AD-758 347
MILITARY STANDARIZATION HANDBOOK, REAL TIME

ELECTRO-OPTICAL IMAGING SYSTEMS TUTORIAL
GUIDE TO THE SPECIFICATION OF PERFORMANCE

Philco-Ford Corporation

Prepared for:
Department of the Army

16 December 1971

DISTRIBUTED BY:

Natienal Technical information Service
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151




S

AD 75834%

MILITARY STANDARDIZATION HANDBOOK
REAL TIME ELECTRO-OPTICA'. IMAGING SYSTEMS

TUTORIAL GUIDE TO THE SPECIFICATION OF PERFORMANCE

.4" -
= L "aﬂl.},';’ l-._
v o —— | |
LR ST [ |
—— b | f ——

)
)/

Philco-Ford Corporation

PHILCO - Aeronutronic Division

Newport Beach, Calif. - 92663

NATIONAL TECHNICAL
INFORMATION SERVICE

Do parte-d ot oo
Ubl u‘. ans

7l



PROPOSED MIL-HDBK-
16 December 1971

Note: This draft, dated 16 December 1971, proposed
by Philco-Ford Corporation, has vot been approved
and i{s subject to modification., DO NOT USE PRIOR
TO APPROVAL.

MILITARY STANDARDIZATION HANDBOOK
REAL TIME ELECTRO-OPTICAL IMAGING SYSTEMS

TUTORIAL GUIDE TO THE SPECLFICATION OF PERFORMANCE

DARKE/~T)-( -0 ¥ 33

Details of lilustrotions in
thts document mey be bettor
studied on microfiche,



DEPARTMENT OF DEFENSE
WASHINGTON 25, D.C.

MIL-HDBK-

Real Time Electro-Optical Imaging Systems,
Tutorial Guide to the Specification of Performance
16 December 1971

1. This standardization handbook was developed by Aeronutronic Division
of Philco-Ford Corporation, for the U. S, Army Missile Commard, Redstone
Arsenal, Alabama, on Contract No. DAAHOLl-71-C-=0433.

2, This document provides basic and fundemental information on the
use and performance of real time electro-optical imaging systems. It will
provide a comprehensive overview of the real time imaging problem for
individuals with no assumed prior background in imaging system design or
terminology. The handbook {s not intended to be referenced in purchase
.specifications except for informational purposes, nor shall it supsreede
any specification requirements.

3. Every effort has been made to reflect the latest techniques of
analyzing real time imaging systems. Users of this documsnt are encouraged
to report any errors discovered and any recommendations for changes or
inclusions,
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PREFACE

For relevant information to be successfully applied to the definition of
complex systems, the information must be known to exist and must be in s
convenient form for ready application to the problem at hand. Direction
from those {ndividusls who maintain an expertise in the discipline is
probably the most efficient and competent manner to spply existing know-
ledge to the definition of the problem; but the history of electro-optical
system developments is fraught with those cases where nonspecialists were
impressed into service to make specification, design and procurement deci-
sions bared upon the limited information available to them. As qualified
individuals are developed in government laboratories and in industriasl
organizations, the substantial portion of the lack of competence problem

at the working level will disappear. There will remain many individuals

in various decision levels who sre not familiar with electro-opticasl
imaging systems, that will be making deciefons that will influence imag-
ing system design and procurement. Though these individuals may have access
to excellent technical support, they may be prevented from successfully
utilizing this support due to the absence of any technical grounding in the
discipline.

Electro-optical, real time imaging systems were identified in a U.S. Army
Missile Command Phase I Study* as an area where additional reference mater-
fal would be of significant benefit in reducing specification and procure-
ment problems induced by lack of competence at the various decision levels.
Large amounts of material regarding imaging systems are already available,
but it was clear from the Phase I study that the available information was
not being used. Most of the information 1is dispersed and fragmented; and
without a thorough grounding in the discipline, effective appiication of
the material would be difficult. As a result of the Phase I findings,
Phase II of the program was initiated with one of the goals being the gen-
eration of a document that would hopefully provide a coherent, comprehen-
sive, readable over-view of the real time imaging problem for individuals
with no assumed prior background in imaging system design or terminology.

*Asch, et al,, Manufacturing Methods and Technology Study Covering Produc-

tion and Inspection for Infrared Components, U.S. Army Missiie Com.and,
1E-TR-70-1 (October 1970).
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SECTION 1

INTRODUCTION

1.1 SCOPE

This document will limit itself to the treatment of three types of electro-
optical sensor systems used in real time applications with a human observer
as the interpreter of the imaged data. These sensors are television (empha-
sis on low light level), image converters (intensifiers or direct view
devices), and Forward Looking Infrared (FLIR). The emphasis of the hand-
book is the military application of these systems although much of the mate-
rial covered has general applicability.

1.2 PURPOSE

This document is concerned with providing a coherent overview to electro-
optical imaging systems., This document should not be construed as an in-
depth reference work, although some data and analyses are included where
appropriate. The document may also be used as a checklist, The checklist
concept brings to the evaluation of an imaging system an ordered, compre-
hensive reference against which the specialist and manager can compare
system analyses and design for completeness.

1.3 ORGANIZATION

This document is structured for individuals with a technical background

but with no particular experience in electro-optical imaging systems. The
user is introduced to the subject in a very qualitative manner (Section 2)
and is then introduced to fundamental concepts and terminology of real time,
electro-optical imaging systems. The user is then exposed to the more
detailed and quantitative aspects of real time electro-optical imaging sys-
tems and components thereof.
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Section 2 i{s a qualitative description of the real time, electro-optical
imaging problem. It introduces the user to system comporents and consid-
erations which ars covered in greater depth in Section 4.

Section 3 provides tutorial information on concepts and terminology which
are essential to understanding the literature (and thus Section 4) of
electro-optical imaging systems. This section'is of the nature of an
introductory text, and as such, most of the material is general in nature
and is therefore not heavily referenced.

Section 4 is a logical development of the considerations that apply to the
determination of an appropriate imaging system design. Section 4 considers
observer requirements, system components, external factors such as atmoshere,
and elementary system analyses. Section 4 is the most quantitative of all
the sections and is heavily referenced for those individuals who wish to dig
deeper.

la 1.2



SECTION 2

OVERVIEW

2.1 ELEMENTS OF THE REAL TIME IMAGING PROBLEM

2.1.1 General

The essence of the real time imaging problem is to use the available optical
radiation (visible or infrared) from a target located in a backyround, which
is also radiating, to form a usable image for an ovserver. Elements of a
sensor system image the target radiation and convert it into an electrical
signal which is processed to a form compatible with a selected display.

Tnis process is completed in a time frame which is very short compa>ed co
the observer's reaction time. The basic components of the problem are
illustrated in Figures 2,1-1 and 2.1-2.

The imaging problem extends beyond the obvious elements in the information
flow to include the observer's environment and limitations, mission deter-
mined parameters, and costs. Whether or not the observer can properly do
his job includes such factors as viewing time available to him, display
and/or observer motion (consider the situation of an observer in a tank

on the move), fatigue and observer experience. The mission type may impose
certain physical and performance constraints, such as portability for hand-
held devices or long range target detection for high performance aircraft,
in defining the solution for a particular imaging problem.

2.1.1.1 Target and Atmosphere

Radiation from the target and background for imeging purposes comes from
either reflection of incident light from radiation sources (such as the sun

or artificial illumination) or self-radiation from the target and background
themselves. The latter type of radiation, utilized by Forward Looking

2.1-1
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Infraved (FLIR), results from the temperature of the imaged objects and is
frequently termed thermal radiation. Television cemeras and image con-
* 'rters use reflected radiation to form their images.

The atmosphere alters the radiant information by absorption and/or scat-
tering and by adding to the target and background radistion sdditionsl
radiation from other sources.

2.1.1.2 The Sensor System

The sensor (radiation transducer) system transforms the transmiited radia-
tion information into an electrical anslog signal, usually called the video
sigrial, which can be used to construct an image on a display in a menner
similar to a commercial television system. The direct view intensifier
transforms the transmitted radiation into an observable image in the device
itself. A separate display component {s then not required.

