design eye" and all optical quality measurements 
are made from this nominal viewing box.   Since 
the NVG objective lens may be located at a 
significantly different position there may be a 
considerable decrease in optical quality due to the 
windscreen.   In particular, If the objective lens Is 
higher and therefore closer to the slanted 
windscreen, it will be looking through the 
windscreen at a steeper angle wrtiich tends to 
reduce transmission and to enhance distortion 
effects. 
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Night Vision Goggles Objective Lens Focusing Methodology 
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Air Force Research Laboratory 
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Wright-Patterson AFB, OH 45433-7022 

ABSTRACT 
Before performing an airborne mission that uses night vision goggles (NVGs) , aircrew must properly set the NVG's 
various adjustments: interpupillary distance, tilt, eye relief, height, eyepiece and objective lens focus. Currently, aircrew 
use a Hoffinan 20/20 test unit to pre-focus their NVG objective lenses at optical infinity before boarding their aircraft. They 
may also refocus their objective lenses while in the cockpit and during the course of the mission. This paper examines 
observers' abilities to resolve targets of different sizes, viewed through NVGs, as a function of different pre-focused 
distances corresponding to "focusing errors". 

INTRODUCTION 
Objective: ITje ultimate objective of this effort was to determine if there was any difference in NVG visual acuity 
depending on whether NVGs were focused using a Hoffman 20/20 test system or distant ambient objects. However, due to 
the unavailability of a Hoffman 20/20 test unit during the time available to conduct this study, the secondary objective was 
to determine the sensitivity of NVG visual acuity to the distance of objects used to focus the NVGs. 

Background: The Hoffman 20/20 test system was designed to provide a distant (infinity) optical image of a test pattern to 
determine the level of resolution/visual acuity available in an NVG and determine that the NVG could focus at infinity 
(objective lens optical adjustment). It is currently being used to pre-adjust objective lens focus prior to flight to insure the 
NVGs are properly focused. However, the Hoffman 20^0 uses a relatively narrow-band light emitting diode (LED) 
illuminator which may result in a different objective lens focus than what would be obtained under typical broad-band night 
illumination. In addition, pressure changes due to altitude or misadjustment due to accidental impact of NVGs on the 
canopy may destroy the objective lens focus obtained during the preflight adjustment using the Hoffinan 20/20. The 
question is "can aircrew readjust the NVG objective lenses in-Ilight and obtain focus (i.e., visual acuity) at least as good as 
they obtained using the Hoffman 20/20?" Two studies were conducted to provide some Indirect information to aid in 
answering this question. The first study was conducted to determine the relative sensitivity of observers' visual acuity to 
intentionally defocused objective lenses and the second was conducted using a single trained observer to assess focusing 
sensitivity using a different methodology. The second study was prompted by the inconclusiveness of the first study. 

METHOD - STUDY ONE 
Observers 
The trained observers were one female and two males, highly experienced with the operation of NVGs. They ranged in age 
from 38 to 49 years, each having normal (20^0) or corrected-to-normal binocular visual acuity. 

Stimuli 
Landolt C's - The test stimuli were closely-sized computer-generated, high contrast (70% Michelson; Farrell & Booth, 
1984) Landolt C's (National Academy of Sciences, 1980) printed using a high resolution, photo-grade laser printer. The 
print out of each target was mounted on 18 cm x 18 cm (7" x 7") squares of foam board. Each target varied in gap size and 
represented, when converted, a specific Snellen visual acuity value (20/xx). The back of each target was labeled with four 
different bar code patterns. Each bar code contained identification information for that particular target such ^ target 
number, target type, the corresponding visual acuity (20/xx), the target contrast, and the gap's orientation. For e«;h 
experimental trial, a Landolt C was placed in the center of a larger foam board surround 56 cm x 56 cm (22" H x 22" L). 
This surround was secured to Uie front of a black light-tight wooden box. The box measured 66 cm H x 56 cm W x 36 
cm L (26" H x 2i" W x 14" L) and sat on top of a stand. The surround had the same reflectance as the background of the 
Landolt C's. This box housed a bar code scanner/reader used to automate the recording of Landolt C target information. 
The light-tight box prevented the incompatible red laser beam from the bar code scanner from affecting the NVGs. The bar 
code reader connected directly to a computer at the experimenter's station. The entire set up was positioned at 54.9 meters 
(180'; near NVG optical infinity) from the observer. A four button response box was used to record the observer's response 
(gap up, down, left or right). The computer recorded the button press response and Landolt C bar code information as well 
as other pertinent information. 
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Apparatus ... 
NVGs - Participants viewed the target stimuli using a pair of ITT model F4949D (SN 3873) NVGs. The goggles had a gam 
of approximately 5600 as measured using the Hoffman ANV-120 NVG Test Set. Before the start of each test session, the 
optical alignment of the ^A^Gs was verified using the Hoffman ANV-126 Night Vision Tester. 

Each test session was conducted in a light-tight laboratory. The observer was seated with the NVGs secured in a stationary 
mount directly in front of them. The observer was able to adjust the NVGs to the proper height for viewing. An external 
regulated power supply was used to energize the goggles. 

The NVG eyepieces were preset to -0.5 diopters using a Keuffel & Esser dioptometer. At the beginning of each test session 
the observer would set up and pre-focus the NVGs. After dark-adapting for 10 minutes, the NVGs were powered on. The 
observer focused the objective lenses by viewing a large, high-contrast square-wave resolution chart. 

