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1 INTRODUCTION

The operational threat from lasers and the subsequent need for human protection, most notably
from vision loss, has been recognized by the military since the 1980’s. Laser eye protection
(LEP) provides a means to mitigate the impact of laser illumination of the eye, the effects of
which range from temporary visual disruption to permanent damage. LEP works by preventing
laser light from reaching the eye, either by absorbing it or reflecting it away from the eye. All
LEP currently in use by the Air Force incorporate absorptive dyes and/or reflective coating
technologies. However, blocking laser light in the visible spectrum unavoidably reduces the
total amount of light available for visual sensing and performance function and may cause
unwanted visual effects such as reduced image contrast or changes in the appearance of colored
stimuli. [1]

Another potential source of visual performance degradation from eyewear, including LEP, is
light scatter, often referred to as haze. Haze is typically measured as the ratio of light scattered
to the light transmitted through an optical component. In general, as the amount of haze
increases, visual acuity and contrast sensitivity decrease, and this may be exacerbated when a
glare source, such as sunlight or a bright light at night is present.

To preserve visual performance, current standards for aircrew LEP specify that haze be less than
3% of incident light intensity. [2] However, several studies found that in the presence of an
external glare source, the relationship between the amount of haze in an LEP and visual acuity
was not the same for the absorptive and reflective technology types [3, 4]. For absorptive type
LEP, the rate of decline in acuity with increasing haze paralleled that of a set of haze standards.
For reflective LEP, the rate of decline with increasing haze was significantly faster compared to
the haze standards or the absorptive LEP. [4] Furthermore, the performance decline occurred for
reflective LEP that met the Air Force’s haze requirement (<3%). This finding supports anecdotal
reports of user rejection of reflective LEP that meet the haze requirement (Byron Edmonds and
Gregg Irvin, personal communication, March 2015) and suggests another factor unique to
reflective technologies is involved that the haze measurement does not account for in operator
visual performance.

An additional factor for visual performance decrements may be differences in how the light is
scattered at different angles by the LEP, which is presently not captured by the haze
measurement [5]. Haze is a measure of total amount of light scattered beyond an angle of 2.5°
and is therefore a measure of wide angle scatter [6]. The amount of light scattered over a narrow
angle <2.5° is used as an index of the “see through quality” or the clarity of an optical
component. For the most part, LEP developed by the US Air Force possess uniformly high
clarity, on the order of 97-100%, and clarity differences are not likely to account for the
accelerated decline in acuity observed using reflective LEP in the presence of a glare source.
However, the distribution of light scatter in an optical material as a function of angle is not
always uniform, [5] and neither the haze nor clarity metrics capture these non-uniformities.
Some recent observations by Gregg Irvin (personal communication, September 2014) suggest a
non-uniform distribution of scatter in reflective LEP, with relatively more scatter at higher
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scatter angles, which may be related to the reduction of acceptability in terms of operator
subjective judgements of haze and visibility through the LEP. A better idea of whether or not
haze is uniformly or non-uniformly distributed may be achieved by assessing light scatter at
intermediate angles. This metric can be evaluated using a device called the C-Quant. The C-
Quant is a commercially available clinical ophthalmic instrument (Oculus Optikgerate GmbH,
Wetzlar, Germany) that measures light scatter in the human eye (intraocular scatter) over a
region from ~5° - 10° from the optical axis, or at an average scatter angle of approximately 7°.
[7] Although the C-Quant instrument was not specifically designed to measure light scatter in
optical components, applying it to measure light scatter with and without an optical component
in front of the eye and then calculating the difference, may provide data to derive a measure of
intermediate angle scatter of a LEP system. The amount of intermediate angle scatter may be
associated with visual performance either by itself or in combination with the haze and/or clarity
measures.

Adding a measure of intermediate angle scatter may or may not provide all of the information
required to the associate LEP light scatter issues causing changes in visual function. For
example, it may be that the amount of light scattered between 10° and 20° is more important in
terms of visual acceptance and performance in the presence of glare than in the 5-10° zone
assessed with the C-Quant. What may be needed is a graded measurement of the complete
angular distribution of light scatter in an optical material in the form of the bi-directional
transmission distribution function (BTDF). This BTDF data could be used to determine if more
or less scatter in specific angular zones (e.g., 0-5° vs 5-10°) occurs, then the general distribution
of scatter, uniform or not, or that some ratio of scatter between different angular zone relates best
to visual function changes in glare. However, for best use of BTDF information as a predictor of
visual performance, these metrics must be developed to evaluate relevant contributing scatter
aspects when applying BTDF.