The sensor system will consist of optics (lenses or mirrors) to image the

received radiation, a photosensor (detector array, TV camera tube or image
incensifier) located st the aforementioned image, processing electronics,

and in some configurations a display.

2.1.1.3 The Displayed Image

All components in the image chain will modify the information of the {nit{ial
target radiation. As such the displayed image is not an {dentical represen-
tation of the target in its environment. It is the intent of the system
design to provide an image with sufficient information content and adequate
quality to be usable to the observer.

2.1.2 ADVANTAGES OF AN IMAGING SYSTEM OVER THE EYE

2.1.2.1 1Incressed Radistion Gathering Capability

The human eye is limited to a maximum aperture dismeter of 6mm (less than
1/4 inch) while apetture dismeters of electro-optical systems are typically
several inches and can be a foot or more. Since the smount of radiation
gathered to form the image is proportional to the area of the aperture,
some electro-optical systems can work effectively in situastions where the
eye is darkness limited. The image information obtained under low light
level conditions usually can be displayed at a light level coasistent with
observer requirementes,

Some electro-optical systems can have the additional advantage of being
able to sense radiation in the infrared that {s invisible to the human eye.
This characteristic of electro-optical systems cen be utilized to take
advantage of transmission "windows' in the atmosphere (Section 3.1) and can
provide an element of covertness where the target srea must be artifically
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{lluminated (Paragraph 4.3.2,2)., In the case of FLIR systems, thermal
gradients in the target scene permit & visible image, representing the
thermal gradient information, to be presented to this observer.

2,1,2.2 Magnification

The human eye {s limited in its ability to resolve detail. In military
applications the long detection ranges required will often result in the
target's angular size being below the size threshold of the human eye.

The threshold size is a variable and depends upon target characteristics
and viewing conditions for the observer (Paragraphs 4.1.1 and 4.1.2). It
is possible to increase tihe angular size of the target as it is viewed on
the display by using the image forming optics and sensor to magnify the
target scene and by increasing the display size. The degree of magnifica-
tion is usually limited by physical conusiderations such as the size of the
optics or tradeoffs with other optical system parameters such as field of
view (the angular measure of the total scene being displayed.

2.1.2.3 Remote Location

Use of an electro-optical viewing system allows the flexibility to place
an {maging sensor where it is inconvenient or dangerous to place a human
observer and where observer vision may be obscured but {s needed.

2.1.3 TYPES OF MISSIONS WITH REAL TIME IMAGING REQUIREMENTS

The following mission types are broadly described and should not be inter-
preted as being rigid mission definitions with definite imaging require-
ments for each type. The different mission types may dictate different
imaging requirements which would be reflected in the imaging system
design. 1In many cases a specific imaging system may provide sufficient
flexibility to permit the displayed image to be useful for different mis-
sion types or alternatively, different phases of the same mission. Gen-
erally, this flexibility comes in the form of change in the field of view
(magnification change) of the system which allows the operator to go from
a search mode to recognition or attark mode after a target has been
detected.

2.1.3.1 Navigation

A navigation display would give to the pilot (driver or helmsman) an image
closely representing the ''real world" and would cover a rather large field
of view (Paragraph 4.4.1.3) of the terrain that the aircraft (vehicle) is
about to enter. One should be most interested in realistically presenting
broad geographic features (roads, rivers, etc.,) of navigational interest

in such a manner as to minimize disorientation of the pilot (i.e., the dis-
play should be referenced to the horizon).
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2,1.3.2 Reconnaissance

Reconnaissance is generally taken to mean the detailed inspection of ter-
rain to locate and 1Jentify resources of tactical interes.. Because the
information desired must be very accurate and the resources of interest
(bridges, installations, etc.) are not usually mobile, high quality day-
time {maging from nonreal time systems is preferred, although specific
circumstances may require this i{nformation on a real time bawis. Recon-
naissance information is then used to prepare appropriate defensive and
offensive plans such as briefed air strikes against specific targets.

2.1.3.3 Surveillance

Surveillance is concerned with what is happening at a given moment and the
attempt {s made to continually monitor activities of interest. 1In military
applications the surveillance target is often mobile and action against
that target must come from the information available to personnel in the
surveillance vehicle., (This type of mission is glso often referred to as
armed reconnaissance.) There is therefore a strong requirement for real
time imagery. The surveillance vehicle may be armed and free to attack

to disrupt enemy support activities (interdiction).

2.1.3.4 Attack

The electro-optical system can also provide a display to allow night
attacks or to provide a medium for actively guiding weapons. The empha-
sis of this mode is to provide detailed information about the target and
a tracking aid at safe attack or standoff ranges, Normally this type of
system would have smaller fields of view to attain the required high
magnification.
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2.2 OBTAINING THE OPTIMUM SOLUTION FOR A REAL TIME IMAGING SYSTEM

In addition to the constraints and boundaries imposed upon the imaging
system by physics as discussed in Paragraphs 2.,1.1 and 2.1.2; constraints
of cost, schedule missfon type and system interfaces will also impose
boundaries upon the ultimate definition of an imaging system. Unless all
the boundaries have been identified and well chosen, the resultant system
design is likely to be less than optimum. One of the options that should
remain open to the system designer is the freedom to perform design versus
operational tradeoffs., Once the designer has received a closed ended
specification many of the boundaries, realistic or otherwise, are already
determined for him, and he will be limited to mere performance apportion-
ment tradeoffs between system components. The freedom of the system
designer to perform design/operational tradeoffs usually depends upon the
phase or state of system development. Study and development phases should
provide the designer as much latitude as possible,

By means of system analyses the system engineer or designer will apportion
performance parameters consistent with mission requirements, costs and
schedule (see Paragraph 4.7.1). Appropriste testing should be conducted

to verify and define models and at appropriate stages of system development
to verify the results of the system analyses.

When evaluating the performance of competitive systems or components, it.
is imperative that the analyst be aware of the assumptions and models
involved in the analyses of the individual systems in order that he may
make appropriate adjustments to put the expected performance results on a
common basis,
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SECTION 3

BASIC CONCEPTS

3.1 SPECTRAL CHARACTER

Subsection 3.1 is an introduction to the concept of spectral
character as it applies to the imaging task. Perceived color
is an example of spectral character, and this concept is
extended to include optical radiation outside the range of
human vision. The subsection includes discussion on the
accepted models of light for describing the interaction of
optical radiation with matter and on the spectral properties
of light sources, the atmosphere and imaging system elements.

3.1.1 THE SPECTRAL NATURE

The sensation of color perceived by the human eye is related to the char-
acter of light known as wavelength, the physical measure of which is usu-
ally denoted by the lower case greek symbol A. A change in wavelength of
sufficient magnitude results in a change in perceived color so long as the
wavelength is restricted to the range of wavelengths which are visually
perceptible., This visible range of wavelength extends from violet

(A = 0.40 micrometer or 0.40 x_lO'6 meters) to deep red (A = 0.70 microm-
eter) for normal vision. The term "spectral" is the descriptive adjective
which applies to effects of optical radiation which are dependent upon the
specific value of wavelength., Specific distributions +f light from radia-
tion sources (such as lamps or the sun) as a function f wavelength are
designated spectra. A spectrum may be continuous as in the case of the
sun or a tungsten lamp or it may exist at discrete or specific wavelengths
in which case it is a line spectrum (see Figures 3,1-1 and 3.1-2). The
concept of spectra, spectral distributions, and spectral sensitivity (for
optical radiation detectors) extends beyond visible radiation and is used

3.1-1
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in describing sources and detectors of optical radiation from X-rays and
gamma rays (A = 10-10 meters) at shorter wavelengths to the far infrared
(A = 104 meters) at ‘onger wavelengths.

Wavelength is measured in metric units but several prefixes may be used.
Micrometer (10'6 meters) is the most common unit for infrared radiation.
Visible radiation is ccumonly measured in angstroms, nanometers or microm-
eters. Equivalence values of these units are found in Table 3.1-1,

TABLE 3.1-1

EQUIVALENCE VALUES OF COMMON MEASURE OF WAVELENGTH

Micron (M)* Nanometer Angstrom
(10-6 meters) (10-9 metaers) (10-10 meters)

1 Micrometer 1 1000 10,000
(10-6 meters)

*This traditional unit is being deemphasized for current usage.