Illumination sources and Illumination levels - The stimuli were illuminated using a moon lamp outfitted with an adjustable 
2856K color temperature incandescent bulb (MrL-L-8576A. 1986). Metal apertures were used to achieve the desired 
illumination level. Using apertures to adjust illumination intensity did not affect the 2856K color temperature. The 
illumination on the Landolt C's was 4.0 x lO"' lux (3.72 x lO"' fc). The output from the NVGs was approximately 5.14 nits 
(1.5 fL). Since the observer was so far away from the stimulus area, the surrounding area was for the most part dark. To 
illuminate a larger portion of the NVG's field-of-view, the observer looked through a large, white 122 cm x 153 cm (4' x 
5') illuminated mask having a 15 cm x 20 cm (6" x 8") aperture located about 366 cm (12') in front of their viewing 
position. This illuminated area also produced about 1.5 fL goggle output. The near and far fields were a good brightness 
match when viewed through the goggles. 

Procedure 
Each of the three observers completed 240 trials (24 trials x 10 Snellen acuity levels) on each of three days. For a particular 
day, the observer focused his/her goggles at one of three focus distances. The order of the focus distances were 
counterbalanced across observers. During each trial, the observer, at 54.9 meters (180'), attempted to identify the 
orientation of the Landolt C gap with choices being left, right, up, and down. 

Eight repetitions, with randomly presented orientations, were performed at a particular acuity level followed by eight more 
repetitions at another acuity level. This was repeated 10 times, in a random fashion, with each acuity level used once to 
complete a session. Three sessions were conducted per day to achieve the total of 240 trials. 

For each trial, the experimenter, using pre-determined randomized stimuli ordering, placed a Landolt C onto a small ledge 
centered on the surround while keeping it blocked from the observer's view. The ledge centered the 'C and was not visible 
when viewed through the NVGs. The experimenter pressed a switch to scan the bar code on the back of the target. The 
experimenter would then move away from the Landolt C and the observer had about four seconds to view the stimulus. At 
the end of the four-second interval, the computer would beep an alarm and the experimenter would immediately block the 
stimulus from the observer's view. The observer would announce their response and it was recorded. The observer was not 
provided with any feedback on their performance. 

RESULTS - STUDY ONE 
Due to recording problems, there were 10 groups of 24 trials (i.e., combination of observer, focus distance, and acuity) 
where responses from less than 24 trials were obtained. Table 1 contains the percent of trials in which the orientation was 
correctly identified. Chance alone would result in 25% correctly identified trials. It is assumed that percents in Table 1 that 
are less than 25% would approach 25% with a sufficient number of trials. The percents from Table 1 were transformed to 
adjusted for chance values and are shown in Table 2. 
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Table 1, Percent coirect trials (N = 24) for each observer, focus distance, and acuity. 

Snellen 
Acuity 

Ob»rver#l Observer « 01werver#3 
Focus Distance (ft) Focus Distance (ft) Focus Distance (ft) 

80 100 180 80 100 ISO 80 100 180 
13.50 29 42 29 21 29 21 29 29 29 
15.17 21 17 42 42 46 33 33 33 46 
17.04 13 25 25 25 42 42 35 33 38 
19.15 33 33 30 38 38 25 54 46 50 
21.52 48 50 54 46 43 38 42 21 42 
24.18 58 58 64 54 46 67 75 58 63 
27.16 83 79 58 67 58 83 96 83 96 
30.52 79 88 88 63 83 1(M 96 92 96 
34.29 96 100 96 96 92 92 100 1«) 96 
36.35 94 IM 96 100 83 ICM 100 100 100 

Table 2. Percent correct (N = 24) adjusted for chance, Percents in itolics were not used for modeling. 

Snellen 
Acuity 
(2Wxx) 

Observer #1 Observer #2 Observer #3 
Fociu Distance (R) Focus Distance (ft) Focus Distance <ft) 

80 100 180 80 IW 180 80 100 ISO 
13.50 6 22 6 0 6 0 6 6 6 
15.17 0 0 22 22 28 11 11 11 28 
17.04 0 0 0 0 22 22 13 11 17 
19.15 11 11 7 17 17 0 39 28 33 
21.52 30 33 39 28 24 17 22 0 22 
24.18 44 44 52 39 28 56 67 44 50 
27.16 78 72 44 56 44 78 94 78 94 
30.52 72 83 83 50 78 100 94 89 94 
34.29 94 100 94 94 89 89 100 100 94 
36.35 92 im 94 too 78 100 too im 100 

The non-italicized values in Table 2 were converted to normal equivalent deviates (NED). An NED is the value of a 
standard normal variable whose cumulative probability (expressed as a percent) would equal the percent correct adjusted 
for chance. Since an NED cannot be computed for 0% or l(X)%, 0% was set to 1% and 100% was set to 99%. The NED 
values were used as the dependent variable in a linear regression with acuity as the independent variable (a linear 
relationship is assumed). This procedure is referred to as Probit Analysis (Finney, 1980, Pinkus & Task, 1989). The 
estimated NED = bo+bi*acuity was transformed back to percents. For each observer and focus distance, the acuity level that 
corresponded to 50% and 75% correct, adjusted for chance, was determined and shown in Table 3. 

Table 3. Snellen acuity levels corresponding to 50% and 75% correct, adjusted for chance. 

Observer 

SOPA              I              7fPA 
Focus Di^nce 

80 100 180 80 IM 1«»   1 
#1 26.2 25.0 26.3 29.9 27.8 29.8 
#2 26.3 26.4 24.5 29.8 32.9 26.3 
#3 22.0 24.2 22.2 25.4 27.8 26.3 

Mean 24.8 25.2 24.3 28.4 29J 27.5 
Std 2.5 1.1 2.1 2.6 2.9 2.0 

Table 4. Analysis of variance results. 