In this study, visual performance was measured from human observers with nothing in front of
the eyes as well as the subjects looking through different type of optical materials (OM)
including haze standards, reflective type LEP, and a neutral density filter (NDF). Light scatter in
the OM was also measured using the differentiating techniques described above; haze, clarity, C-
Quant, and BTDF, and these measures were evaluated for their ability to predict changes in
individual human visual performance measures. In addition, the measures of scatter were
evaluated in a multi-predictor statistical model to determine if combining measures will provide
better accounts for effects on visual performance compared to any single measure.

2 METHODS

2.1 Materials

The OM used in this study included four haze standards, four LEP of the reflective type, and one
NDF. The haze standards were glass plates with particles suspended in them to yield different
levels of haze between approximately 0.2 and 20% (BYK Gardner). The four reflective LEP
included three US Air Force prototypes; two of the same type that differed in haze, A-LH (type

2
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A low haze) and A-HH (type A high haze) and an older type B with no blocking of visible
wavelengths (B0), as well as one commercially available LEP manufactured by Iridian (NTU-
10). The NDF was a Kodak Wratten #96 gelatin-type filter with a photopic luminous
transmittance (PLT) of approximately 40%. It was selected to match the PLT of the lowest
transmission NTU-10 LEP and was used as a control to determine the effect of light reduction on
the visual performance measurements. The haze standards, several of the LEP consisting of a
single lens element, and the NDF were mounted in custom-made holders similar to eyeglass
frames that could be fit to a subject’s head with the optical material located in front of one eye.
Two of the LEP were already in spectacle formats and were used as is during the experiment.

Physical measurements made on the OM included PLT, wide-angle light scatter or haze, narrow-
angle light scatter or clarity, light scatter at an intermediate angle (C-Quant) and the bi-
directional transmission distribution function (BTDF), which is a measure of light scatter at
scatter angles from 0° to 70°. PLT was measured with a Cary 60001 spectrophotometer through
the center of each optical element. Haze and clarity were measured with a BYK Haze-Guard
Plus according to the American Society for Testing and Materials (ASTM) guidelines.[6]
Intermediate angle scatter was measured with the C-Quant using human subjects as the detector.
The C-Quant is normally used to assess intraocular scatter in the human eye.[7,8] In our
application, a measurement was taken without and then with an OM in front of the eye and the
difference in the amount of scatter between the naked eye and eye plus OM was used as the
measure of intermediate angle scatter. The BTDF for each OM was measured using a custom-
built scatterometer. The primary metric used in the analysis was the cumulative scatter beyond
specific scatter angles. Other BTDF metrics that were evaluated included cumulative scatter at
scatter angles less than a specified angle and the ratio of scatter between narrow and wide angles.
Table 1 lists the PLT and scatter metrics for all of the optical materials. The “Scatter 8” metric is
derived from the BTDF. It is one of many that could be used and represents the total amount of
scatter for angles greater than 8°.

Table 1. Scatter metrics for the optical materials (OM) used

oM PLT HAZE CLARITY C-QUANT SCATTER 8
HAZE 1 94.0 0.21 99.8 -0.005 0.0068
HAZE 5 94.1 3.84 99.6 0.030 0.2739
HAZE 10 93.5 10.90 99.1 0.469 1.1029
HAZE 20 93.0 19.70 98.3 0.814 1.9504
BO 93.2 0.88 100.0 0.043 0.0408
A-LH 86.8 1.77 93.0 0.039 0.1069
A-HH 82.4 5.04 97.0 0.157 0.2267
NTU-10 46.1 4.09 99.7 0.094 0.0948
NDF 39.8 0.50 99.5 0.015 0.0066
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2.2 Subjects

Ten adults participated in the study, seven were male and three were female (mean age =
29.6 £ 8.6 years). They all had visual acuity equal to or better than 20/25 corrected or
uncorrected in each eye, normal color vision (Ishihara test and Standard Pseudoisochromatic
Plates, Part 2), and no self-reported vision problems. Observers were also not taking any
medications that might affect the sensitivity of the eye and none reported having refractive
surgery within the past year (photorefractive keratectomy (PRK) or laser-assisted in situ
keratomileusis (LASIK)). They performed all the visual function tasks monocularly, using the
right eye.