3.1.2 MODELS FOR DESCRIBING OPTICAL RADIATION

The nature of light and its interaction with matter cannot be satisfactorily
described by a single model. Modern physics has accepted the necessity of
describing light in terms of a dual nature., 1In some instances light behaves
or is accurately described by a model which considers light to be a wave
transverse to the direction of energy flow. In this model wavelength then
describes the distance required to complete one cycle of vibration of the
transverse wave; and as the speed of light in & vacuum i{s a constant for

all wavelengths, wavelength is inversely proportional to the frequeancy of
optical vibration. In this model energy is proportional to the square of
the amplitude of the transverse vibration. (See Figure 3,1-3.)

The other model pictures light as particles or packets of energy called
quanta. (See Figure 3,1-4,) If the light level {s sufficiently low, the
arrival of light quanta onto & s<r.ing surface is described by statistical
laws. This model is needed to explain the results of interactions of light
with materials which free electrons when irradiated. The statistical
nature of light can be seen by viewing a low light level scene with a low
light level (LLL) imaging system where the noise or granularity in the pic-
ture is determined by the arrival rate of light quanta (see Paragraphs 3.4
and 4,1.2,4)., The term wavelength (A\) is applicable in this model as a
measure of the energy in each light quantum. The shorter the wavelength,
the higher the energy in the light quantum. The relationship is

Q = hc/A

quantum

3.1-4
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where ¢ is the speed of light in a vacuum and h is a constant designated
Planck's constant. Units are assumed to be consistent with the measure-
ment system chosen (MXS, CGS). These two models are used to develop the
"particle wave duality" of the nature of light.

3.1.3 SPECTRAL FILTERING OF ELEMENTS INTERACTING WITH OPTICAL RADIATION

Several elements in the real time imaging problem possess spectral transfer
properties that modify the input optical spectrum. Parts of the spectrum
will be relatively enhanced and other parts will be relatively suppressed.
The no-malized product of all the spectral modifiers (transforms) repre-
sents the relative effectiveness that each wavelength contributes to the
image (see Figure 3.1-5) and consequently to the sensor electrical analog
signal. The process of modifying the spectral content of an optical sig-
nal is termed spectral filtering, especially if the modification i{s delib-
erate in an attempt to provide a better image. When talking about a
spectral quantity rather than an average value of that quantity over a
broadband of spectral values, the symbol for the quantity is subscripted
with the wavelength symbol A. As an example the average reflectivity of

a brick building to sunlight may be 30 percent (P = 0.30) but to the speci-
fic color yellow the reflectivity may be 40 percent (Pl = 0,40 where

A= 0.58 micrometer).

3.1.3.1 Spectral Modification

If thn target is imaged through reflected radiation, the reflected radia-
tion will generally be of different spectral content than the incident
radiation due to the spectral reflectivity of the target, Pl (see Sec-

tion 4.3). The atmosphere will selectively absorb and scatter radiation

as a function of wavelength depending upon amounts and particle size of
atmospheric constituents. Those portions of the spectrum where the atmo-
sphere exhibits the least effect on the transmitted radiation are called
atmospheric windows (Figure J.1-6)., The transmission of the optics pre-
ceding the imaging sensor is also a function of wavelength., In addition
the imaging forming properties of refractive optics (lenses) are spectrally
dependent leading to imaging errors called chromatic aberrations which must
be corrected to acceptable limits (Paragraph 4.4.3.1). This arises from
the differences in the speed of light in a dielectric medium, such as glass,
as measured by the ratio of the speed of light in a vacuum to the speed of
light in the dielectric (Figure 3.1-7). This ratio is called the index of
refraction and is defined by

where vy is the speed of light in the dielectric medium (see Figure 3.1-7),
The radiation transducer, whether the photocathode of a pickup tube or a
quantum detector, will respond differentially to the spectral character of

3.1-6
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the radiant {mage. The response of photocathodes is ususlly expressed in
terms of spectral responsivity with units of Ry smps/watt. (Sees Fig-
ure 3.1-8.)

3.1.4 The Blackbody snd Spectral Bm{ssivity

The concept of a spectrally variant output from a source has slready been
discussed (Figure 3.1-1). A blackbody is sn optical radiator whose spec-
trasl radisnt output {s known from fundamentsl physical principles. The
spectral radiant emittance* {u described by Planck's law

-1

¢, . watt cm < cm
Hx - (3 _C—ZT(TI'T—— (See Equation ‘0.3'16)
e -1

where Cy, C, are constants, A {s wavelength and T {s absolute temperature
in Kelvins (K).

J SPECTRAL PESPONEE |

\
X
A |

.
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Nedant $ong:hivety wa Mitliomps por Welt
-

FIGURE 3.1-8. TYPICAL ABSOLUTE SPECTRAL RESPONSE
CURVE FOR $-20 PHOTOCATHODE ‘- (23)

*See Appendix A for discussion of radiant terms. This law is sometimes
expressed as a radiance in which case l.A - “\,"'
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The total radiant emittance from s blackbody over sll wavelengths {s found
by appropriate integration of Planck's law and {s

[
Mg = O T

where ¢ {s the Stefan-Boltzmann constant.

The blackbody {s the ideal thermal radistor by which other thermal radia-
tors called gray bodies are compared for efficiency. The efficiency ratio
on a spectral or wavelength to wavelength basis for radiators at the same
temperature as the reference blackbody i{s called the spectral emissivity
and it is designated €5. €, is aslwvays 1.0 for a blackbody and equal to or
less than 1.0 but constant %or s grey body. 1If €) is variable with wave-
length the radiator is said to be selective (Figure 3.1-9). The product
WaBB € i1s used to describe 8 number of rediation sources including tung-
sten lamps, the sun and moon, and thermal targets for FLIR's,

3.1.5 Photometric Units

There are two systems, even sciences, of radiant measure., One science
deals with all radiant energy with no special consideration for particular
spectral bands and is called radiometry. The other scieace is a gubset

of radiometry and deals only with the radiation spectrum perceived by the
human eye and s called photometry. Appendix A {s devoted to a discussion
of these two measurement systems as they apply to imaging systems.

3.1-11
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3.2 CONTRAST

Subsection 3.2 18 an {ntroduction to the concept of contrast.

In a qualitative manner it describes the physical basis for the
generation of contrast, and in a similar manner describes the
change in contrast resulting from transmission through the atmo-
sphere and through the elements of the imagiug system. It also
introduces the subject of observer requirements as they relate
to contrast,

"Man's ability to see objects through the atmosphere, underwater, or in
space by naked eye or with the aid of magnifying or filtering devices is
limited by the availability of light, its distribution on the object of
regard and its background, the reflective properties of bhoth, the imaye
transmission characteristics of the intervening media, the properties of
any magnifying and filtering devices employed, and the characteristics ot
the human visual system.'" This statement introduces the collection of
papers comprising the "Visibility" 1issue of Applied Optics (87).

"“"If a completely uniform and infinitely extended surface is presented to

the eye, no sensations other than those of luminosity and color are pro-
duced. . . . Most of the information about our world which we obtain through
our sense of vision depends upon the perception of differences in luminance
or chromaticity between the various parts of the field of view. An object
is recognized because it has a different color or brightness from its sur-
roundings, and also because of the variations of brightness or color over
its surface. The shapes of things are recognized by the observation of

such variations.,"” Middleton thus begins Chapter 4 of his book "Vision
Through the Atmosphere' (31).

With suitable modifications, the above statements are also applicable to
viewing with electro-optical image forming systems, The "signal" generated
in such a system arises from the differences in spectral radiance between
various parts of the viewe? scene. In the visual spectrum most objects are
seen because they reflect ircident light, the brighter objects reflecting
more light than darker c¢hjects. Incandescent objects are seen by virtue
of the visible radiation they emit. The visibility of an object is a func-
tion of the signal, or spectral radiance difference between the object and
its background. This function of spectral radiance difference is usually
referred to as '"contrast.' Some commonly used specific definitions of con-
trast are given in Paragraph 4.3.3.2.

