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FOREWORD

The effort documented within this report was sponscred by the
Advanced Development Program Office 698DF of the U.S. Air Force
Avionics Laboratory, WPAFB,under the direction of Mr. Frank A. McCann,
Task Manager. Over the past few years, this office has sponsored a
number of programs related to analyzing and evaluating real-time
imaging systems. Under contract F33615-70-C-1461 with the Westinghouse
Defense and Electronic Systems Division, a series of studies has
been oriented toward evaluating and prediccing the effectiveness of an
operator viewing a noisy TV image. Other contracts with Westinghouse
and directed by Mr. McCann have been related to flight and laboratory
evaluation of low-light level television (LLLTV) systems. With EOS,
laboratory and flight evaluation of a high-performance FLIR has been
pianned, monitored, and analyzed under contract F33615-71-C-1227,
Cantain M. Kiya, Project Engineer, In addition, under Project 5227, a
High-Periormance FLIR study, the tradeoffs associated with the design
and performance of a FLIR system were analyzed in detail. This study
was completed under contract F33615-70-C-1682 under the direction of
Mr. B. Rayner, AFAL/NVT-2.

The effort reported here was a direct outgrowth of and builds
heavily upon the foundation provided by the aforementioned programs.
It is the intention of this report to discuss active TV and passive
IR sensors, in as similar a manner and language as practical,
pointing out the many similarities and explaining the few differences.

It was a joint effort primarilv executed by Mr. Frederick A.
Rosell of Westinghouse Flectric Corporation anil Mr. Robert L. Sendall
of Xerox Corporation/Electro-Optical Systems with parallel and
essentially identicai contracts. Contract numbers are F33615-71-C-1868
and F33615-71-C-1869.

This report has been reviewed and is approved tor publication.

~

/
// ) /
." “pton ™
< WILLIAM J. DEL
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ABSTRACT

TV (LLTV and ACTV) and IR (FLIR) sensors, as real-time imaging systems
for night operations, have become competitive for many applications.
While both systems provide TV-type displays for an operator to view and
are used in a similar manner, their uncommon backgrounds (evolutions)
have resulted in different descriptive parameters and specifications.
This report describes the two types of systems in a parallel manner and
language so that persons familiar with TV can better understand 1R and
vice versa. The sources of signal informacion; i.e., differences in
reflectivity for the TV and differences in temperature for the IR are
covered so as to provide a better understanding of the differences and
similarities of the inputs. The man as the final element of the system
is discussed using the theory that the operator is a spatial and tempo-
ral integrator. Then with the approach of Otto Schade, Sr., and the
result of the psychophysical tests of the c¢oauthor, Ro<ell, the systems
are analyzed and performance prediction equations are derived. While a
detection/recogniticn theory for predicting results against objects of
general interest is presented, the three bar object is the basic object
for performance definition and detection/recognition theory development.
For the IR system, the threshold temperature difference betwezn the bars
and spaces of the test object which allows resolution of the bars is
called the minimum resolvable temperature (MRT). It is a function of
the spatial frequency of the cbject. 1In a similar manner, the contrast
required for resolution of a 3-bar object is used to define the minimum
resolvable contrast (MRC) as a function of spatial frequency for an ACTV
system, Analysis is provided to permit the prediction of these perform-
ance parameters, and typical curves are provided. Finally, based upon
the analysis, methods for comparing TV and IR svsiems in laboratorv/field
tests are presented.  Suggestions ave presented on how tests starting
with controlied luboratory tests, then controlled field tests against
laboratory obiects, then simited controlled ficld tests against tactical
type targets, and finally extensive semicontrolled ficeld tests all using
two controlled sensors side=byve-side could be used for comparison.
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SECTION 1

INTRODUCTION

Television cameras developed tor the military have many similarities to
cameras used in commercial television broadcast studios but are of much
greater spectral bandpass and sensitivity. Since the military TV
cameras were developed in parallel with (“eir commercial counterparis,

it is only natural that common methods of evaluation and specification
evolved as well. While the objectives of TV studio broadcasting and
military reconnaissance may be quite different, many of the measurement
and description techniques developed are applicable to both. The prin-
cipal difference is in system specification. In military usage, emphasis
is placed on the long-range detection of small objects under poor viewing
conditions while in studio broadcasting the emnhasis is on obtaining
high-quality images of rather large objects at short range under near-
optimum lighting and v.ewing conditions. There is, of course, consid- .

erable overiap hetween comme, il and military TV applications.