2.3 Visual Function Assessment

Contrast acuity (CA) was assessed with the Regan test [9] and spatial contrast sensitivity (SCS)
with Gabor sine wave stimuli displayed on a computer monitor. The CA and SCS measurements
were made with and without the OM’s in front of the eye, with and without a glare light source
present. The source of the glare was the Brightness Acuity Tester (BAT). The BAT is a
commercially available ophthalmic device that has been used in previous studies to provide a
monocular glare source of approximately 7,000 lux.[3,4]

The Regan contrast acuity test consists of five printed charts, each containing rows of eight
greyscale letters on a white background. The size of the letters decreases from the top row to the
bottom row. Subjects progress down the chart until they can no longer read any letters on a line.
Guessing was encouraged and the total number of letters correctly read was recorded. Correctly
reading more letters (rows with smaller letters) indicates that the observer can resolve smaller
visual angles (higher acuity). Each chart has letters of a single contrast and the battery includes
charts with letters at 96%, 50%, 25%, 11%, or 4% contrast, allowing acuity to be measured for a
wide range of contrast levels. The charts were illuminated by overhead fluorescent room
lighting that yielded a luminance of the white areas of the charts of approximately 105 cd-m,
which is in the recommended range for the test of between 80 and 300 cd-m™. Contrast acuity
was assessed monocularly with an opaque black eye patch covering the other eye during testing.

Contrast sensitivity was measured using a Visage visual stimulus generator with Metropsis
software and a 60-cm Boldscreen LCD display (Cambridge Research Systems, Cambridge, U.K)
The display was placed 6 m from the observer, and used a video resolution of 1920 x 1080 pixels
and an average luminance (dark plus light sine wave bar/2) of 100 cd-m™. Vertical achromatic
Gabor patches subtending 5° centrally, with sinusoidal gratings of 1.0, 2.0, 4.0, 8.1, and 16.1
cycles per degree (cpd) were used as stimuli. All subjects started SCS session with contrast
levels selected during piloting of 20% for 1 cpd and 8.1 cpd, 10% for 2 cpd and 4 cpd and 50%
for the high spatial frequency of 16.2 cpd. A two-alternative temporal forced-choice
psychophysical procedure was used, where the subject's task was to identify whether the
stimulus was presented on the screen during the first or second of two 1-s intervals, and to press
the left (“first”) or right (“second”) button on a response box. Targets were randomly presented
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in one of the intervals. Target presentation was for 500 ms within a raised cosine temporal
envelope of 1-s.

A dynamic psychophysical staircase with logarithmic steps was used. The stimulus contrast for
each spatial frequency started at a level that would be easily detected based on initial pilot tests.
At the beginning of the test, the stimulus contrast decreased 1.5 dB after every correct response.
After the first incorrect response, the staircase started a more strict criteria and the stimulus
contrast increased by 0.4 dB after every incorrect response and decreased 0.3 dB after every
correct response. During the test the five spatial frequencies were randomly interleaved, and the
session ended after six response reversals were recorded for each spatial frequency tested. The
thresholds were calculated by averaging the contrast values of the last four response reversals for
each grating, and contrast sensitivity was estimated as the reciprocal of the threshold values.

2.4 Data Analysis

The experimental design was a within-subjects design with results analyzed using a within-
subject analysis of variance (ANOVA). The independent variables for contrast acuity ANOVA
were Letter Contrast, Glare (No Glare/Glare), and Optical Material (including no optical
material). Separate analyses were completed for the haze standards and the LEP as well as an
analysis that combined both conditions. The dependent variable was visual acuity measured in
minimum visual angle. The same set of ANOVA’s was completed for contrast sensitivity data
with Spatial Frequency, Glare, and Optical Material as the independent variables and SCS as the
dependent variable.

In addition to the ANOVA, for the contrast acuity data, the decrement in minimum angle of
resolution (MAR) in minutes of arc between the baseline and each optical material (OM)
condition was determined at each letter contrast for the No Glare and Glare conditions. The
MAR differences were then plotted as a function of 1/contrast and linear regression was used to
obtain the slope of the difference functions for each OM for the No Glare and Glare conditions.
The slope values for each OM were then replotted as a function of the value of a scatter metric
for each filter for the No Glare and Glare conditions. In the plots the results for the haze
standards and LEP were treated as separate groups following Dykes et al.[4]

The contrast sensitivity data were treated similarly except that rather than determine differences
at each spatial frequency between baseline and each filter condition, the area under the contrast
sensitivity function (AUF) was determined for each trial and then the area differences from
baseline were determined for each OM for the No Glare and Glare conditions. The area
differences from baseline were then plotted as a function of a scatter metric for the No Glare and
Glare conditions separately. As with the MAR, the haze standards and LEP were treated as
separate groups. The glare condition is of particular interest as this is where a significant
difference in the slopes of the contrast acuity decrement versus haze functions between the
reflective LEP and haze standards was previously found.[4]
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Another analysis was also completed using the MAR and AUF results, but rather than compare
filter results to baseline, the differences in MAR or AUF between the No Glare and Glare
conditions (NG-G) was determined for each OM and plotted as functions of the scatter metrics.
The method for doing this for the MAR and AUF was slightly different. For the MAR, the
decrement between the No Glare and Glare conditions was determined at each letter contrast for
each OM and the differences (in MAR) plotted as a function of I/letter contrast. Linear
regression was used to obtain the slope of the difference function for each OM. The slope data
were then plotted as a function of each of the scatter metrics (haze, BTDF scatter greater than x°,
and C-Quant log (s)) and linear regression used to derive correlation data and determine which
metric best predicted the loss of acuity in the presence of glare. The analysis was simpler for the
contrast sensitivity data since AUF summarizes the entire function so the NG-G difference for
each filter condition was simply plotted as a function of the haze metrics. For both MAR and
AUF NG-G data sets, the haze tiles and LEP were treated as different groups. Multiple
regression analysis was subsequently used to determine if any one light scatter metric or a
combination of metrics best accounted for the contrast acuity or contrast sensitivity decrements
with glare.