Most low light level TV systems employ sensors having an "extended red
response.”" They respond to radiation not only in the visual spectrum but
also in the near infrared spectrum (IR), out to 0.8 or 0.9um for the more
sensitive photoemitters, and to beyond 1.0um for the less sensitive photo-
emitters and photoconductors. 1In this spectral region most objects are

3.2-1

2



seen because of reflected radiation, just as in the visual spectrum, but
contrasts can be much different, sometimes even being reversed, from the
visual. Vegetation containing chlorophyll is highly reflective in the
near IR so that trees, especially deciduous trees, appear quite bright.
Therefore visual contrasts generally cannot be used in estimating the per-
formance of a low light level sensor.

Forward looking infrared (FLIR) sensors generally operate in one of two
atmospheric windows, either the 3 to 5um band or the 8 to l4um band. At
these wavelengths, the radiance due to self-emission is greater than that
due to reflected flux (see Paragraph 4.3.3.3)., Thus the signal used to
generate the FLIR image is due to the difference in radiant emittance
between various parts of the scene. This signal can arise from small
temperature differences between scene elements, or from emissivity dif-
ferences or both. The statement is often made that, because FLIR sets
(systems) sense self-emitted rather than reflected radiation, their opera-
tion is not dependent upon a source of illumination. This statement is
not entirely true because the sun heats objects up to different tempera-
tures during the day. These same objects cool at various rates in the
absence of the sun. Consequently the 'contrast" at FLIR wavelengths
changes continually during a 24-hour period., Other factors, such as wind,
rain, or heavy dew can also substantially affect FLIR signals.

It {s common experience that distant objects can sometimes be seen and
sometimes not, depending upon "the visibility." The inherent luminance or
radiance of an object i{s defined as the luminence or radiance which would
be measured in the absence of an intervening atmosphere. The apparent
luminance or radiance of an object is that which is measured when the
object is viewed through an intervening atmosphere. The inherent radiance
of an object is affected in two ways. First, the atmosphere attenuates the
flux that should reach the observer by scattering it out of the path and
by absorbing it. Secondly, the atmosphere scatters flux into the path so
that it arrives at the observer as i{f it had originated at the object.

Thus a black object which has zero inherent luminance appears lighter and
lighter as it is viewed at a greater distance. Brighter objects appear
darker and darker as they are viewed from a greater distance. Finally, all
objects assume the luminance of the horizon sky as they are viewed beyond
the range of visibility,

What this means is that the signal available to the EO sensor is diminished

by the atmosphere. This subject is treated quantitatively in Para-
graphs 4.3.3.2 and 4.3.3.4.

The atmosphere is not the only agent that reduces the signal. The contrast
of small objects or scene details is reduced in the EO sensor itself, so

that the contrast of the displayed image will be less than that ideally
expected. This can be illustrated by using the objective lens as an

3.2-2
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example. Any real lens is incapable of imaging a "point.'" The image of
the "point'" will have a finite size, or blur spot, which is determined by
the aberrations and diffraction of the optical system (see Paragraph 4.4).
Likewise, targets whose image is small compared to the optical aberration
will also be spread. This means that the peak signal which should have
been produced from the apparent radiance difference between the target and
its background is reduced since the fixed amount of flux is spread over a
greater area., This degradation occurs, to a greater or lesser extent, in
each component of an imaging system. Thus, for example, the addition of
image intensifiers to a TV camera will increase its sensitivity, but only
with an attendant loss in contrast rendition for small detail. This is
usually expressed as a ''loss in resolution." Resolution and the
relationship between resolution and image quality is discussed in
Paragraph 3.3.

It is common to talk of the magnification of an EO imaging system. For
example, 1f a real target subtends 5 milliradians if viewed with the
unaided eye, and 35 milliradians if viewed on the EO display (at some
nominal viewing distance), the system is said to have a magnification of 7.
The viewing quality of the EO system with a magnification of 7 will gener-
ally be nowhere near comparable to that produced by a pair of 7 power
(magnification of 7) binoculars in daylight. This is because the contrast
rendition of the EO system, with its many more components, is usually sig-
nificantly poorer than that of a pair of binoculars (i.e., the resolution
capability of the E0 system is much less than that of the binoculars).

It is obvious that there must be a requirement for some minimum value of
contrast presented to the observer, {f he is to be able to discern the
displayed image of a given target. 1In the case of TV systems, the usual
standard target is a bar pattern (see Paragraph 3.3), and the limiting
resolution (see Paragraph 3.3) has been taken to be the spatial frequency

at which the contrast (see Paragraph 4.3.3.2) has been reduced to a somewhat
arbitrary value., It is assumed that the type of contrast is TV contrast
(see Paragraph 4.3.3.2) in the displayed image, defined by Equation (4.3-10).
The minimum contrast is usually chosen to be between 2 percent and 10 per-
cent., In general, if optical bar patterns are imaged with an EQ system,

the peak-to-peak signal output will decrease with increasing spatial fre-
quency (see Paragraph 3.3). That is, contrast rendition for higher spatial
frequencies is reduced. This is akin to the concept of contrast reduction
for small targets, introduced above.

A slightly more sophisticated approach is coming into general usage to
describe the minimum contrast requirement. It recognizes that the contrast
required for discernment 18 a function of the display brightness, as well
as the angle subtended by the target. The result is a curve of observer
contrast requirements called the demand modulation function, or DMF.
(Modulation is a specific kind of contrast ratio and the concept of con-
trast as introduced in Paragraph 3.2 applies.) An example is shown in
Figure 3.2-1. This subject is covered further in Paragraph 4.1.1 of this
report.

3.2-3
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3.3 RESOLUTION AND MODULATION TRANSFER FUNCTION

Subsection 3.3 introduces the concepts of resolution and limit-
ing resolution. These are the traditional terms of describing
imaging system performance. Concepts of spatial frequencies
are introduced. The more complete method of evaluating sys-
tem performance is the Optical Transfer Function (OTF) and its
modulus the Modulation Transfer Function (MTF)., The OTF (MTF)
concept is introduced and discussed including when OTF methods
apply and are practical., The relationship of MTF and image
quality is also discussed.

3.3.1 RESOLUTION AND LIMITING RESOLUTION

The term resolution or resolving power relates to the ability of an imaging
device (including the eye) or system to produce separate images of objects
very close together. Figures 3.3-1 and 3.3-2 figuratively illustrates the
concept. When the resolving power is limited by diffraction effects in the
optics (Paragraph 4.4.3.2) and the images are barely resolvable as in Fig-
ure 3.3-2c, then one is discussing '"Rayleigh's criterion" for resolution,

Rerolution 1is one of the traditional measurements of evaluating the image
forming capability of an optical system. The usual method is to observe
the image formed by the system from a test chart as the otserved object.

IMAGE FORMING
OPTICS
SOURCE 1
. P :
. P
SOURCE 2
INTENSITY
A

FIGURE 3.3-1, DIFFRACTION IMAGES OF TWO SLIT SOURCES FORMED
BY A RECTANGULAR APERTURE (79)
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FIGURE 3.3-2, DIFFRACTION IMAGES OF TWO SLIT SOURCES. (a) COMPLETELY
RESOLVED (b) WELL RESOLVED (c¢) JUST RESOLVED (d) NOT
RESOLVED (79)

There are a number of standard test charts with wide acceptance (Fig-

ures 3.3-3, 3.3-4) depending upon the type of system and component to be
evaluated. They are generally bar charts of high contrast. The variation
is usually in the arrangement of the bars, number of bars in the group and
the length to width ratio of the bars, The limiting resolution is that
portion of the pattern where the modulati ' of the pattern in the image

can be just discerned. Depending upon the use of the component (system)

and the radiant spectrum, the detector for observing the image pattern can
be the unaided or aided (auxiliary optice for magnification) eye or a radia-
tion detector. The units for limiting resolution depend upon the chart used
and component being evaluated. As an example limiting resalution for optics
1s generally expressed in bar cycles per linear dimension in the image plane
(cycles/mm or line pairs/mm) while for a television system it is the number
of lines (1 bar cycle equal 2 TV lines) in a frame height. For television
sensors it is common to determine the limiting resolution versus light

level as a measure of the low level capability of the sensor system
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(Paragraphs 4.5.3.1 and 4.5.3.2). The use of limiting resolution as a
valid measure of imaging performance is being replaced by MIF concepts
(Paragraph 3.3.3) because limiting resolution tells nothing about the
imaging performance and contrast transmission characteristics of systems
for images larger than the one representing the limiting resolution.