In this study, we emphasize Active Television, or ACIV, systems which are
range gated to 1 duce contrast degrading atmospheric backscatter ef fects.
By the term active, we imply that an auxiliary scene 1rrad:ator, located
at or near the telesisicn sensor, is used, However, passive [V or PALV,

sensors will alse be considered.,

Real-time thernal imaging svstems referred to as ?LIRI have evolved from
the IR family of line scanners, point source defzctors, and rattometers.
vith this hardware e¢volution, paraseters evolved bascd upon the radiom-

etry and line-scan backgroand,

! .

FLIR is an acronym for Forward fooking Intsared which refe.s to the
original application of using the FIIK to look oat the front of arrcratt,
Apparently, the term was tigsl nsed by Jexas Instruments, Inc.

L»in. el
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The FLIR is a passive sensor. By passive, we purport that the FLIR
senses radiacion which is either self-emitted by the scene or due to

natural sources such as the sun, and reflected by the scene.

In more recent times, both military TV and IR systems personnel have

been drawing from the technical well of imaging which includes work in
optics, photography, and the more analytical TV efforts. Most exemplary
and complete is the tremendous published works of Otto Schade (Refs. 1-
10) covering a wide variety of imaging analysis, evaluation, and operator

interaction.

Since both types of systems provide real-time images and are considered
for similar applications, ic¢ has become necessary to evaluate their
relative merits and compare the systems so that one can make a choice
for a specific application. That choice may be to use one of the sen-
sors, botbh of the sensors in a complementary mode, or neither of these
sensors. Because of the different backgrounds, the equipment is

usually evaluated in terms of different parameters by people who tend to
understand only one of the candidates and therefore the issue has been
clouded. While this study may not make such system choice decisions
completely clear and av*omatic, it does establish a uniform language

and approach to understanding the similarities and significant differ-
ences so that a meaningful comparison can be made for any given set of
conditions. Using the analytical! approach pioneered by Utto Schade, a
common language does evolve. Therefore, the purpose of this study is to
provide # common set of evaluation parameters where possible and explain
and discuss required differences. Io addition, system performance
analysis equations are derived in parallel for TV and IR maintaining
similafkty for more comp'ete common understanding. 1t is intended that
anyone versed in either ! or TV can easily acquire the other discipline
from this report. 1t is npor-ant, however, that since considerable

emphasis is placed upon ;. viding a parallel 1V/IR discussion,many
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special cases and subtleties have been glossed over. Because of this,
the reader is referred to the final reports of the previous TV and IR
studies (Ref. 11 and 12) which were the basis for this work and provide
detailed discussions and derivations in the language of the native

technology.

Section II presents a summary of the report and as such is a non-linear
reduction indicating particularly significant results and conclusions

without the use of equations.

Section II1 is the main body of the veport and contains a detailed tech-
nical discussion. This section is organized in tlie same manner that the
system is analyzed. Tne subheadings indicate the level of detail of the
parameters being discussed. Throughout Section 111, the pages are
divided for separate IR and TV parallel writeups where the material can-
not be described effectively by a single, general presentation. r‘hat is,
when significant differences exist, they are written up as equivalents

in a side-by-side format.

Section IV briefly describes a comparison approach 1n terms of labcra-
tory and fieid tests based upon the results ot Section Ill. It suggests

which parameters need be tested.

Section V discusses some of the detaiied considerations of planning a
controlled-flight test ot E/O Sensors. It is anticipated that this

section would coantribute to plaming such a comparison-flight test.

Ln;..:_‘m- g g




SECTION II

SUMMARY

IR and TV systems have evolved from different backgrounds and in a com-
petitive atmosphere. Because of this, while the overall systems are
very similar, they are viewed differently. Many TV designers tend to
misunderstand the IR, and the IR designers tend to misunderstand TV. To
a large degree, this misunderstanding is a result of a language and

analysis approach barrier.

1t is the purpose of this study to provide a common language and parallel,
if not common, analysis for describing performance of these systems. It,
therefore, results in suggested parameters for laboratory comparisen and
methods and parameters for field comparison. It also provides the anal-

ysis for predicting these parameters.

First, in subsection 3.2, the general approach is to describe where the
source of information that represents the input to the sensors is
derived. The reasons for choosing conirast (Cm) as the scene parameter
for TV and delta temperature (Al) as the scene parameter for IR and the
effects of the atmosphere on each are discussed. A nominal equivalence
based upon the guessed probability of occurrerce of Cm and AT is
suggested. This nominal equivalence means that given a TV system sensi-
tive to a 100 percent contrast target of nominal size and average re-
flectivity of 15 percent, and an IR system sensitive to a 10° At target
of the same size, we might expect to get nominally-equivalent images of
general terrain, etc. This assumption is only presented to make possi-
bile a nominal equivalence, to indicate the need for more data on the
probability of occurrvence of 4T and Cm, and to give a general feel for

how the authors believe the typical scene variations are related.