PA Source SS DF SSE DFE F P 
50 Focus Distance \.m 2 5.19 4 0.42 0.6834 
75 Focus Distant 6.13 2 21.75 4 0.56 0.6085 

The acuity levels corresponding to 50% and 75% correct were used as dependent variables in a one factor (focus distonce) 
repeated measures analysis of variance. Results are shown in Table 4. 
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METHOD ■ STUDY TWO 
Study Two was substantially simpler and faster than Study One and the technique can be more directly applied to answer 
the original question regarding the Hoffman 20/20. Since it was apparent from the first study that there was no difference 
in visual acuity performance for the range of defocus distances selected, a different approach to the focusing issue was 
devised. Focusing the objective lenses of NVGs is done by physically moving the objective lens of the NVG closer to or 
further from the image intensifier tube. At infinity focus the objective lens is at its closest distance to the tube; as objects 
closer than infinity are brought into focus the objective lens must move away from the image intensifier tube. This 
movement is very small and difficult to measure but provides a means of determining change in focus position. A single 
trained observer focused the NVGs at six different distances (3, 6, 12, 18, 30 and 46 meters or 10', 20', 40', 60', 100' and 
150', respectively) 10 times each for each of two focusing stimuli. The first stimuli was a grating somewhat similar to the 
grating target used in the Hoffman 20/20, The second stimuli was a point source of infrared light. A digital caliper was 
used to measure the overall length of the NVGs for each of the 120 focus settings (6 distances, 10 repetitions, 2 focus 
stimuli). Using first-order lens imaging theory (Hecht and Zajac, 1975, p.-168) it is possible to derive a theoretical 
equation to relate the NVG objective lens movement to the distance of the stimulus to be focused. This theoretical 
movement relationship can then be compared to the obtained results. It was hypothesized that there would be no difference 
in focusing ability between the grating and point source stimuli. 

RESULTS - STUDY TWO 
The results for Study Two are shown in tabular form in Table 5. The data in Table 5 are the average (over 10 repetitions) 
lengths of one NVG ocular for each of the distance and stimuli conditions. The theoretical equation only relates the relative 
movement of the objective lens with respect to focus distance so it was necessary to "anchor" the equation. The objective 
lens should have been closest to the image intensifier tube for "infinity" focus. Based on the results of Study One, there 
was no difference in visual acuity (focus) between 80', 100', and 180' indicating that these distances were essentially 
"infinity" as far as the NVGs were concerned. Therefore the 150' distance was taken as the "anchor" point. The theoretical 
data was produced by setting the 150' data point to be equal to the average of the 20 focus settings (10 for point source and 
10 for grating) obtained at 150' (as can be seen in Table 5). Results are in Figure 1 and Table 5. 
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Figure 1. Graphical results of NVG ocular length as a function of focus distance for two focusing stimuli. 
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Table 5. NVG length as a function of focus distance and focus stimuli (all data in inches) 

DMance Gratlne Point nieory 
10' 4.2380 4.2384 4.2389 
20' 4.2364 4.2352 4.2341 
40» 4.2363 4.2320 4.2317 
60' 4.2346 4 2313 4.2309 
100' 4.2341 4.2288 4.2303 
150' 4.2311 4.2289 4.2300 

DISCUSSION and CONCLUSIONS 
-m first study described in this paper attempted to assess focusing sensitivity of the NVGs by assessing visual acuity for 
different levels of defocused objective lens settings.  Previous theoretical calculations indicated the depth of fiewS Z 

7t Tfuf ^f'"^ '"■" ''**"'' "' "°''='^'"^ ^'^^'''^ *^ »~' °^ ^°' distance. However, it is clear from le resuks 
of the first study that there was no statistically significant difference in visual acuity for the three focus distonces 
rSlat toe ?att?^ "' -producibility of NVG visual acuity measurements L l^JXj^J'^tt 
dE l^lf ?S ^°™* of vanance associated witi, measuring NVG visual acuity. This makes it difficult to 
detec  small differences ra parameters that may affect visual acuity.   If a broader range of defocus distances were 
m^sugated (which needs to be done) it is expected that there would be a significant effect on NVG vTsua Sy ^e 

S^tech^SLlt^^ 1^^^ "^f ''f'•'' ''^^^'^'y '^'«"'"S and time consuming for observers which is wha^ led to me lecnnique aeveloped m the second study. 

otofnM L^ '''fu'" "^i^*^' °I "1 *^ '''™"^"' "^ »^ ^°^"^ *^ NVGs makes a difference in the quality of the focus 
°he issue TuSlllvT    ''"H ^tT^I^^' '^°"'* ^^^^ P'°^'*« ^ better and more convenient me4 to addres 
the issue. Surpnsmgly the second study resulted m a statistically significant difference in focus settings (all six distances- 
analysis of vanance) between focusing on a distant (150') point source versus a square-wave grating    Both Sols 

fnterSia^fd sl^fwl f "' '' f ''^^ ''t ""* *^ ^^''"^ ^^'™"'- '^^^^ behind Spit source f^fJe 
•S^mv'^n^^^^^^ Jl r ^^P'™^*'*'" f°'.*« «ff«<=t but it deserves a bit more attention in the fixture.  For the 
optical infinity  (150 ) distance, there was no statistically significant difference between die grating stimulus and the ooint 

CditT ^' r" '"f% *l* *^ ^'"^"'y °' f°^»^ ^'^°"'*' '^ *« ^«--- independent^?™  ?o"ustllute 
WA whiV ' ''"^^  ' f ""^"'^•- ^'""^ *'' '^°"^ '^'^^y ^^^^^^^'^ "^"'y °"^ highly trataed observer it would be wel 
I^dlt     f rept Ais techmque with a larger number of trained observers and with a broader range of focusing stimu 

LlS l-ff f^ ""T *"' * ' '^*'™^""' "'*^^ ^^'"^ ^^*"">i"S' '« P'-°baWy the best method of determining the 
focusing differences. ,f any. between using the Hoffman 20/20 and using ambient objects for focus adjustment.  Future 
plans are to refine the technique in the laboratory and then try it out in the field. 
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United States Patent [i9] 
Task et al. 