3 RESULTS

As a first step in the analysis, the degree of correlation between the scatter metrics was
determined and those results are shown in Table 2. For both the tiles and LEP percent haze was
strongly correlated with both the C-Quant metric, log (s), and the total amount of scatter at
scatter angles of greater than 3°. The relationship between log (s) and BTDF scatter was also
very strong for the haze standards for total BTDF scatter at angles greater than 15°. There was
also a moderately strong association between log (s) and BTDF for the LEP but the amount of
angular scatter that provided the highest R* was the total scatter at >3°. The BTDF metric of
total scatter >3° accounts for the majority of all light scatter in the samples, whereas scatter >15°
is a measure of scatter at more peripheral light scatter. The high correlation for all of the pairs
for the haze standards suggests nearly equivalent results in predicting performance on the Regan
and SCS will be obtained with the three scatter metrics. For the LEP, the results suggest that
haze and BTDF scatter > 3° will yield similar levels of prediction and that log (s) will be likely
be less effective.

Table 2. Relationships between the scatter metrics for the haze standards and LEP

Correlation Pair Haze Standards R LEP R?
Haze/log (s) 0.973 0.873
Haze/ Scatter BTDF (>3°) 0.998 0.952
log (s)/Scatter BTDF (>15°) 0.954 0.768
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3.1 Regan Contrast Acuity

The contrast acuity results, in number of letters read on the charts at each letter contrast, was
converted to acuity expressed as MAR in minutes of arc. Lower numbers indicate better acuity.
Figure 1 shows the results for the No Glare and Glare conditions for the LEP and Figure 2 shows
the results for the haze standards (referred to as Tiles in all figures). Figure 3 and Figure 4 show
the same data but plotted as a function of 1/letter contrast (contrast sensitivity). Converting letter
contrast to contrast sensitivity accounts for the non-linear response of the visual system to
contrast and also allows for better visualization and comparison of the results.

—e— Base NG

o
a4
E --@--Base G
% 3.5
- NTU-10 NG
o 3
s § e NTU-10 G
c 25
§_ 2 BO NG
s +—-— - M BOG
i} 1 A-LH NG
o5 + v+ — ¥ @ o e A-LHG
0 . T . . A-HH NG
100 80 60 40 20 0 _____. A-HH G

Letter Contrast (%)

Figure 1. Resolution in minutes of arc visual angle as a function of letter contrast on the
Regan charts for the baseline and five LEP used in the study. Solid lines indicate results for
the No Glare (NG) condition; dashed lines the Glare (G) condition. Error bars on the

baseline functions are +1 sd
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Figure 2. Same as Figure 1 except results are for the neutral density filter (NDF) and the
four haze standards (Tiles in the legend). Solid lines indicate results for the No Glare (NG)
condition; dashed lines the Glare (G) condition. Error bars on the baseline functions are
+1 sd. The baseline results are the same as shown in Figure 1
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Figure 3. Data from Figure 1 for the LEP replotted as a function of the reciprocal of letter
contrast (contrast sensitivity). Solid lines indicate results for the No Glare (NG) condition;
dashed lines the Glare (G) condition. Error bars on the baseline functions are 1 sd
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Figure 4. Data from Figure 2 for the haze standards (Tiles) replotted as a function of the
reciprocal of letter contrast (contrast sensitivity). Solid lines indicate results for the No Glare
(NG) condition; dashed lines the Glare (G) condition. Error bars on the baseline functions
are 1 sd

Figure 3 and Figure 4 illustrate the main effects of letter contrast, glare, and OM. For both the
No Glare and Glare conditions, as letter contrast decreased so did acuity, and this was true for
both the LEP (F(1.5,13.3)=430.030, p< 0.001) and the haze standards (F(1.6,14.3)=400.638, p<
0.001). The impact of adding glare was to significantly reduce acuity compared to the No Glare
condition, primarily at the lower letter contrasts. Starting at about 25% letter contrast, acuities
for the Glare condition begin to separate from the No Glare results for both the LEP F(1,9)=
31.003, p< 0.001 and haze standards F(1,9)= 43.166, p< 0.001. This resulted in glare functions
with steeper slopes and a significant interaction effect between letter contrast and glare for the
LEP (F(4,36)=25.620, p< 0.001) and haze standards (F(4,36)=41.461, p< 0.001).