. m— o RIS,
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Second, in subsection 3.3, the man as the finai element of the system
is discussed. It is assumed that the operator is a spatial and tempo-
ral integrator, and that he makes decisions based upon the signal-to-
noise ratio that results (from this integration) being greater than a
threshold. He is an imperfect temporal integrator (low-pass filter) of
time constant tj = 0.1 tc 0.2 seconds. He is near-perfect spatial
integrator over the image for small (less than 0.5°) images. The out-
put of the integration process is defined as the perceived signal-to-
noise ratio SNRP. The threshold value for detection has been redeter-
mined by the co-author F.A.R. as 2.8 when associated with a ti of 0.1
second. The many psychophysical tests by Rosell et al have not only
established the threshold but supported and determined the limitations
of the theory. This general theory is then applied to a single bar and
the single bar of a periodic pattern to predict the detection of aperi-
odic and periodic objects. These predictions are then used with the
John Johnson criteria of 2 lines on target for detection and 8 lines on
target for recognitica to provide a general theory of detection and
recognition for a raster generated display. The compatibility between
the SNRp theory and the Johnson empirical criteria is very satisfying.
The fact that raster can (and often does) limit performance is also

discusred.

Then, in subsection 3.4, the system is analyzed in terms of how each
component contributes to the overall system spatial frequency response
(resoiution) and signal-to-noise ratio, The signal-to-noise ratio
which would be measured electrically in the video channel, SNR,, is
defined and the equations for its prediction from the characteristics

of each system component are provided.

An expression for the SNRP in terms of the SNR, is derived for any
raster generated system. This is the analysis which quantitatively

ties the man into the system. This anal!ysis also makes possible the

prediction of the input signals required for detection/recognition.

i ety
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The total system sensitivity is finally defined in terms of minimum
temperature difference or contrast required for a bar to just be
detected at the display. If the bar is one of a 3-bar pattern, we
have minimum resolvable temperature (MRT) and minimum resolvable
contrast (MRC). 1If it is a single aperiodic object, we have minimum

detectable temperature (MDT) and minimum detectable contrast (MDC).

In Section IV, these concepts are then expanded to show how laboratory
and field predictions and comparisons would be accomplished. The in-
dependent variable of spatial frequency which is meaningful in the
laboratory is converted to range for a specific target for field com-
parison. The general problem of how to finally expand the comparison
into many varied, real-word situations is discussed. It is recommended
that even after initial controlled and limited field tests against bar
charts and trucks, more diverse tests be planned. The initial tests
will prove and/or modify the analysis so that generally the result of
any situation should be predictable. Hcvever, it is still felt that
flying the same pair of sensors in a well understood installation
{calibrated by the limited field tests) would be worthwhile in deter-
mining which system really performs better under which conditions and
when are they truly complementary. [t would be hoped that such a

test would result in many surprises which would lead tc new applica-

tions and systems designs,

Finally, in Section V, a few specific comments are made on how to
approach the problem of planning the controlled-flight test. 1t is

heavily influenced by the experience gained from previous 698DF sensor

flight test programs.

- .




SECTION III

TECHNICAL DISCUSSION

3.1 INTRODUCTION

In order to compare a TV system to a FLIR, it is first necessary to
generally define each and point out the characteristics which cause
them to produce different responses to the same object. Both systems
are real-time imaging systems presently providing a display similar to
home television. Both can be described in terms of the same functional
block diagram, shown in Figure 1. The sensor optically images and
senses the image providing a coded electrical output which represents
the scene. This video is processed electronically to prepare it for
display, and then displayed as a visible image, 1The display is commonly
a CRT-type display. Since the systems are so much alike, and since
both are viewed by man, the analysis of the systems including the
operator cun, and in most cases should, be identical. Certainly the
same techniques and approach can be used. Because of the completeness
and extensiveness (Refs. 1-10) of the optical/photographic/teievision
analysis and evaluation by Otto Schade and hecause of the verification
and extension of the evaluation work accomplished by the coauthor,
F.A.R., and because of the application and extension of this analysis
to FLIR by the coauthor R.L.S., the techniques and approach of

0. Schade will be employed for analyzing both systems.

The major differences between TV and IR svstems stem from the different
characteristics of the scene that cause the image. Both systems sense
electromagnetic radiation received at the sevnsor. The general case of
an imaging system is shown in Figure 2. Hoth sensors receive radiation

from the background, foreground, atmosphere, and the object.
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FLIR