[II] 4,398,685 
[45]       Aug. 16,1983 

m 
[75] 

AERIAL DAY/NIGHT REFUELING 
STATIONS 

Inventors:   Harry L. T^k, Dayton, Ohio; John 
F. Courtright, San Antonio, Tex.; 
Louis V. Geneo, Enon, Ohio 

[73]   Assignee:    Tlie United States of America as 
represented by the ^cretary of the 
Air Force, Washington. D.C, 

[21] Appl. No.:  242317 

[22] Filed: Mar. il, 1981 

[51] Int. Cl. ^__ _^  „„..„„.  ... B64D 39/00 
[52] U.S. Cl   244/13S A; 244/3.16; 

244/161 
[58] Field of Search ,. 244/135 A. 3.16, 161; 

250/341, 342; 353/28, 84. 13 

[56] References Cited 

U,S. PATENT DOCUMENTS 

3,215.544 11/1966   Chopeetal.    244/135 A 
3.679.297 7/1972   Searle el al. ........... .............. 353/84 
3.709.589 1/1973   Lamb et al   353/13 
3.744.893 7/1973   Chandler     353/84 
3.761.713 9/1973   Merril ,.....,..   250/341 

3,917,196 
4,150,803 
4,158.885 
4,1«.534 
4,288.845 

11/1975 
4/1979 
6/1979 
7/1979 
9/1981 

Pond et al  
Fernandez  
Neubergcr ....—.— 
White .....—.......... 
Bnsness et al. ....... 

244/135 A 
244/135 A 
244/135 A 
244/135 A 
244/135 A 

Primary Examiner—Trygye M. Blix 
Assistant Examiner—Ivy M. Shum 
Attorney, Agent, or Firm—^Doiiald J. Singer; Bobby D. 
Scearce 

[57] ABSTRACT 

An improved aerial refueling system, suitable for opera- 
tion under nighttime or other limited visibility condi- 
tions, is described, and comprisra a tanker aircraft with 
refueling boom depending rearwardly thereof, a re- 
ceiver aircraft having a fuel receptacle for interconnec- 
tion with the boom, means disposed on the tanker for 
illuminating the receiver aircraft with infrared light 
during hookup and refueling, infrared sensitive viewing 
means and an optical imaging device on the tanker 
through which the boom operator may view the boom 
and receiver aircraft to guide the boom into position for 
connection with the receiver aircraft. 

2 Oaims, 2 Drawing ngures 
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United states Patent [i9] 
WyattetaL 

[11]    Patent Number: 
[45]    Date of Patent: 

4,554,543 
Nov. 19; 1985 

[54]   GLTOE SLOPE INDICATOR SYSTEM 

[75]   Inventors:   Ivan S. Wyatt, Gilbert, Ariz.; Harry 
L. Task, Dayton, Ohio 

[73]   Assignee:    Hie United States of America as 
represented by tlie Secretary of the 
Air Force, Wasliington, D.C. 

[21]   Appl. No.: 473,392 

[22]   FUed: Mar. 8,1983 

[51]   Int. a* GOSC 5/00 
[52]   U.S. a. 340/948; 73/178 T; 

244/183; 340/951; 340/953; 340/972 
[58]   Field of Search  340/945, 947, 948, 951, 

340/952, 953, 954, 956, 972, 981; 73/178 T; 
244/175, 183; 350/433; 250/350; 455/611, 617 

[56\ References Cited 

U.S. PATENT DOCUMENTS 

2,489,222 11/1949 Herbold  33/46 
2,597,321   5/1952 Hergenrother  177/352 
2,975,284   3/1961 Osbome   340/948 
3,529,283   9/1970 Emerson  340/947 
3,671,963   6/1972 Assouline  340/948 
3,972,125   8/1976 Collins   340/951 

4,183,078 1/1980 Kidd ...:. ....:. 340/951 
4,196,346 4/1980 McElhannon ...:  340/951 
4,209,767 6/1980 Flanders 340/947 
4,259,658 3/1981 Basov .„ 340/953 
4,277,170 7/1981 Miles ...;  340/981 
4,385,354 5/1983 Homfield 340/952 

Primary Examiner—John W. Caldwell, Sr. 
Assistant Examiner—Michael F. Heim 
Attorney, Agent, or Firm—DooBld J. Singer; Bernard E. 
Franz 

[57] ABSTRACT 

A glide slope indicator system in which light from an 
incoming aircraft's landing light is shaped by spheri- 
cal/cylindrical lens combination into a line image 
which strikes a linear photodiode array. By determining 
which photodiode in the array the center of the Une 
image strikes, the glide slope angle can be determined. 
An appropriate signal is communicated to the pilot via 
a pair of indicator lights mounted on the runway de- 
pendmg upon whether the aircraft is above, below or on 
the desired glide slope angle. 

6 Claims, 6 Drawing Figures 

ON   GLIDE 
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United states latent ii9j 
Task 

[111    Patent Wiiinoen 
[4S]    Date of Patent: 

4,554,544 
NOT. 19,1985 

DIFTXJSE INCANDESCENT RUNWAY 
MARKER UGHT APPARATUS FOR 
OVERT/COVERT OPERATION 

m 
MARKER I 
OVERT/CC 

[75]   Inventor:     Harry L. Task, Dayton, Ohio 

[73]   Assignee:    The United States of America as 
represented by the Secretary of the 
Air Force, Washington, D.C. 