The significant main effect of OM (LEP, F(1,9)= 6.307, p= 0.033; haze standards, F(1,9)=
15.138, p= 0.004) occurred because acuity for the baseline no filter condition was generally
better than with LEP or the haze standards. Although the separation of acuity from baseline with
the LEP is greater at the lowest letter contrast in the Glare condition that did not result in
significant interactions between OM and contrast or between OM, contrast, and glare. For the
haze standards, however, acuity clearly separated from baseline at lower letter contrasts
(filter*contrast F(2.05,18.45)=3.679, p=0.044). At the same time, the three-way interaction was
not significant; indicating the separation in the No Glare and Glare conditions maintained the
same ordering of the haze standards by largest to smallest differences. Finally, difference in
acuity between baseline and OM is larger in the Glare than No Glare condition and that is
reflected in significant interactions between OM and glare for the LEP F(1,9)= 5.330, p= 0.046
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and haze standards F(1,9)= 14.415, p= 0.004). The NDF was not included in the ANOVA, but
contrast acuity results obtained with it are included in Figure 2 and Figure 4.

As described earlier, the next step was to determine differences in MAR between baselines and
the OMs for the No Glare and Glare conditions as well as the differences in MAR between the
No Glare and Glare conditions for each OM. The difference data were then plotted as a function
of 1/contrast and the slopes and goodness of fits were determined using linear regression.
Examples for the MAR differences between baseline and OMs in the Glare condition are shown
for the 10% and 20% haze standard tiles in Figure 5. The slope data for each OM were then
replotted as a function of each of the scatter metrics for the No Glare and Glare conditions, with
LEP and haze standards treated as separate groups.

3
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— R =0.9678
2
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= eT-10
AT-20
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0.00 0.05 0.10 0.15 0.20 0.25 0.30
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Figure 5. Examples of linear regression fits for the MAR difference from baseline data for
the 10% and 20% haze standards (T). The insets show the regression results for slope (y),
intercept and correlation (R?)
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Figure 6. Examples of linear regression fits for the MAR difference between the No Glare —
Glare condition for 10% and 20% haze tiles. The insets show the regression results for slope
(y), intercept and correlation (R?)

The difference function slope data for the LEP and the haze tiles treated as separate groups were
then plotted against each of the haze metrics, and the resulting functions fit by linear regression.
Figure 7 and Figure 8 show the difference from baseline function slopes plotted against % haze
for the No Glare and Glare conditions, respectively. The haze tiles group showed a positive
correlation for both Glare conditions, and the fit was very good overall (R* > 0.93). In contrast
the fit for the LEP group overall was poor (R* < 0.012) and had a negative slope in the No Glare
condition and a slope near zero in the Glare condition.

Figure 9 shows the NG-G difference function slopes for the same two filter groups. For the haze
tiles the correlation coefficient was very high (R* = 0.97) and moderate for the LEP at 0.43. The
slopes of both functions were greater than zero with the haze standard slope being approximately
twice that of the LEP group.

Similar fits to those shown in Figure 7 to Figure 9 were completed with BTDF measurements
and log (s) as the scatter metrics against which the slope data were plotted and linear regression
fits calculated. Rather than show a large number of graphs, the slope and R’ data are
summarized in Table 3, Table 4, and Table 5. Table 3 contains the results for the percent haze
metric example that were described for Figure 7 to Figure 9, Table 4 shows the results for scatter
metrics derived from the BTDF and Table 5 shows the results for log (s).
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Figure 7. Baseline difference function slopes, No Glare condition, for the LEP and haze tiles
groups plotted against percent haze. The solid lines are the linear regression lines and insets
show the regression results for slope (y), intercept and correlation (R?)
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Figure 8. Baseline difference function slopes for the LEP and haze tiles groups, Glare
condition, plotted against percent haze. The solid lines are the linear regression lines and
insets show the regression results for slope (y), intercept and correlation (R?)
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Figure 9. Slopes of the No Glare — Glare (NG-G) difference functions for the LEP and haze
standards plotted against percent haze. The solid lines are the linear regression lines and
insets show the regression results for slope (y), intercept and correlation coefficient (R?)