Current ACTV systems sense near-
infrared radiation at wavelengths of
0.86 micrometer or longer. They
derive their images from variations
in radiation received. Mainly,
these variations are due to varia-
tions in scene reflectivity. The
radiation reflected from the scene
is supplied by an auxiliary scene
irradiator or system source located
at or near the television sensor.
The magnitude of the scene radiation
signal is directly proportional to
the system source power, differential
scene reflectivicty, and the one-way
atmospheric transmittance. And, it
is inversely proportional to the
solid angle being irradiated and the
square of the range between the

sensor and scene.

PATV

Passive TV systems sense visible and
near infrared radiation in the 0.4 to
0.9 micrometer band. Images are de-
rived from radiation reflected dif-
ferently from various objects in the
scene. The reflected radiation orig-
inates at such natural sources as the

sun (moon), stars, and sky.

FLIR systems sense longer wave-
length radiation either through
the 3-5 micrometer or 8-14
micrometer atmospheric window.
These systems derive their imager
from the variations in radiation
received. These variations can
be due to either variations in
the emittance of the scene »r
variations in radiation reflected
from the scene, or both. The
radiation reflected from the
scene can come from a variety of
natural sources (clouds, sky,
background, etc.) but is usually
less than that associatad with
an ambient temperature hlack-
body. The primary scene signal
is due to the variations in
emittance and can be due to
either variations in tempera‘ture
or emissivity. That is, the
scene is the snurce generating
most of the radiation itself

due to its inherert temperature.
The ambient radiation is that
associated with the average
scene temperature and emissi-
vity, aaxd the signal is due to

variaticns around the average.

”%mmwvg!




ENT

F ol S

Since radiation characteristics of a complicated scen2 can assume
infinite variety, dectailed analysis of any but a small number of rep-
resentative typical cases becomes prohibitively costly and seldom
warranted. The results would be a function of time not only because
the radiation characteristics of objects vary, but because of aircraft
motion and relative location of scene elements. For flight tests, it
is important that scene variables be understood and controlled or
measured. The proper choice and orientation of a simple test object
makes possible the control of many of the variables and will be found
to he imperative for a meaningful flight test. The task of relating
a simple test object to military targets, as a function of ambient
conditions, is one of the most significant and difficult tasks to be

attempted in this study.

To the end of obtaining a simplified situation that has the number of
variables reduced for measurement and analysis, the concept of eguiv-
alent object and apparent object is introduced. Figdre 3 indicates

the same situation as before but with the equivalert scene. Figure 4

indicates the apparent scene.

The equivalent scene simplifies the geometry by reducing the scere to a
two-dimensional scene, normal to rhe senscr line of-sight with both

object and background at range R.

TV FLIK
For TV, the equivalent scene may be fhe equivalent s-ene has emis-
considered to have zero emissitity sivity equat to unity and there-
and a constant average reflectivity, tore O retlectivity, The varfa-

The average radiatjon signal re- tions in radiation coming from
flected from the scene is the prod- the acrual scene are generated
uct of the average scene reflec- in the equivalent scene by

tivity and the high light scene ir- variations in temperature. lhe

radiance due to the radiation source variation in temperature required

13
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TV FLIR

as modified by the atmosphere in- to simulate the sczne would be

tervening between the source and a function of the spectral
scene. The scene is considered to response of the system and
be diffusely reflecting. Ti.e differs fror the actual tem-
variations in the radiation coming perature uxcept for any black-
from the actual scene are generated body sources in the real scene.
in the equivalent scene by varia-
tions in reflectivity. It is Therefore, the temperature of
customary to describe these varia- the background T, and the equiv-
tions in terms of contrast which is alent AT (depends on A\)* cver

a ratio of the incremental scene the scene are the parameters of
reflectivity to the sum of the object the equivalent scene.

and background refleciivity.

Therefore, the parameters cof the
average scene are the high light

scene irradiance, E,, the average

H’
scene reflectivity, v’ and the
sczne contrast, C,.
The apparent scene is simply the equivalent scene modified by the range
and atmosphere. The range converts the linear dimensions of the equi-

valent scene to angular dimensions and is an input to the atmospheric

model .

Alternately, the apparent scenc can be considered in terms of the irra-
diance (E) versus viewing angle at the input to the sensor. This is the
actual signal of interest and in this case, the samr nomenclature applies

for both sy.zems. However, for the [R systee it is more convenient lo

Mihenever using equivalent 3T instead of irradiance we must never ‘orget
that it is a strong functicn of the spectral characteristics ¢f the
scene and the sensor.