3.3.2 RESOLUTION TERMI.. .OGY AND INTERKELATIONSHIP

The base unit for describing optical resolution is the optical cycle which
for a bar chart includes the pair consisting of a black and white bar and
for an MTF target is the cycle of an intensity sine wave as illustrated in
Figure 3.3-5. The sine wave target can be considered proportional to the
fundamental of the square wave or bar target of the same period. Because
the black and and white bar represent a pair it is common to refer to an
optical cycle of a bar chart as a line pair. In the case of television
each half of the optical cycle is considered a resolution element and is
assigned the value of a line of resolution; hence, one optical cycle is

P
|

{a) Position
b ' Prisitatin

FIGURE 3.3-5. PERIODIC INTENSITY PATTERNS (a) SQUAREWAVE,
(b) SINE WAVE

Intensity

lrneniaity

3.3-5

30



equal to two TV lines in subtense. TV lines of resolution should not be
confused with the number of scan lines displayed on a cathode ray tube.
Resolution may be a function of the number of scan lines, but the units
describe different syetem variables (see Paragraphs 4.2.2.2 and 4.7.3.1).

The common measures of resolution performance are cycles per unit length,
cycles per unit angle, or cycles per field of view or frame height. Cycles
per unit length .ve usually used with image plane evaluation of optical sys-
tems or photocai.l.wode resolution performance.

= - 1'object

image M

where M is the magnification of the optical system and ¥V is usually cycles
(line pairs) per millimeter.

Occasionally the inverse of this relationship 1is used in which case the
dimensions are expressed in millimeters per line pair. At times it is
more meaningful to express resolution in angular terms than linear ones.
One such time is when resolution in the field of view (see Para-
graph 4.4.1.3) is desired but varying target range precludes a single
expression of resolution in linear terms. The angular resolution can be
expressed as a function of the focal length (Paragraph 4.4.1.2) of the
optical system when the image plane linear resolution Vjpage 18 known
The relationship 1is

4 vimage :
where f is the focal length of the optics in millimeters if Vimage 18 in
line pairs per millimeter. The object is assumed to be at infinity (the
object distance is much, much greater than the focal length). The units
of 4 are in line pairs per vadian. It is more common to express ¥ in units
of line pairs per milliradian in which case the relationship is changed as
follows.

" £/1000

vimage

A common unit for limiting resolution is the maximum number of resolution
elements that can be resolved in a frame dimension (usually the frame
height). (A frame is the area occupied by the image of the scene, i.e.,
the active area of the photocathode and/or the displayed picture,) The
resolution element normally used is the TV line, The limiting resolution
of a frame is then

Nry-limiting = 2Vimage-limitin,

3.3-6
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where d is the linear dimension of the active portion of the photocathode
in millimeters 1f Vimage if in line pairs per millimeter. Ny is in TV
lines per frame height (if d is the height).

3.3.3 CONCEPTS OF SPATIAL FREQUENCIES - OTF AND MTF

3.3.3.1 Spatial Frequency

If one were to scan an infinitely small detector across the scene, he
would get an electrical signal representing the intensity or reflective
contours of the scene (Figure 3.3-6). The waveform of that signal is
representable by a superposition of sine and cosine waves of varying fre-
quency, amplitude and phase known as a Fourier spectrum. Each of the
specific components (i.e., the single frequency with its amplitude and
phase) of the series is known as a Fourier component. As the electrical
signal can be described by a Fourier synthesis, so can the scene itself
be described by a Fourier spectrum. The units for the scene or spatial
spectrum are cycles per linear dimension. The frequency of each of the
Fourier components then represents the spatial frequency of that part of
the scene. The detector output of a scan of a periodic bar chart would
appear the same as the function in Figure 3,3-5 with time as the abacissa
instead of position. If P is the period of that bar chart the periodic
frequency is v = 1/P (units are cycles per dimension of P). The Fourier
components or spatial frequencies for that wave train exist at odd har-
monics of the vV frequency and they are:

Fundamental or first harmonic g(v) = % A’q sin (%-)

4 3
Third harmonic g(3y) = - I A.q sin (F
Fifth harmonic g(5v) = Eﬁ'Asq sin \p)

etc., where Agq 18 the amplitude of the square wave radiance, g(nv) is
the trigonometric function comprising the Fourier component. Figure 3.3-7
demonstrates the superposition of this simple, discrete (as opposed to
continuous) Fourier spectrum into a periodic square wave by ccmbining the
Fourier components of proper amplitude in proper phase. The frequency
spectrum of a periodic pattern such as a bar pattern or a sine wave pattern
is relatively simple compared to the spectrum of a complex scene. With
respect to resolution chart bar patterns as discussed in Paragraph 3.3.1,
it should be noted that grcups of bars will have a different frequency
spectrum than does a continuous periodic function of the same spacing.

As a consequence, a 4-bar target will give a different limiting resolution

3.3-7
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AMPLITUDE (ARBITRARY UNITS)

A+B+C

T T T THE ADDITION OF SINE WAVES TO SYNTHESIZE
A SQUARE WAVE, WHEN THE FREQUENCIES OF

THE SINE WAVES ARE v, Jv, Sv, Tv,...,

AND THE CORRESPONDING AMPLITUDES ARE

A, L/IA, L/SA, L/7A,..., THE SUM OF MORE

AND MORE SUCH WAVES APPROACHES A SQUARE

WAVE MORE AND MORE CLOSELY. (A = &/T Asq)

l 1 l

POSITION (ARBITRARY UNITS)

FIGURE 3.3-7.

SINE WAVE SYNTHESIS TO FORM A PERIODIC SQUAREWAVE (6)
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than that given by a 3-bar target or a RETMA* chart. While {t {s valid to
treat radiant distributions as having a single linesr dimension when dis-
cussing s line scanning system, the human eye senses radiant distributions
tvo-dimensionally and {ts ability to detect limiting resolution is a com-
plex interaction of the spatial distribution in both directions. For this
reason the length to width ratio of the bar pattern will alro sffect the
limf{ting resolution value (Paragraph 4.1.2).

3.3.3.2 oOptical Trensfer Function (OTF) and Modulstion Transfer Function

(MTF)

The OTF is a measure of the manner in which spatial frequency information
i{s transmitted through an imaging component or system. The OTF {s & com-
plex quantity and consists of s real and an imaginary part. The OTF {s
represented in polar form by the product of the modulus and an exponen-
tial term which are spatial frequency dependent. The modulus describes
the amplitude or modulation transmiesion and {s called the MIF. The
argument of the exponential term is called the Phase Transfer Function
(PTF), and it describes the phase relationship of the transmitted fre-
qQuencies., (See a text such as (124) for a mathematical treatment of the
OTF.)