In general the difference slope data for the haze tiles were well fit by any of the scatter metrics
although the lowest R? were obtained using percent haze for the baseline differences, but with
scatter >2° derived from the BTDF for the NG-G difference. Another feature of the data for the
haze tiles is that the lowest R* values for all metrics were for the baseline difference data for the
No Glare condition. For the LEP, no metric was a good predictor of the baseline difference
function data in the No Glare condition. For both the baseline difference function data in the
Glare condition and the NG-G differences, the scatter >15° metric derived from the BTDF data
provided the best fits to the LEP results.

Table 3. Haze: Slopes and R? from the linear regression fits to the baseline MAR difference
function and NG-G MAR difference function slope data plotted against percent haze. See
text for details and Figure 8-10 for examples that include the same results

BASE DIFF | BASE DIFF

NO GLARE GLARE NG-G DIFF
LEP Slope 0.140 0.011 0.150
R? 0.179 0.0007 0.430
TILES Slope 0.112 0.453 0.352
R’ 0.935 0.997 0.972
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Table 4. BTDF: Slopes and R? from the linear regression fits to the baseline MAR difference
function and NG-G MAR difference function slope data plotted against scatter >15° for LEP
and scatter >2° for haze tiles. See text for details and Figure 8-10 for examples

BASE DIFF | BASE DIFF
NO GLARE | GLARE | NG-GDIFF
LEP Slope 2.24 8.56 6.35
R 0.065 0.491 0.986
TILES Slope 0172 0.695 0.544
Rz 0.023 0.092 0.087

Table 5. Log (s): Slopes and R? from the linear regression fits to the baseline MAR
difference function and NG-G MAR difference function slope data plotted against C-Quant

log (s). See text for details and Figure 8-10 for examples

BASE DIFF | BASE DIFF
NO GLARE | GLARE | NG-GDIFF
LEP Slope 121 5.185 639
R 0.012 0.115 0631
TILES Slope 2.67 11.10 8.65
Rz 0.846 0.956 0.945

Within each OM type, LEP or haze tiles, looking across all three tables, the “best predictor”
(highest R?) for each difference comparison method is shown in bold. For the LEP, haze was the
best predictor for the difference between the baseline and No Glare condition while BTDF was
best for the other two differences. For the haze standards, percent haze was the best predictor of
performance for the difference between the baseline and No Glare condition, and between
baseline and Glare condition while BTDF was the best predictor for the NG-G difference.
Although log (s) provided good prediction of performance for the difference functions where
glare was involved it was never the best predictor among the three types of scatter metrics.

3.2 Spatial Contrast Sensitivity (SCS)

The results of the SCS test for the LEP and haze standards plus NDF groups are shown in
Figure 10 and Figure 11, respectively. The results for the No Glare condition are plotted as solid
lines and the for the Glare condition as dashed lines. The ANOVA revealed no significant main
effect of OM for either the LEP or haze standards. There were, however significant effects of
Glare and Spatial Frequency. The Glare effect for the LEP (F(1,9)= 14.512, p= 0.004) and the
haze standards (F(1,9)= 22.035, p= 0.001) is easily observed in Figure 10 and Figure 11, where
the functions for the Glare condition generally lie well below the functions for the No Glare
condition on the sensitivity axis. The main effect of spatial frequency was expected; the SCS
functions are characterized by having greater sensitivity at mid spatial frequencies than at low
and high spatial frequencies. Finally, there was a significant interaction effect between Spatial
Frequency and Glare for both the LEP (F(3.7,22.3)= 3.670, p= 0.016) and haze standards (F(3.4,
30.3)=5.027, p= 0.005). The interaction indicates that the decline in sensitivity with glare was
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not of the same magnitude at all spatial frequencies. For the LEP (Figure 11) it appears as
though the loss at the highest spatial frequency was less than at several of the lower spatial
frequencies. For the haze standards, the loss at the two highest spatial frequencies appears to be
smaller than the loss at lower frequencies.

The generalized loss of sensitivity with glare resulted in significant changes in the AUF for all
test conditions. Like the analysis of the contrast acuity data, two types of comparisons were
completed. The first comparison looked at the differences in filter AUF compared to baseline for
the No Glare and Glare conditions, while the second compared the difference in AUF between
the No Glare and Glare conditions (NG-G) for each OM.

The LEP and haze standard AUF differences from baseline for the Glare condition are plotted in
Figure 12 against percent haze to illustrate some of the results, and the linear regression fits to
the data. Similarly, Figure 13 shows an example of the LEP and haze standard differences in
AUF between the NG-G conditions plotted against percent haze, and the linear regression fits to
the data.