16
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work in term: of appareat AT and a parallel can be drawn feor the TV in ]

) terms of apparent 4p and E. In either case a parallel discussion is

presented for completeness.

it n

ACTV FLIR j
The atmosphere reduces the average The atmosphere reduces the :
scene radiance due to its two-way variations in irradiance and, ;
transmittance. The atinosphere may therefore, the apparent AT over :
also degrade appiarent image con- the scene. It can also, by re- ;
trast depending on position of the emitting and scattering. vary .j
scene object (0 the range gate. The the apparent background tempera- :
apparent scene cdn therefore be con- ture. The apparent scene has
sidered to be diffuse with average emissivity equal to unity with a
reflectivity o, , aoparent modula- background temperature T and AT
tion contrast C,, and high light variations as determined by the
irradiance E". scene and the atmosphere.

PATV

The atmosphere reduces the apparent
image contrast at rhe senscor by
scattering signal out of the line of

sight and by scattering scene source

radiation into the line or sight.

The scene parameters are otherwise

the same a» for ACTV.,

T s An R vy A

In what follows, these concepts will be discussed so that relationships
between real-world scenes and casily measuvable and analyzable objects
can be established. This will detine the {aoging system inputs. Then,

the man as an eleswent o) the total svstem will be discussed to establish

reqQuirements for the outputs ot the imaging svstesm. Finally, for both
systems the imaging systems analvsis will be presented so thao performance
- can be defincd and predicted from design parameters. The man intecface
; will be so important that it will atteit pertortnance measures, but the

) man as an clement will be separated and treated as the final component

of the complete system,




1t should be realized that for laboratory testing the real, equivalent,
and apparent scene are identical except for units. Since testing is
accomplished against an apparent scene, it becomes necessary to relate -

this to the real-world and vice versa.

3.2 REDUCING THE REAL SCENE TO _THE APPARENT SCENE

3.2.1 THE REAL SCENE

The real scene is a complex collection of objects, radiation sources,
and atmospheres which determine the spatial and temporal variations in

radiation reaching the sensor. Figure 5 indicates a typical situation.

Both systems sense and display the same basic geometrical outline, view
reflections of backgrounds in the reflecting areas (such as ponds), and see
areas that look like shadows although the IR '"shadows' are usually not
real time but history-developed temperature gradients. In the large,

the scene (and therefore the systen display) can look very similar. 1In
the small, however, the details of some objects appear quite different

in terms of relative emphasis.

This difference in emphasis is linked to the dynamic-range requirement
for the system. The modulation for the general scene for TV i{s pro-

portic..cd to the average or highlight brightness, except for a few point

%; sources such as headlights. Therefore, AC and DC vary together. How-
2: ever, for the IR, the medulation 1s not really proportional to the average
% value, and there exist large arca sources which have significantly great
. modulation with important small details. Because of this, the AC and 22
| i' gain versus display dynamic range question becomes important.
3
3 i
: %é Another important difference is the effect of brush or camouflage that
j %, tends to break up the outlines but not totally block the object. 1In this
g = case, the lack of real shadows and the tendency for the object to be its

18
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own source in the IR causes the IR system to provide a more distinguish-

able image. On the other hand, foreground clutter can sometimes be range-

gated in ACTV to gain the same end.

Of course, the effects of the atmosphere, the moon, etc., are different.

TV

IR

Trne scene to be viewed consists
of a source or a number of
sources of radiant energy, an
atmosphere intervening between
the source and an object, the
object itself and its background,
and the atmosphere intervening
between the object and the ob-
server or electro-optical sensor.
The sources may be either natu-
ral such as the sun, moon and
stars, or auxiliary such 2s a
searchlight. At times, the
sources can be a combination

of natural and auxiliary
sources. However, for the sake
of simplicity, we will consider
sources to be either predomi-
nately one or the other und
will analyze the cases separately
since a slightly different
approach is indicated in each

case.