[21]   Appl. No.: 536,142 

[22]   Filed: Sep. 26, 1983 

(SIJ   Int. CL*  G08G S/00; B64F 1/18 
[52]    US. a.  340/953; 3I3/116; 

340/84; 340/947; 340/955; 362/62 
[58]   Field of Search  340/947. 981, 950, 953, 

340/952, 954, 955. 815.18. 84, 321; 362/227. 
234, 252; 313/112. 116; 219/354 

[56] References Cited 
U.S. PATENT DOCUMENTS 

2,039.647 5/1936 House    340/953 
2.674.726 4/1954 Williams  .......... 340/953 
2.816.277 12/1957 Salkowski    340/321 
2.825.898 3/1958 Stanley    340/84 
3.138.779 6/1964 Murray, Jr. et al   ..... 340/26 
3.457.545 7/1969 Brown  ........... 340/25 
3.576.523 3/1971 Lerbakken „..„...,.—..   340/955 
3.639.899 2/1972 Ljungkttll  ......... 340/110 

3,TO6.968 12/1972 Turner. Jr. .„...„...„ .... 340/955 
3,878.506 4/1975 Young »... .... ,„..... 340/953 
4,385.354 5/1983 Homfeld e( al. .,....„...„.„... 340/952 
4.386.292 5/1983 RothweU et al. ................ 313/112 

Primary Examiner—blames J, Groody 
Assistant Examiner—Btent A. Swarthout 
Attorney, Agent, or Firm—Donald I. Singer; John R. 
Flanagan 

[57] ABSIKACT 

A diffuse incandescent runway marker light apparatus 
has a housing with a visible light diflusing plate 
mounted in one end aad an infrared light diffusing plate 
mounts in the other end, and a pair of incandescent 
light sources mounted in the hotmng and aun«l toward 
the respective houung end plates. A switch, when 
flippi^ to a first position, turns on one light source for 
producing visible illumination and turns off the other 
light source. The swtch, when flipped to a second 
position, turns ofT the one light souree and turns on the 
other light source for pioducing infra^ illumination. 
In such manner, the appropriate type of iUumination for 
marking the runway for overt or covert landing opera- 
tion may be selected. When the switch is flipped to a 
third position, both light sourc« are turned off. 

4 Oaims, 4 Drawing Flpires 
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United States Patent [i9] 
Task 

[11]    Patent Number: 
[45]    Date of Patent: 

4,580,196 
Apr. 1, 1986 

[54]   NIGHT VISION COMPATIBLE 
ILLUMINATION FOR VEHICLE 
CREWMEMBER WORKSPACE 

[75]   Inventor:     Harry L. Task, Dayton, Ohio 

[73]   Assignee:    The United States of America as 
represented by the Secretary of the 
Air Force, Washington, D.C. 

[21]   Appl. No.:  688,944 

[22]    Filed: Jan. 4, 1985 

[51]    Int. CJ." B64D 47/02 
[52]    U.S. Cl 362/62; 362/800; 

362/226 
[58]   Field of Search   362/62, 63, 800, 803, 

362/226, 254; 244/118.5 

[56] References Cited 

U.S. PATENT DOCUMENTS 

4,152,618   5/1979 Abe et al  362/800 
4,211,955    7/1980 Ray   315/53 
4.217,625    8/1980 Klein   362/800 
4,277,819   7/1981 Sobota et al  362/800 
4,298,869 11/1981 Okuno   340/782 

4,329,625    5/1982   Nishizawa et al  315/158 
4,329,737   5/1982   Triller et al  362/800 
4,521.835   6/1985   Meggs et al  362/62 

FOREIGN PATENT DOCUMENTS 

47418   3/1982 European Pat. Off. . 
2922952 12/1980 Fed. Jlep. of Germany   362/800 
1443468    7/1976 United Kingdom   362/800 
2098714 11/1982 United Kingdom   362/800 

Primary Examiner—Ira S. Lazarus 
Attorney, Agent, or Firm—Donald J. Singer: Gerald B. 
Hollins 

[57] ABSTRACT 

An arrangement for conveniently changing the illumi- 
nation in an aircraft cockpit or other enclosure to a 
spectrum compatible with night vision infrared equip- 
ment including provision for easy return to the original 
illumination source. Selected LED elements are em- 
ployed in multiple element arrays using a tether con- 
nected package that can be excited directly from exist- 
ing wiring in fixtures. 

17 Claims, 3 Drawing Figures 
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United States Patent m 
Task et al. 

til]   Patent Niimben 
[45]   Date of Patenti 

4,607,923 
Aug. 26,1986 

[54]   aJNlRASTSHSBITIVnT FUNCTION 
ME^URIMENT CHART AND METHOD 

[76] taventom Harry L. Task, 275 Main St Apt. 411 
Whitney Towers, Watertown, Ma^. 
02172; Dmfc V. G«»co, 2010 Shadow 
Caiff, San Antonio, Tex. 78232 

[21]   Appl. No.: mtM* 

[22]   Filed: Jan. 10,1985 

[51] 
[52] 

[58] 

[561 

Int. a *. 
vs. a.., . ,......,.,„..„„„. A61B 3^)2 

—.. . 351/239; 351/243; 
o. ...   ^„      ,^ 351/246 
Field of Search ....... ...... 351/239. 243, 246 

Refer«ic» Oted 

U.S. PATENT DOCUMENTS 
2.385,992 10/1945  Jobe . 

Skepatd . 
Mitaiishi et al. . 
Wolbsiriit . 
Klimsa . 
Dobson et al. . 
Getliarz . 
Ginslsui^ „„,  

drily Modulated Spatial Stimuls". by D. O. Oreen et al, 
J Opt Soc Am, 55:9, 1154-1157—(1965) 
"Optical md Retteal Factors Affecting Visual Resolu-. 
f «'„&^- ^' CampWl et al, J Physiol, 11, 576-59- 
i—(1965). 
"Some Remarks on Ophthalmic Test Types" bv L 
Ronchi et al—(1972). ' 
"A New Ctontrast Sensitivity Vwon Test Chart", by A 

«:?l3"-i7^W8?'""'*^ * ^''^°'°^' "^^ 
T^oposed New Vbkm Standards for the 1980-8 and 
B^nd: Contrast Sensitivity", by A. P Ginsbura 
AFAMRL-TR-80-I21-(19ll). w«>s«»wg. 