Figures 3.3-8 and 3.3-9 depict the nature of the MIF and PTF by considera-
tion of what happens to the spatial information contained in a test target
consisting of a sinusoidally varying intensity pattern. Figures 3.3-9a

and b demonstrate the decrease in modulation with higher spstial frequencies.
If a sufffcient number of frequencies are messured, the response of the sys-
tem {s determined and the response curve {s plotted {n a manner similar to
Figure 3.3-9e. One may &lso expect a relative shift of position of the
component frequencies in the image plane from that {n the object plane and
this is demonstrated in Figure 3.3-9c and d. The amount of shift can be
related to a phase angle and plotted as in Figure 3,3-9f,

The OTF can be defined precisely i{n mathematical terms using the Fourier
transform and the line spread function (LSF). The OTF (or MTF) is

*The RETMA chart is defined by EIA (Electronic Industries Association)
Standard RS-170. RETMA derives from the prior nsame of the EIA, the Radio-
Electronics-Television Manufacturers Association.
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quite commonly measured and evaluated using Fourier transform techniques.
The OTF is the Fourier transform of the system L,S.F., or equivalently

Fourier transform (to spatial frequency) of image
intensity distribution
Fourier transform of object intensity distribution

OTF =

The line spread function is the resultant intensity distribution in the imaye
plane when the object is an "infinitely" thin line., Since the frequency
spectrum of the thin line is flat and contains all frequencies, the Fouricer
transform of the image is the measure of the frequency transfer character-
istic of the system. A function similar to the LSF is the point spread
function which is the image intensity distribution resulting irom imaging

a geometric point. The OTF is defined for the LSF because its spatial
intensity character is a function of one dimension only. For the OTF to

be strictly defined, the system that it describes must possess the quali-
ties of linearity and spatial invariance. The linearity property of the
system means that when the amplitude of the input signal is changed, the
output signal changes in proportion without the generation of harmonics

in the signal. Spatial invariance refers to the property that the image
plane spatial properties are not dependent upon position in the image
plane. 1In practice these requirements a e rarely strictly met over the
full range of system performance, but may hold over a small range of input
signal and/or image position. The OTF is often used when not strictly
defined (as long as linearity and spatial invariance requirements are not
grossly violated) because it is practical and it does provide useful
information.

It is easier for the system engineer to work in the spatial frequency
domain than in the space domain. Any modification to the object frequency
spectrum by components is handled by multiplication of the individual com-
ponent MIF's (with some exceptions where the phase shift cannot be ignored).
To determine the final image in the space domain he performs the Fourier
transform on the image frequency content. To work in the space domain the
analyst must perform cumbersome convolution integrations at each component
interface in the imaging system.

In general, the system MIF is equal to the product of the individual MTF's
of the components, Poor design at the interfaces of subsystems can result
in significant reduction from this ideal case. An example of poor practice

*When one is concerned with the radiant distribution in the image plane,
he is working in the space domain. When he is concerned with the spatial
frequency spectrum of an image, he is working in the spatial frequency
domain. The Fourier transform is the mechanism by which the change in
variable from spatial coordinates to frequency coordinates is made.
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is the failure to properly interface the sensor faceplate with the image
plane of the optics.

3.3.3.2.1 Common Test Methods

The OTF can be measured directly by using intensity modul.ited test targets
of various spatial frequencies and observing the image formed by the system.
Both the test target and its image are sinusoidally modulated. The modu-
lation and phase of the image are referenced to the test target to deter-
mine the OTF. Another standard means to determine the OTF is to image a
thin line through the system and measure the system line spread function.
In practice the line width of the test varget need be small compared to
the highest spatial frequency of interest. The Fourier transform of the
LSF is then performed, usually on a digital computer, and the OTF is thus
determined. Matters of economics may sometimes determine the aforemen-
tioned methods to be impractical especially {f it is known that phase
shift is negligible. The square wave response (the response of the sys-
tem to test targets consisting of bar charts of varying spatial frequency)
is measured instead of the sine wave response. It is rather easy to make
this measurement and the dsta can be converted analyticaliy to the ampli-
tude response of sine waves and then to MIF. Phase information is,
however, not recoverable.

3.3.4 IMAGE QUALITY - (SEE ALSO PARAGRAPH 4.1,2)

Image quality, considering both information content and observer perfor-
mance, is related in some manner to the MTF of the medium or system dis-
playing the image. It is presently undecided what function best represents
image quality. All functions presently being considered for the measure

of image quality relate in some fashion to the area under the MIF curve

and a threshold curve below which the transmitted image modulation cannot
be detected. Figure 3.3-10(a) {llustrates the principle. In Fig-

ure 3,3-10(b) both systems have the same limiting resolution. Since

higher spatial frequencies represent edge construction in the actual image,
both systems will have the same sharpness of high contrast contours but
System II will present a considerably washed out image compared to System I
because the modulation for System II at middle and lower frequencies is
significantly degraded.

Limiting resolution can have very little to do with image qualiiy as is
demonstrated in Figures 3,3-11 and 3.3-12, where both {mages displayed have
the same limiting resolution with obvious differences in image quality.

In the bandwidth limited picture the ratio of modulation to required modu-
lation threshold is significantly higher at lower and middle spatial fre-
quencies than in the noise limited picture.
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3.4 SIGNAL TO NOISE RATIO

Subsection 3.4 introduces the concept of the signal to noise
ratio (which is a measure of the information content of the
signal) as it exists in the electronic channel of this system
and as it is displayed to the observer. 1t is important because
the signal to noise ratio ultimately is the determinant of the
quality of the displayed image. The gengral classes of noise
are discussed and specific noise types which are important in
electro-optical systems are delineated and discussed.

3.4.1 SIGNAL, NOISE AND THE SIGNAL TO NOISE RATIO (S/N)

Signal is the information flowing through the imaging system, including the
observer, that corresponds to a radiance variation in the target scene. The
signal will be variable as a function of time or position in the scene as
the scene is scanned. The signal is radiant up to the point it becomes con-
verted in the radiation transducer to an electrical voltage or current. At
the display it is reconverted to a radiant signal for observer interpreta-
tion. Noise is any spurious or undesired disturbance which tends to mask
the signal. It may occur in the radiant or the electrical information chan-
nel, as well as the display or observer. Noise w'll provide a lower limit
for the useful dynamic range of the system. A measure of the information
that is available in the signal channel is the amount by which the available
signal exceeds the existing noise level of the system. This measure is
usually expressed as a ratio called the signal to noise ratio. It is not
uncommon for the units of signal to be different from that of the units

used for the noise measurement. Often the noise is of a nature that the

rms value of current or voltage is the most meaningful description while

the signal character is best expressed by peak to peak values (as when one
is interested in scene high lights and low lights) of voltage or current.
The signal and noise may be expressed in other units and as a linear or
logarithmic ratio.

Because the ultimate quality of the image will depend upon the S/N ratio,

the important quantity to be determined as a function of scene radiance is

the signal to noise ratio and not the transducer sensitivity. The limiting
resolution of TV sensors is a function of the S/N ratio and where the noise
level is fixed and independent of the fnput radiation level, the limiting
resolution is usually expressed in terms of scene radiance (Paragraphs 4.5.3.1,
4.7.2). Unless the characte. of the noise is such that it can be selectively
filtered, the input S/N ratio cannot be improved as the signal flows through
the system. The design emphasis is then to minimize the number and magnitude
of additional noise sources within the system.

3.4-1
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3.4.2 VISUAL SIGNAL TO NOISE RATIO (See also Paragraph 4.1.2)

The S/N ratio can be determined anywhere in the information channel with the
most common places being in the electronic video channel and at the display
surface. The S/N ratio to the observer looking at the display will be sig-
nificantly improved from that measured in the electronic channel. He is able
to achieve this improvement because his eye will integrate both the signal
and the noise over space (2 dimensions) and time. As the noise has a random
component and the 3ignal (displayed scene) has a coherent structure, the
integral S/N as experienced will have been substantially enhanced from that
of the video channel. If the noise is structured or fixed pattern (Para-
graph 3.4.3) the integration performed by the eye equally enhances signal

and noise, and the S/N ratio is not improved as in the manner when the noise
is random. The display noise is witnessed by the observer as the display
luminance fluctuations associated with viewing a target against the back-
ground. It is the ratio of the signal (the luminance difference between the
target and its background) to these fluctuations that is the visual S/N ratio
or the display S/N ratio. Experiment has shown the detection probability

for simple targets is related to S/N ratio at the display (Paragraph 4.1.2.4).
The concept can be extended to define the threshold detection requirements
for the observer in the presence of a noisy image.

3.4.3 NOISE

Noise may be random, in which case it is statistically describable, or it
may be of the fixed pactern type. Random noise is inherent in both the
arrival rate of photons from the scene, from the scanning process in pickup
tubes, and from the amplifying process of video electronics. Depending upon
sensor type, amount of intensification (for pickup tubes), and electronics
design, one of the random noise sources will generally provide the lower
limit to system performance. Fixed pattern noise such as hum or noise pat-
terns due to improper scanning rates should be sufficiently under control in
a4 well designed and manufactured system that they are not the system perfor-
mance limit.