A wide variety of natural sources

can exist including the sun, stars,

The IR system viewing the scene in
the large, produces a TV-like image.
It is interesting that trees and
bushes generally appear significantly
warmer (especially tree trunks) than
the grassy ground. At night, the re-
fl.ction of trees in the water tends
to appear even warmer. This could
occur for a variety of reasons: L) :
the undersides of leaves may stay
warmer than the top surfaces due to .
the fact they cool by radiation to a
warm ground rather than a ccld sky,
2) the emissivity of the leaves'
undersides may be higher because of
dew, 3) the sensor viewing the
undersides of leaves off the water
sees a cavity effect inasmuch as the
water adds radiation and the reflec-
tion from the underside of a leaf
sees another leaf, etc., so as to
causc a blackbody effect while the

top of the leaf reflects the sky.

ln general, water appears cold due

to the high reflectivity (low




TV
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IR

moon, and skyglow. Unnatural
sources, such as city light re-
flected off low clouds and even
scene floodlighting when the flood-
lights are not at or near the sensor
location, will nevertheless b»
considered as natural sources

on the basis that the scene radi-
ance passes only once through the
atmosphere from the object to the
sensor rather than twice as is

the case for the auxiliary

source. The two primary classes
of natural sources are those which
mainly provide diffuse scene
irradiance and those which pre-
dominantly provide directional
scene radiance. Clear night
starlight and heavy overcast sun-
iight or moonlight represent dif-
fuse sources while clear day sun-
light and clear night moonlight
would be examples of directional
sources. There arc¢ obviously
cases where both classes of
source exist together and arve of
near-equal importance such as in

light overcast sun or moonlight

or when the moon is ncew or when

emissivity) especially at glancing
angles. Looking down, as with a
line scanner, the reflectivity may
be less and can make the water

appear warmer.

If strongly overcast with a warm
cloud layer, the water would appear
warmer. It has been shown that
clouds can cause daytime shadows
that cool areas or can be seen by
reflection (off metal, etc.),

providing an apparent inc.ease in

temperature.

0f course, the actual temperature of
the various objects is important and
a function of time. Most objects in
the scene get their energy (heat)
from the sun (absorb heat during

the day and lose it at night). The
process depends upon the atmospheric
conditions, the degree of overcast,
and the general air temperature. If,
as at Eglin Air Force Base, Florida,
there is high relative humidity, cloud
cover, and andir mass where temperature

is almost cvonstant, the temperature

cf objects in the scene tends not to

2 . .
Experiment for Captain Kiya, WPAFR by Dale Green of EOS, Reported in

Reference 13.
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TV

IR

either the sun or moon are low

on the horizon s«y.

In diffuse light, the detect-
ability of objects would be ex-
pected to be relatively inde-
pendent of viewing angle since
the lighting is nearly uniform

in all directions, and the ob-
jects are shadowless or nearly
so. The average scene constrasts
also would be expected to be
lower than in the case where
lighting is directional. With
the directional lighting, one
expects sharp contrast shadows
but object features may become
unrecognizable except at certain
viewing and source angles. For
example, a black and white bar
pattern on a panel may be clearly
discerned when the moon is behind
the observer, but with the moon
behind the panel, the panel

appears black,

Naturally-irradiated scenes can
assume infinite variecy depend-
ing on the relative aspect angles
between the scen: object, ob-
server, and the source or type of

source. And, it becomes most

vary from day to night. Everything
stabilizes at air temperature as
though the whole system were inside

a blackbody.

The physical characteristics of the
scene objects also affect the thermal
inertia of the objects. Objects with
low emissivity tend to take on the
temperature of the air with a lag
determined by the thermal mass (of
the object) and the thermal con-
ductivity. Materials that conduct
poarly are apt to have surface tem-
peratures which determine their
radiation characteristics and which
vary quite greatly. Objects with
high emissivity are more likely to
have their temperature strongly in-
fluenced by the physical character-
istics of the scene objects and the
radiation characteristics of the sky

and atmosphere.

For the various natural objects, the
IR scene varies with aspect angle,
foreground, and background as well as
atmosphere. The following sum-
marizes the important parameters

and their general relationships.

The emissivity of the various ob-

jects is constant with time (except




TV

IR

difficult to divide the number of
objects into a reasonable number
of cases for analytical purposes.
Hence, it is usual to assume that
the source is either primarily
directional or diffuse. If di-
rectional, it is assumed that an

equivalent diffuse source can be

defined.