Primary Examiner—nodmy B. Bovemick 
Attorney, Agent. orPirm-DomU J. Singer; Bobby D. 
Sceaice ^ 

2.463,813 3/1949 
3,490,832 1/1970 
4,155.632 5/1979 
4.212.5a) 7/1980 
433,200 10/1981 
4,324,459 4/1982 
4,365,873 12/I9S2 

m ABSTRACT 

.351/239 

OTHER PUBLICATIONS 

"M<rfnlation Thresholds for Stansoidal Light Distribu- 
tions on the Retina", by G. Westhenner, J. Ph^ol 152. 
64-74—(19«)). 
"Stimulus Pattenw for Vkual Rraeareh", by D  H. 
KeUy, J Opt Soc Am, 50:1, 1115-1116—(19«)). 
"Visual Responses to Time-Dependent Stimuli. 1. Am- 
pHtude Sensitivity Measurements", by D. H Kelly J 
Opt Soc Am, 51:4, 422-429—(1961). 
^patial Sine-Wave Response of the Human Visual 
System", by A. Watendje et al. Vision Res, 8.1245-12- 
63—{1968). 
"Effect of Focus on the Visual Response to a Stausoi- 

A novel device and method for determining the con- 
trast Misitmty of a subject is provided and comprises a 
test chart indudmg a plurality of patches systematlcaUy 
or^niKd m a predetermined array, each patch havine 
a plnrdity of adjacent patterned areas, at least one of 
wtach IS a pattern of alternate light and dark regions of 
predetermmed contrast, and the remaining iwttemed 
Meas are soHd gray patterns of predetermined reflec- 
tance, each contrast pattern betag characterized by a 
Siwceaverage reflectance equal to the predetermined 
i^ectance value of the adjacent gray patterned areas, 
rhe jpatial fiwineney and contrast of the alternate dark 
andlight ijgions may be varied in the array of patehes. 
In the method for determinmg the visual contrast sensi- 
tivity of the vision system of a subject, a chart of the 
mvenbcm is displayed to the subject at successively 
shorter distends, and the greatest distance at which flie 
subject can rraolve each content pattern is determined 
aim recorded. 

12 daiBis, 3 Drawing Figures 

28-7 
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United States Patent [i9] 
Task et al. 

[11]    Patent Number: 
[4S]    Date of Patent: 

4,707,696 
Nov. 17, 1987 

[54]   PORTABLE GLIDE SLOPE INDICATOR 

[75]   Inventors: 

[73]   Assignee: 

Harry L. Task, Dayton, Ohio; Ivan S. 
Wyatt, Gilbert, Ariz. 

Hie United States of America as 
represented by the Secretary of the 
Air Force, Washington, D.C. 

[21]   Appl. No.: 823,872 

[22]   Filed: Jan. 29, 1986 

[51]   Int. a*  G08G 5/00 
[52]   U.S. a 340/954; 73/178 T; 

244/114 R; 340/947; 340/955 
[58]   Field of Search 340/947, 948, 952-956, 

340/976, 950; 73/178 R, 178 T; 343/5 LS, 5 
GC; 364/428, 434; 362/62; 244/114 R; 342/33, 

34 

[56] References Cited 
U.S. PATENT DOCUMENTS 

2,280.126   4/1942 Metcalf  177/352 
2,431,240 11/1947 Gausch 340/955 
2,458,414    1/1949 Penton   340/955 
2,549,860   4/1951 Swanson   343/108 
3,012,224 12/1961 Ferguson   340/955 
3,138,770   6/1964 Murray, Jr. et al  340/26 
3,183,479   5/1965 Austin   340/26 
3.191,146   6/1965 Mitchell   340/26 
3,412,377 11/1968 Perry  340/26 
3,447.129   5/1969 Birmingham et al  340/955 
3,610,930 10/1971 Lacy 250/83.3 
3,701,969 10/1972 Lambert et al  340/953 
3,885,876    5/1975 Konopka  340/955 
4,170,767 10/1979 Tanner   340/955 

4,430,695   2/1984 Payne et al  340/954 
4,532.512    7/1985 Tanner   340/954 
4.554,544 11/1985 Task   340/947 
4,590,471    5/1986 Pi.roway et al 340/947 

Primary Examiner—James L. Rowland 
Assistant Examiner—Brent A. Swarthout 
Attorney, Agent, or Firm—Bobby D. Scearce; Donald J. 
Singer 

[57] ABSTRACT 

An improved glide slope indicator system for facilitat- 
ing aircraft landings under adverse lighting conditions 
on remote or austere landing sites is provided which 
comprises a pair of indicators deployable near ground 
level on each side of a runway, each indicator including 
a housing having an optical window and a pair of light 
sources mounted in predetermined spaced relationship 
to each other and to the optical window and connected 
to a power source and related circuitry to project a well 
defined first blinking and second steady light beam of 
predetermined angular divergence and overlap, one 
indicator disposed to project beams with an overlap 
elevated at a first angle relative to horizontal and the 
other indicator disposed to project beams with an over- 
lap elevated at a second angle relative to horizontal 
different from the first, with a preselected glide path 
lying between the two overlaps. An infrared filter may 
be included in each indicator to project beams observ- 
able only with infrared sensitive viewing aids. The sys- 
tem may be battery povyered for portability. 

7 Claims, 5 Drawing Figures 
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United States Patent [i9] 
Pinkus 

[54 

[75] 

[73] 

[21] 

[22] 

[51] 
[52] 
[58] 

[56] 

NIGHT VISION- GOGGLE AMBIENT 
ILLUMINATION TESTING 

ln%'entor:    Alan R. Pinkus. Oxford. Ohio 

Assignee:    Tlie United States of America as 
repr^ented by the Secretarj- of the 
Air Force, Washington, DC. 