Noise may be additive noise or a product noise. An additive noise is one
that adds to the signal, usually according to the laws of statistics. It is
present even when no signal is present. A product noise is one that results
from the transmission of the signal through the system and is significantly
reduced w.aen the signal is removed. Typical of this second type is photo-
electron shot noise and phosphor grain noise. The signal to noise ratio for
product noise is proportional to the square root of the signal.

The effects of noise are usually evaluated in terms of frequency contenc.
The noise frequency spectrum is modified by MIF (or electronic bandwidths)
and is additive on an RSS (Root Sum Square) basis at each frequency if the
noise sources are independent and random. The system engineser should be

3.4-2
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concerned with the effect the system noise will have on observer performance
and what magritude of noise is permissaible for the assigned observer task.
Complete definition of the relationship of observer field performance to

the amount of displayed noise is not yet possible. However, boundaries,
which provide a basis for estimating the minimum acceptable S/N ratio, have
been established for displayed scenes of simple targets on simple back-
grounds (see Paragraphs 4.1.1.5 and 4.1.2.4).

3.4.3.1 Noise Types

a. Photon Noise. Light quanta arriving from the scene will arrive
with statistical fluctuations in their numbers. If the number of quanta is
sufficiently small and other noise sources are well under control, phuton
noise will provide the ultimate noise limit.

b. Johnson (Nyquist) Noise. Thermal fluctuations of electrons in
resistors is responsible for Johnson noise. Generally the input impedance
to the video preamp provides the prime contribution to this noise as it is
possible that a& this point there has been insufficient video gain to over-
come the resistance noise contribution.

c¢c. Shot Noise. In a manner similar to photons arriving at a surface,
tlie number of electrons leaving or arriving at a surface (such as a photo-
cathode) in a unit of time will also fluctuate statistically. The scanning
beam of a TV pickup tube will in some types of tubes provide the limiting
system noise.

d. 1/f Noise. Currents across junctions and contacts in detectors
generate a random noise known as 1/f noise due to the characteristic of
the frequency spectrum of the noise.

e. Fixed Pattern Noises. Phosphor and photocathode grain patterns
are usually insignificant. Dead or weak detectors will cause holes in the
raster of FLIR displays corresponding to the location of the dead detector
in the scanning array (Paragraph 4.5). Pick-up such as hum is possible if
care is not taken in both the design of the imaging system and its inte-
gration with other systems. If the sampling rate is not high enough com-
pared to the information frequencies to be sampled, beat frequencies (side
bands) called aliases will appear within the signal bandwidth and will
generate visible patterns on the display (Paragraph 4.7.3).

3.4-3
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SECTION 4
SYSTEM COMPONENTS

This section begins with the consideration of what is necessary
to couple information from the displayed scene to the observer.
Even though some of the observer requirements for real-time
imaging in an adverse environment are still poorly defined,

any system design that does not consider the observer or con-
siders him to be in laboratory environment i{s probably well

on the way to establishing a poor field performance record.

It is then logical in performing the system analysis to start
with the observer requiraments and the physical set of con-

" ditions describing the target scense. With the exception of
some operational freedom, the system designer is constrained
by the observer on one end and the scene characteristic on

the other. This section is developed in that sense with system
components and performance analysis following the definition of
the operating boundaries imposed by the observer and the scene.

4.1 THE EYE AND THE OBSERVER

The essence of the real-time imaging problem is to give the
observer a displayed image that is adequate for him to per-
form his job. The image must possess certain qualities to

be useful. These qualitics are defined in terms of observer
requirements and includes such varisbles ais displayed image
size, display brightness, crispni i or fidelity in the image,
and displayed noise levels. Muc. . the available data re-
lating to observer requirements is from laboratory measure-
ments and must be adjusted before it is applicable to describ-
ing genaral observer requirements (Subsection 4.1).

4.1-1
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addresses the matter of observer requiremsnte in two steps. The

firet otep ie Paragraph 4.1.1 and considers visual performance

as limited by human phystiology. Parsgraph 4.1.1 tncludes spec-

tral response, spatial discrimination abflities, contrast thresh-
olds, and temporal properties of human vision. Step two, Para-

graph 4.1.,2, {s concerned with the practical mattars of display-

{ng the image to the observer. Paragreph 4.1.2 integrates the
observer performance limits from Pesvagreph 4.1.1 with other per-

tinent dats to determine the requirements for the displayed image.
Included are considerations of display size; image motion; brief- \
ing effects; observer detection and rerngaition requirements !
including contraet, target size, and syetem resolutfion; dis-

played nolse; and image quality.

4,1.1 PHYSICAL PERFORMANCE FACTORS OF THE HUMAN EYE

4.1.1.1 Spectral Response

There are two types of sensors, cones and rods, in the eye which coavert
input radiation to neural responses for use by the brain in perceiving the
observed image. Which of the sensors is dominant depends upon the level

of ambient {llumination to which the eye is adapted. When the eye is light
adapted, the cone mechanism is dominant. Cones are concentrated in an ares
of the retina called the fovea and form the central vision which is most
sensitive to fine spatial discrimination. The ares of the retina which {is
most sensitive to spatisl detail extends approximately :10 degrees in
azimuth and ¢7.5 degrees in clevation from the fovea. The spectral
characteristic of the light adapted eye is called the photopic eys curve;
and for photometric purposes, the photometric eye curve has been standard-
ized to that in Figure 4.l-1.

During dark adaptation of the eys, the rods become dominant and precipitate
a shift in the spectral response function of the eye to the scotopic eye
function. The eye pupil size will change from approximately 2mm {n diame-
ter to 8mm. It takes approximately 30 minutes for the eye to become dark
adapted and during that time the eyes' sensitivity to ambient {llumination
increases by over a factor of 1000. Scotopic vision, however, is peripheral;
and spatial sensicivity is significantly worse than with the photopic eye.
(See Figure 4.1-3 for relation of minimum detectable target size versus light
level.) When dealing with a real-time imaging system where observer per-
formance is to be maximized, only the photopic eye data apply. In fact

under most conditions, dark sdaptation and good display coupling to the
observer are mutually exclusive. After having been conditioned to the

dark adapted state, it will take an observer from 1 to 3 minutes to achieve
a light adapted state for display viewing.

4.1-2
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4.1.1.,2 Resolution and Spatial Discrimination

The resolution threshold of the human eye in discerning the separation of
adjacent points under optimum viewing conditions is about | minute of arc
or 0.29 miiliradians (one degree equals 17.5 milliradians). This is an
absolute threshold, however, and a value of 1 milliradian is usually taken
to be the comfortable resolution ability of the eye for point targets
against a uniform background (125).

As was discussed in Section 3.3, the perceived display quality is a func-
tion of the area between the sys”am MIF curve and the observer detection
requirement at each spatial frequency. To assign a value to this area, it
i8 necessary to know in some respect what the observer needs in terms of
modulation as a functirn of spatial frequency. Threshold modulation
values for sine wave intensity modulated images have been determined as

a function of spatial frequency by Van Nes and Bouman (71) and others,
Figure 4.1-2 is taken from this reference. The data are plotted in units
of retinal i{lluminance called trolands. If the pupil area is known, this
value can be equated to a target radiance, and for a 2mm diameter pupil
the conversion from trolands at the retina to footlamberts at the test
object is footlamberts = trolands + 10.8. The plotted values are repre-
sentative eye performance for red, green and blue illumination. Note
the increased sensitivity to modulation detection as illumination 1is
increased. The lower curve (90 trolands) {s approaching the limit of
improved sensitivity as a function of retinal {lluminance. The lower
curve is consistent with values of display luminance currently available
(Section 4.2). The shape of the curve is also significant. It says that
the frequency spectrum of a displayed target will be modified in such a
manner as to enhance the middle frequencies while attenuating lower fre-
quencies. This has implications as to how the displayed contrast of the
target will be perceived. 1f the target is sufficiently large only the
coutrast difference around the perimeter of the target will be signifi-
cant in defining the target contrast (70).