1000.0
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Figure 10. SCS function for the LEP in the No Glare (NG) and Glare (G) conditions
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Figure 11. SCS function for the haze standards (Tiles) in the No Glare (NG) and Glare (G)
conditions

All of the linear fit results for the AUF differences from baseline, No Glare and Glare conditions,
and the NG-G within filter comparison are summarized for the scatter metrics, percent haze,
BTDF scatter, and log (s) in Table 6, Table 7, and Table 8. For the haze standards, all of the
scatter metrics provided good fits to the data for comparisons in the Glare condition with BTDF
providing the best (R* > 0.98). For the LEP, the best fit for Glare condition comparisons was
obtained with the scatter metric derived from the BTDF, although log (s) was nearly as good for
the baseline to LEP comparison for the Glare condition. For the baseline to LEP comparison for
the No Glare condition, none of the metrics provided good prediction of the results with the
highest R* = 0.105 was given by the log (s) metric.
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Figure 12. The difference in AUF between the baseline and OM’s in the Glare condition
plotted against haze (%o) for the haze standards (Tiles) and LEP
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Figure 13. The differences in AUF between the No Glare and Glare conditions plotted
against haze (%) for the haze standards (Tiles) and LEP
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Table 6. Haze: Slopes and R? from the linear regression fits to the baseline AUF difference
function and NG-G AUF difference function slope data plotted against percent haze.

BASE DIFF | BASE DIFF

NO GLARE GLARE NG-G DIFF
LEP Slope 0.009 0.057 0.048
R? 0.004 0.372 0.135
TILES Slope -0.021 0.093 0.115
R? 0.560 0.981 0.983

Table 7. BTDF: Slopes and R? from the linear regression fits to the baseline AUF difference
function and NG-G AUF difference function slope data plotted against scatter >2°, >12° and
>12° for LEP and scatter >2°, >15° and >8° for haze tiles for the three comparisons,
respectively. * Indicates virtual tie with R? for same comparison with log (s) in Table 7

BASE DIFF | BASE DIFF

NO GLARE | GLARE | NG-GDIFF
LEP Slope 1.770 1.984 2.197
Rz 0.067 0.715% 0.452
TILES Slope 0.035 3241 0921
R 0625 0.984 0.994

Table 8. Log (s): Slopes and R? from the linear regression fits to the baseline AUF difference
function and NG-G AUF difference function slope data plotted against C-Quant log (s).
* Indicates virtual tie with R? for same comparison with BTDF in Table 6

BASE DIFF | BASE DIFF

NO GLARE GLARE NG-G DIFF
LEP Slope -1.625 2.730 1.104
R? 0.103 0.713* 0.060
TILES Slope -0.482 2.287 2.769
R? 0.454 0.942 0.916

4 DISCUSSION

In a previous study Dykes et al.[4] reported differences between reflective LEP and haze
standards in the amount of acuity decrement from baseline as a function of measured haze when
an external glare source was present. For the reflective LEP the level of decrement increased at
more than twice the rate as haze increased than it did for the haze standards. A set of LEP that
incorporated absorptive technologies gave results nearly identical to those of the haze standards.
In addition, for the haze standards, percent haze accounted for nearly 99% of the variance in
performance with glare present. The amount of variance accounted for by haze for the reflective
LEP was less at 75% and this coupled with the large difference in rate of acuity loss suggested
that another factor in addition to haze may be contributing to the rapid acuity decline with glare.
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The present study set out to partially replicate the Dykes et al., study using a similar set of haze
standards (same type, same manufacturer) but a different set of reflective LEP, an additional
measure of spatial vision, and two additional measures of light scatter besides percent haze. The
idea of looking at other scatter metrics was to determine if they might better account for the
results. The spatial CSF was added to break spatial vision down into individual frequency
components that cannot be achieved with letter stimuli, which consist of more than one spatial
frequency.

Some results of the present study obtained on the contrast acuity test with the haze standards
compare well with the findings of Dykes et al., but others for the LEP do not. Like Dykes et al.,
we found in the comparisons to baseline, almost no correlation in the No Glare condition
between percent haze and decline in acuity as letter contrast decreased for both the LEP and haze
samples. When glare was a factor, percent haze was an excellent predictor of the decline in
acuity for the haze samples. This correlational finding was true whether the comparison was
with the baseline or a more direct analysis within filter comparison between the No Glare and
Glare conditions. For the LEP there was almost no association between percent haze and change
in acuity for the comparison with baseline in the Glare condition. In contrast, Dykes et al found
a relatively strong association with the major difference to the haze standards being the rate of
acuity decline with measured haze. It is difficult to explain this difference other than that we
used a different, and smaller, set of reflective LEP, although our set covered a wider haze range.
It is possible that PLT may have contributed to the Dykes finding as three of their seven LEP has
PLT in the low-to-mid 40% range and they generated the largest fall-offs in acuity as letter
contrast decreased. However, our LEP set had one filter with a PLT in the same range and with
higher percent haze than any of their reflective samples; but in terms of acuity performance, this
filter gave the best result of our LEP group in the Glare condition.