Appl. No.: «J8,932 

Filed: Nov. 5,1990 

Int. a.' COIJ 1/42; GOID 18/00 
U.S. a.  250/252.1; 250/504 R 
Reld of Search ................ 250/252.1 A, 330. 332. 

250/331. 493.1. 504 R. 504 H: 358/113 

References Cited 

U.S. PATENT DOCUMENTS 

4.000.419 12./1976 Crosi ei al  250/213 
4.128.340 12./I978 Fender et al  250/25;. 1 X 
4.145.142 3/1979 Mikeman   250/252,1 ,\ 
4.309.M8 1/1982 Adamson. Jr. ei al  250/330 
4.32S.516 5/1982 Colpack et al  358/113 
4.407.CX)9 9/1983 Adamson et al  358/113 
4.574.19? 3/1986 Kliever 250/334 
4.707.595 11/1987 Meyer.. 250/50* R 
4.843.229 6/1990 Reed et al  2S0/213 VT 
4.948.904 8/1990 Gohlke  250/252.1 X 

[II]    Patent Numben 

[45]    Date of Patent: 

5,070,239 
Dec. 3, 1991 

OTHER PUBLICATIONS 

Anv-120 Sysiem Gain Test Set for Gen II and Gen III 
Night Vision Devices Re%-. 1-27-89. 

Primary Examiner-r-Consizmmt Hannaher 
Assistant Examiner—Edward J. Glick 
Attorney, Agent, or Firm—Gerald B. Hollings; Donald J. 
Singer 

[57] ABSTRACT 

A night vision goggle capability evaluation apparatus 
useful in assessing the degree of illumination present in 
a proposed NVG operating environment is disclosed. 
The evaluation apparatus includes portable illuminator 
and detector devices that are battery operated and op- 
tionally coupled to the input and output pons of the 
goggle during both their own calibration and during 
measurement of the proposed operating environment. 
The disclosed apparatus operates by calibrating the 
NVG output measuring detector from the saturated and 
dark output extremes of the NVG system and then 
using this calibrated detector to measure the output of 
the NVG system and determine whether is it recei%-ing 
adequate light for satisfactory performance. 
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Kundert 
[57] ABSTRACT 

A monocular night vision apparatus employing an infra- 
red energy spectrum source of illumination and a cam- 
era lens and night vision image intensifier combined 
receiver apparatus into a small hand-held portable pack- 
age that is both low in cost and reliable in nature is 
described. The night vision transmitter apparatus in- 
cludes a laser diode energy source that is coupled to an 
aperture controlled and focus controlled optical system 
and driven by an electronic closed-loop feedback ener- 
gization circuit which employs self-contained battery 
sources of energy. Multiple operating modes and oper- 
ating intensities of the light source are provided 
through a plurality of signal inputs to the closed feed- 
back loop of the laser diode energy source. Disturbance 
of the closed feedback loop by reflected energy within 
the optical transmitter apparatus is precluded by the use 
of feedback prevention optical alignment in the trans- 
mitter's optical system. 
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[54]   SYNTHETICCOLOR NIGHT VISION 

[75]   Inventors: Hany L. Task, Dayton; Alan R. 
> Finkus, Fdrbom, both of Ohio 

[73]   Assignee: "Ilie United States of America as 
represented by the Secretary of the 
Air Force, Washington, D.C. 

[57] ABSTRACT 

[21]   Appih to.: 498^9 

[22]   Hied: J11L S, 1995 

[51]   Int. a. 6 ».,.....»...».<„.«....,„»», ...... H04N9^ 
[52]   UJ.CL ... .._„ .... 348^3; 348/32; 348/34; 

348/42 
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Kundert 

A synthetic color anangemcnt for a night vision inclusive 
surveillance system and its display is disclosed. Hie system 
partitions an input scene video signal iiao spectrally segre- 
gated scene components which are provided with separate 
processing as video signals and then lecombined into a 
composite but now multiple color inclusive output repre- 
sentation of the input scene. TTic system in effect shifts input 
qwctial components to a different part of the electromag- 
netic spectrum, the visible range of the spectrum, where 
operator controllable new spectral wavelength values are 
assipied to cM:h different input scene spectral wavelength. 
Use of charge coupled device video camera elements, a 
video signal mixer apparatus, input wavelengths within bofli 
the visible and inftared spectral regions and signal process- 
ing a«ording to the NTSC standanls are also included. 
Military and non military uses of tte apparams are contem- 
plated. 

18 Claims, 2 Drawing Sheets 
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Kundcn 

157] ABSTRACT 

A night vision device test arrangement for determination of 
spectral sensitivity field of view and other operating char- 
acteristics of nighi vision devices. The test arrangcmeni 
includes a conuollable array of radiant energy emitters such 
as narrow-band light emitting diode elements used to display 
a night vision device test pattern. The displayed test pattern 
may be located in the infrared or infrared and visible 
spectrum regions and may be altered by user command to 
have different configurations including different physical 
size, shape and array location and different spectral content. 
Control of the test pattern may employ a computer of a 
manual selection apparatus. The disclosed apparatus is espe- 
cially suited to in-thc-ficid GO/NO GO rapid performance 
verification of night vision device equipment. Military and 
non-miliuiry uses arc contemplated. 
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157] ABSTRACT 