4.1.1.3 Contrast Performance

4.1.1.3.1 Thresholds

The contrast threshold is that point at which the human observer is able
to detect, at some specified probability level, the target image within
its background due to differences in the apparent luminance between the
target and the background. An introduction to the concept of contrast
is found in Section 3.2. The contrast threshold is a function of the
displayed luminance, size and shape of the target, boundary sharpness,
scene distractions (clutter) and observer requirements. (The observer
requirements are sometimes ill defined but they nonetheless do exist and
are some of the variables in determining the threshold level.)
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‘Blackwell (73) has established the contrast thrashold for the human eye
for circular targets against a uniform background. (This data {s some-
times called the "Tiffany" data.,) The contrast threshold as a function
of target size and ambient adaptation level is presented in Figure 4.1-3,
Note that this data is for a 50 percent probability of detection and at
this level the observer was not confident that he had seen the target.
Blackwell notes that the observers under test did not feel that they had
"seen' the target unless the level of probability of detection was 90 per-
cent, The Blackwell data can be adjusted for other probabilities of
detection by use of Figure 4.1-4. It is only necessary to multiply the
contrast value for 50 percent (Relative Contrast ~ 1) from Figure 4.1-3
by the relative contrast figure defining the described probability level.
The contrast level for 90 percent, the point at which the target was
"seen'" i{s therefore 1.62 times the levels of Figure 4.1-3, Note that
only a certain range of the data really applies to the real-time imaging
problem; this is the region defined by acceptable display luminances,

The luminance range which is nominally "acceptable" is from 1 to 100 foot-
lamberts but may well go over 1000 footlamberts {f the display is located
where the ambient light level is quite high (See Section 4.2). Blackwell
also investigated the detection of negative as well as positive contrast.
Positive contrast implies that the target radiance, LTARGET, is higher
than its background radiance, LBACKGROUND» and is defined by

_ Urarcer ~ Umackcrounp

L gackGrOUND

C

and ranges from C = 0 to + o,
Negative contrast implies the target is less bright than the background
and is defined by

. Unacxgrounn = rarcer
LBACKGROUND

-C

and ranges from -C = 0 to 1,

For the range from +C = 0 to 1 and -C = 0 to 1 for luminances and target
size consistent with satisfactory observer performances, the Blackwell
data are equally applicable to positive and negative contrasts. (For
additional discussion on the subject of contrast see Paragraph 4.3.3,)

Hanes and Williams (1948) have pointed out the observer's differential
brightness sensitivity is maximized when his eyes are adapted to a
luminance level close to that of the display in use, This has significant
meaning for the viewing distance of the observer, or equivalently the

4.1-6
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solid angle the display subtends, and the background against which the
display is located.

In Figure 4,1-5 the data of Van Nes and Bouman (71) discussed in Para-

graph 4.1.1.2 is presented in a different manner. In gathering this data it
was required that the observer be certain that the sine wave intensity
pattern was present. This data is therefore approximately representative

of the 90 percent level of detection.

Contrast thresholds in a scene that contains & nonuniform and cluttered
background and {rregular targets are more difficult to determine (being

a function of the highly variable scene content), but when the targets

are of sufficient size and their borders are sufficiently well defined
against the background, the contrast thresholds at the border apparently
agree with contrast thresholds determined against a uniform background (70).

4.1.1.4 Temporal Properties

4.1.1.4.1 Critical Fusion Frequency

The flickering appearance of a modulated light source disappears when the
frequency of intensity modulation becomes sufficiently high. The lowest
frequency at which this occurs is called the critical fusion frequency (CFF).

100
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FIGURE 4,1-5, THE DEPENDENCE OF THRESHOLD MODULATION ON
RETINAL ILLUMINANCE FOR EIGHT SPATIAL FRE-
QUENCIES (IN CYCLES/DEGREE) AND GREEN LIGHT,
A = 525 NANOMETERS PUPIL DIAMETER EQUAL TO 2 MM (71)
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It must be considered in a real-time imaging system whe.s the information
will be displayed as serial frames of information, Framing will produce

s display luminance that {s modulated in time, and unless the frame (field)
rate is sufficiently high, the flickering display will be a source of noise
and irritation to the observer.

At normal display luminances, CFF is not a function of wavelength (Fig-

ure 4.1.6). It is a strong function of average display luminance. Fig-
ures 4,1-7 and 4.1-8 present the data from Kelly (1961) in two different
manners for eye sensitivity to sinusoidally modulated intensity fields.

The second scale of the figures converts the retinal illumination to tar-
get luminance assuming a 2mm diameter pupil. The ey2 has a braod peak
response to intensity modulation ranging from 5 to 50 hertz. The plotted
data demonstrates the difference in the perception of modulation at low and
high temporal frequencies. At higher frequencies according to Figure 4.1-7,
only the modulation smplitude, not the percentage modulation, is i{mportant.
This means any flicker of sufficient amplitude will be observed regardless
of the display luminance, At lower frequencies (Figure 4.1-8) only the
modulation percentage is important and flicker can be eliminated by adding
a dc level of luminance,

Figure 4.1-9 {llustrates how the data of Figure 4,1-8 i{s used to determine
the CFF as a function of modulation percentage. Note that at 100 percent
modulation the CFF is 40 hertz and increases with retinal illuminance, A
plot of the intercept of the 0.01 relative sensitivity level with the
individual curves would represent the CFF as a function of retinal illumi-
nance for 100 percent modulation.

Square wave modulation would give slightly different results than sinusoidal
modulation, but for the higher frequencies in which one is interested for
imaging systems, the higher harmonics are not sensed by the eye. Because
only the fundamental of the square wave is then important, the sinusoidal
data can be adjusted by a constant for the difference in modulation between
a period sine wave and the amplitude of the fundamental of a periodic
square wave,

Figure 4.1-10 shows the interaction effect with cdges of the scanning eye
in sensing a flickering field. Shape of displayed field is i{mportant at
lower temporal frequencies in sensing flicker but not important at framing
rates common to imaging systems.

4.,1.1,4.2 Eye Integration Time (Storage Time)

The eye/brain combination does not process image information instantaneously.
Through memory and through physiological changes on the retina resulting in
a physical collection of the radiant image, the eye/brain combination
accumulates image information for a period called the eye integration or

4.1-9
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storage time., It is the collection of iight quanta over this period that
is perceived as the image, According to Rose (3) who considered his own
work and that of others, the value for eye storage time for normal display
luminances (1 to 100 footlamberts) is between 0.18 and 0.25 second. The
value most often used is 0.2 second. At threshold light levels the value
for storage time is more in doubt and may be as long as 1 second (73).

4,1.1.5 Applicability of Eye Performance and Threshold Data to Defining
the Display/Observer Interface

In some instances visual performance messures are directly applicable

to defining the requirements for the design of an imaging display. 1In
other instances the field viewing conditions are significantly worse than
the ideal laboratory conditions in which the performance data were obtained.
In these caces significant adjustments must be made in the data to bring
it close enough to defining the observer requirements in the anticipated
environment such that a useful imaging system design can be defined.
Examples of directly applicable data are the critical fusion frequency and
display luminance requirements for good visual performance., Other factors
in the problem may require upgrading these requirements, e.g., & high
background brightness will force a display luminance to be brighter than
is normally necessary.

It is optimistic folly to believe that threshold contrast and resolution
data describe the minimum observer requirements for field conditions.
While the resolntion of the eye is 0,29 milliradian to 1,0 milliradian,

it has been demcnstrated the minimum target size for good detection per-
formance against a simple background by an observer is 12 to 20 minutes of
arc (4 to 7 milliradians) (52) for normal viewing distances. The target
may even have to be larger if the scene is cluttered.

After the observer has detected the target, his resolving power (1 milli-
radian) may be used to discriminate detail in the target. A system design,
which considers only the resolving power of the observer arnd not the
required minimum detection size, will have insufficient magnification by
the ratio of the minimur detection size to the observer resolving power,

a factor from 4 to 7 power, to do the job,.

Laboratory contrast thresholds are similarly inacequate levels about which
to design an imaging system. The exact threshold requirements for a given
scene and environment are in practice impossible to obtain but reasonable
contrast levels are defined by aystematically upgrading the laboratory
threshold values (see Paragrapks 4.7.2.3 and 4.7.2.5). Baily (<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>