The irradiance levels to be ex-
pected, whether day or night, are
generally tabulated for typical
scenes. Usually, the irradiance
levels are measured with photom-
eters which are compensated to
have a spectral response similar
to that of the unaided human eye,.
The resulting curves such as that
shown in Figure 6 may or may not
be relevant to electro-optical
sensors which can have an en-
tirely different spectral band-
pass. The subject is discussed
in some detail in Reference 12.
However, it is assumed that vy
some means a natural source and
scene object can be approximated
by an apparent source and object
of known geometry and radiance
level. Usually, the apparent

object and its background are as-

sumed to be diffusely reflecting.

for dew, etc.) but a function of
aspect angle. Therefore, it is a
funct“on of time when the sensor is
moving. The temperature is a strong
function of time as sky conditions,
air temperature, and the effects of
the sun vary with time. The appar-
ent temperature of various areas of
the scene is a strong function of
the actual temperature, emissivity,
and background. Man-made objects
exhibit similar but different char-
acteristics. They often have their
temperature determined by heat
sources other than the sun. When
the sun and natural conditions
determine the temperature variations
on man-made objects, they present a
very natural TV-like image. When
they have temperature differences
due to localized heating, the image

can be very unnatural,

A truck, for example, loocks like a i
truck when heated by nature. The

cavity under the truck may appear

hot if viewed from an angle, since

by multiple reflection, this has

emissivity of unity (cavity effect).

In general, it appears as a truck

often having dark metal areas due to
low-cmissivity surfaces reflecting

the sky.
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ACTV IR
For ACTV, the scene is usually While idling, the engine and exhaust
front lighted but may also be become very hot, exhibiting localized
back lighted* depending upon the areas of radiation which tend to
position of the range gate. Un- saturate the display. If the system

like naturcl directional sources, is displaying hot as white, the ex-

the ACTV scene is shadowless or treme brightness can aid detection

nearly so. Bodies of water and but degrade recognition. The local-
glassy areas appear nearly black ized heating would cause the hood of
as do roads and screams which the truck, in fact the whole engine

appear in strong relief. Specular area, to appear very bright. By re-
reflections from man-made objects versing polarity te hot as black, the
appear to be much more ccmmonly picture often appears more natural.

encountered.
If the truck is moving down a road,
A e s e again there is localized heating, but

. not of the same t . Theh i
saturate the passive sensor are ype elheod is atten

of 1ittle consequesce to the cooled by the airstream and, therefore,

d c ; b
S e BT, En oes not appear hot. The exhaust will

Harisoniiaicy WwhichEn el aren still be hot &nd the under carriage will

enGe TG T i now he very warm providing a hot but

. ; . . usualiv non-saturating signature.
horizon treeline for the passive e ERS2pnotare

sensor (when the horizon is in the The tires nuw appear hot.

field of view), is ignored by the Similar comments can be made regarding

ACTV although the treeline can other man-made objects. Tanks have

‘ still be discerned. suclia large mass they nearly always
appear warm, the exception being when

The variation of scene irradiance parked in snow. Evena’ier not running

from foreground to background, for days and then being exposed to

expected to b a problem with ACTV, rain, a tank can stand out as a uni-

Py wita

has been a less s-°rious problem form warm blob with the proper outline.

*RBe silhouetted

25
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than expected. ACTV systems are
of course independent of natural
scene light levels so long as

the natural scene lighting is not
too large. However, daylight
operation in the active mode is
precluded with the curcently
available exposure duty cycles and
sensor, on-off, gating ratios

obtainable.

While ACTV systems now in use,
appear to have a significant
advantage over PATV in night
operations, they tave not been
significiently used to ootain a
good feeling for their overall
imaging qualities or capabilities.
In gensral, image contrasts are
much higher as orne would expect
due to the atmospheric range gat-
ing, but also are much higher in
general than was expected cven
taking into account the gencrally
higher scene reflectivities in

the near infrared.

26

If it is started, the engine and ex-
haust become unnaturally warm. Aftet
running around, the bogie wheels and
treads as well as the rest of

the tank, heat to provide a very
natural picture except the whole

tank is very warm and therefore
bright when operating in a white

hot mode.

Buildings and bridges tend to luok
the way one would expect. For ex-
ample, where obvious heating is
dominant (i.e., smoke stacks) they
tend to be bright, but otherwise
look natural (i.e., TV-like). The
notable exception is the metal roof
of a Quonset hut wnich tends to have
low-thermal inertia and low emis-
sivity, and at nignt, reflects the

sky, thereby appearing coid.

Man-made objects, on or near water,
have reflections which, at glancing
aspect, can be very strong and even
confusing. Other flat areas, such
as roads, can also exhibit reflec-
tions. Roads and waterways at
glancing angles often appear cooler
due to reflecting the sky. An arti-
tificial t mperature gradient or in-

version is not uncommon.




3.2.2 THE EQUIVALENT SCENE

The real scene is a complete collectiocn of'objects irradiated by

sources which vary in time both with regard to location and intensity.

As was previously stated, this is too complicated to analyze for the
general case. The first step in simplifying the situation is to define
an equivalent scene of reduced complexity. The objects in the equivalent
scene are two dimensional: they are normal to the sensor at the proper

range; and they subtend the same angles to the sensor as did the actual

objects.