A test arrangement for assessing the spectral smtgy distii- 
bution-detenniiffid response of anight vision device or other 
electro-optical apparanis, TTie test arrangement provides a 
library of speciral enei^y-distributed teA signals or input 
scenes which may be selected to repKsent for example 
typical or extreme conditions cxpecttd (taring field use of 
the tested night vision device. TTie test signals originate in an 
anay of energy iransducer (tevices such as light enutting 
diode elements with each such light emitting diode clement 
proving a limited wavelength component of the wide band 
composite optical signal received at the input port of tte 
night vision device. Each component signal is arranged to be 
controlled elKtrically in presence or absence aid also 
controlled electrically in radiance or intensity according to 
the needs of the scene being presented; such control is 
provided by a maiual controller or by a programmed digital 
compuwr or by other controlling apparatus such as a pro- 
gramnwd logic array. TTie composite test signal may include 
both infrared and visible components. In addition to control 
of the composite test signal, other aspects of the performed 
test such as test scene data storage may also 1» accomplished 
in the controller or computer. The disclosed apparatus is 
especially suited to performance verification of night vision 
systems in a laboratory environment prior to field use of 
similar systems. Military and non-military uses aro contem- 
plated. 
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[57] ABSTRACT 

An automated and preferably computer-controlled night 
vision device test arrangement for dctennination of spectral 
sensitivity in the infrared or other input spectrum regions. 
The test anangement includes feedback control of night 
vision device input port signal levels, incremented selection 
of input signal wavelength, loop-residing specttum incre- 
ments and automated collection and presenution of test 
results. 
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[57] ABSTRACT 

A ni^t vision devi(% enhancement wherein ocou^nce of a 
tnight object in an iiq>ut scene of the ni^t vision <kvice is 
prnduded from Aversely Meeting »productioB of adjacent 
low i^iiance level pcstions rf tiie uiput srane. By c^Jtijally 
limiting or excluding M^t object input scene portions from 
the ni^t vision device ii^>ut field die disclosed ^stem 
pt«:ludes b(^ image intensffler-Rlated ^ects. effn^ts such 
as blooming and cu^nt stti^tion. and also {^du^s 
Mitomadc gain c^ntrol-fldated effects swA as fiiU-field sen- 
sitivfty (tecrease ba^d on the h^t <*Jej^ Plural embodi- 
matts «tf tte qrstem ae disclos«L embcKlimentt based on 
Mgfat ^jKt attenuation 1^ bodt yet to be devdqsed pbmo 
active m^erials sudi as photoduoimcs and embodiments 
which use present state <tf tte art liquid crystal m^Etials and 
accon^sanyiog electronics. Milttary and non-military uses ctf 
die is^KovKl ni^t vision (kvice ate contenqilated. 
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[57] ABSTRACT 

An adaptor detachably mounted on an ocular of night vision 
goggles for quickly adjusting the objective lens focus to 
clearly view far and near objects. The adaptor includes a 
positive optical power or close-up lens mounted in a holder 
pivotally mounted between a stowed, inoperative position 
and an operative position locating the dosc-up lens in axial 
alignment with the objective lens of the ocular. The close-up 
lens has an eflfective diameter substantially smaller than the 
diameter of the objective lens to raise the F/numbcr of the 
objective lens/close-up lens combination for increasing the 
depth of focus for enhanced near viewing. Auxiliary illumi- 
nation is provided by a battery powered infra-red Light 
Emitting Diode (LED) mounted in the adaptor and energized 
by a switch as the lens holder moves toward its operative 
posidon. 
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[57] ABSTRACT 

An instrument and method for optically calibrating and 
balancing low level luminances of lighted instrument panel 
displays within the operator station of a vehicle is described 
which comprises a self-contained, calibrated luminance 
source and a bcamsplillcr for combining and juxtaposing an 
image of the calibrated luminance source with an image of 
the luminance from a lighted instrument panel display to be 
calibrated or balanced, whereby the images may be com- 
pared in luminance, the lighted instrument panel display 
being adjustable in intensity using ihe vehicle instrument 
panel light trim capability. 
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(57) ABSTRACT 

Device and method are described for measuring traosmis- 
Njvjty and ha/e in transparencies as detected through night 
vision goggles, including an emiller portion and a sensor 
porticin. the emiller portion including a first light .source fur 
presenting an image (o the sensor portion through Ihc 
transparency and a second light source for projecting a haze 
producing light onto the transparency, the sensor portion 
including a light intensifier tube and a photometer for 
measuring the luminance output of the light intcnsificr tube 
and quantifying attenuation (iransmissiviiy) and haze (light 
scatter) characteristics of the  transparency as viewed 
through night vision goggles. 
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(37) ABSTRACT 

A laser energy window arran^ment es|M^ally usable in a 
tactical aircraft having night vbion equipment-aided cockpit 
visual infomatioD input tequuemenis. The laser eiKrgy 
winctow arrangement enables use of laser apparatus directed 
external to tte aircraft for ta^et designation or other pur- 
poses while minimizing the amount of energy from such 
laser returning spuriously inside the cockpit where it inter- 
ently acts a noise signal for nighl vision equipment. The 
laser enei^ window limits the portion of the aircraft wind- 
shield or canopy e^^Kd to laser radiation and its effects to 
a relatively small area, an obscurable area generating sig- 
nificantly reduced amounts of spurious return ene^y in 
comparism with UK of the laser directly through an unlim- 
ited wuMishwId, canopy, or other type of transparent^. 
Transmission of spurious return energy fasm the laser 
energy window to remaining ixmions of the windshield or 
canopy is precluded by intetniptioa of transmiaion paths 
witl^ tte windsbieU or canopy material ami transducii^ 
the ifUemipted padi energy into heat dssipated within or 
ouisiifc of the aircraft and not affecting the remainder of the 
canopy, nuentially increased aircraft to target standoff 
range, reduix i»ed for aircrew use of laser eye protection 
gear, reduced laser induced windshwld or canopy degrada- 
tion and other benefits are idendfied for aircraft uses of the 
invention. Use of the window invention in other non aircraft 
and non military aircraft ssitinp is also contemplated. 
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