On the other hand if the direct effect of glare on acuity with LEP was analyzed, then the
association with percent haze improved significantly, although this was not to the level reported
by Dykes et al. What we found is that for the LEP, the total amount of scatter at angles greater
than 15° provided the strongest association with acuity performance in glare for both the baseline
and direct NG-G comparisons. For the baseline — LEP comparison, scatter >15° accounted for
approximately 50% of the variance in performance and for the direct NG-G comparison provided
nearly all of the variance (98.6%). Log (s) also had a moderately strong correlation with change
in performance in the NG-G comparison, but given the very strong association for scatter >15°,
would not likely improve prediction in a multi-predictor model. However, combining log (s)
with the BTDF scatter metric may improve prediction for the Baseline-LEP comparison for the
Glare condition.

For SCS, the associations of the scatter metrics with changes in the AUF between baseline — LEP
and NG-G with the haze standards were strong for the two comparisons for the Glare condition.
All of the scatter metrics were strongly associated with changes in AUF with glare with all R* >
0.91. However, total scatter at angles >15° and >12° yielded the highest correlations. In
contrast, for the NG-G MAR comparison total scatter >2° worked best. Presently, it is not clear
why scatter at more peripheral angles was a better predictor for AUF differences and cumulative
scatter at nearly all angles measured worked best for MAR.
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Scatter from the BTDF at peripheral angles was also the best predictor of SCS performance
change for the two glare comparisons, although log (s) was nearly as good for the Baseline-LEP
Glare condition and a two-factor model may improve the correlation. For the Baseline-LEP No
Glare condition, none of the scatter metrics showed more than a weak association with
performance change. Those associations were stronger for the haze standards but only
moderately strong and the best was percent haze.

The ability of scatter metrics derived from the BTDF to best account for changes in CA and SCS,
with reflective LEP in the presence of glare, suggests that this measurement should be made as
part of the process of optical testing of laser eye protection. Percent haze, the traditional
measure, was not particularly effective and for the most part neither was log (s). It seems that for
the reflective LEP, scatter at more peripheral angles than those represented in log (s) is an
important factor influencing visual performance in glare. However, prior to development of a
BTDF requirement for reflective LEP more devices over a wider haze range need to be tested.
The present study only assessed four LEP; a minimal number for conclusions to be derived from
regression analysis. Also the LEP tested were all dielectric stack technology. Holographic
reflective technology should also be evaluated as should LEP with mixtures of absorptive (dyes)
and reflective technologies, as well as LEP with different placement of the reflective technology
with respect to the substrate. For example, some military LEP consist of two elements, a cap and
a base with the dielectric coating sandwiched between them while other LEP have only one
element with the dielectric either on the outer or inner surface. There are also differences in
components of LEP, such as anti-reflective coatings, that could impact the BTDF.

The objective data collected in this study need to be accompanied by subjective data on observer
ratings of scatter/haze and acceptability of the LEP for use in the cockpit. Pilot data on one LEP
and a haze standard with relatively high levels of haze, 7.8% and 6.5%, respectively, collected by
Gregg Irvin (personal communication, 2015) yielded an interesting result. The LEP reduced
acuity and contrast sensitivity less than the haze sample, but, in an outdoor setting, was rated as
having lower visibility and higher haze. The differences were attributed to differences in the
distribution of scatter in the two OM with the LEP having relatively more scatter at peripheral
angles than the haze standard. The distribution of scatter in the LEP used in the present study
compared to the haze standards (see Figure 14) indicates a similar difference with relatively
more scatter at peripheral angles in the LEP and suggests, for the subjective rating of visibility
and perceived haze, a result similar to that obtained by Irvin. At the same time, however, our
results (see Figures 9 and 13) indicate that LEP with haze levels < 5% will yield visual
performance equivalent to or worse than the haze standards. Whether or not this will effect
subjective ratings needs to be determined with additional LEP, more subjects, and the assessment
conducted occurring in better controlled conditions.

Another factor that needs to be considered is what comparison is most relevant to effects on
vision under operational conditions. Is it the effect of OM’s relative to no OM’s (baseline) with
glare present that is most important or simply the effect that glare has compared to no glare for a
specific OM? An argument can be made that both comparisons are important and, in the present
study, both were analyzed. The comparison of performance with LEP versus baseline is
important to quantifying the cost of putting on an LEP while the NG-G comparison provides
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important information for aircrew on what to expect while wearing LEP in changing glare
conditions. For the haze standards, the drop off in performance for either comparison was
relatively well accounted for by any one of the scatter metrics. For the LEP, there were some
large differences between the comparisons in how well a particular metric predicted the drop in
performance with glare. This was particularly true for log (s).
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