TV IR _
The equivalent TV objects have All equivalent IR objects have emis~
zero emissivity so that their sivity of unity so their radiation
radiation characteristics are characteristics are determined solely
solely determined by their equiv- by their egq.ivalent temperature.
alent reflectivity and the aver- There are no reflections. Instead,
age scene irradiance level. the area of the scene has an
Each object in the scene is con- appropriate equivalent temperature.

sidered to be diffusely reflect-
ing and each area in the scene is
characterized by the high }Jight
irradiance level and its appro-

priate equivalent reflectivity.

3.2.3 ATMOSPHERE

In both the cases, TV and FLIR. the equivalent scene is modified by the
atmosphere providing the apparent scene. The cadiation signal is
attenuated as it passcs through the atmosphere and the atmosphere adds

a uniform masking radiation between the viewed object and the sensor.
Small-scale changes in the index of refraction of the air (turbulence,
scintillation) in the scene-sensor path degrade the geometrical fidelity

of the received information.




In fact, the atmosphere is probably the most significant uncontrolled

parameter in the electro-optical performance prediction relationship

and can cause the greatest variations in predicted ranges.

two reasons for this.

at most locations.

There are

First, it is difficult to predict thte weather

Second, knowing the weather conditions at ground

level it is often not possible to predict the slant path effect on

performance.

Since this is such an important part of predicting actual performance,

detailed discussions with appendices are presented with this report.

A discussion on how the relative effectivenesses of the twec systems

might be compared for different atmospheres is presented in Section IV.

ACTV

IR

For an ACTV system, the effect of
the atmosphere is strongly
related to the source and its
mode of operation with the system
(i.e., range-gated or not). The
tystem source may be a simple
searchlight or a complex light
eritting diode (LED) 1rray or
laser. These sources may be used
in conjunction with a simple pas-
sive sensor or with a range-gated
sensor. The source is considered
to be near the sensor and to sup-
ply sufficient scene irradiuance
so as to make the czontributions
of natural sources, such as the

moon, negligible.

28

Self-emission from the atmosphere

and scattering from the ground, etc., .
cause the atmosphere to add a uni-
form radiation level to the scene.
The primiry effect of the atmosphere
on FLIR performance, however, is not
this background effect but the ex-
tinction of the signal (AT variations

in the scene).

At the wavelengths of interest for
FLIRs, molecular absorption by the
atmospheric constituents i{sx a sig-
nificant factor. (This has been

treated by many models the most com-
monly used being that of Altshuler.)

The first order selection of spectral




ACTV

IR

The atmosphere intervening between
the system source and object has
two principal effects on active
imaging systems. First, the scene
radiance is diminished due to
scattering of source radiation out
of the line-of-sight and secondly,
a portion of the source radiation
may be backscattered into the
sensor's line-of-sight. The ap-
parent scene radiance, due to the
extinction of source radiation by

the atmosphere, is given by

c & (-Za ﬁ)
av s exp o

nQRz

(L)

Where C.V is the average scene re-

flectivity, #_ is the source power,

s
@y is the atmuspheric extinction
coefficient nea~ the object, K is
the optical slant range, & is the
solid angle into which the source
cadiates, and R is the actual range
from the source to the sensor. The
factor of 2 in the argument of the
exponential term oxpresses the tact
that the source radiation is dimir.-
ished both on its way to the scenc
and on its return to the sensor.
The extinction coefficient is a

func..on of the meteorological

visibility and the wavelength of

T o v D e A, VPR T -

bands for operation of FLIR sensors

is determined by the study of opaque
versts '"window" regions of atmospheric
molecular absorption. The 'windows"
normally useful for FLIRs are nomi-
nally 3 to 5 micrometers and 8 to 14

micrometers.

Even within windows, some attenuation
takes place at almost every wave-
length, and the total amount of pre-
cipitable water vapor in the scene-
sensor path has a profound effect on
the extent of the transmission

window.

It is axiomatic that if radiation
can be absorbed at any given wave-
length, then the absorber can also
emit radiaticn at that same wave-
length. Re-emitted energy is usually
not a problem at visible wavelengths
since when the visible energy is
ahbsorbed, it heats the atmosphere

and (> re-emitted at higher wave-
lengths. 8ur FLIRs operate on
thermal emissions and the air and the
obhjects being observed are at about
the same temperature. In the theo-
retically optimum FLIR, the single-
systen noise source is directly

related to the random emixsion of
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the source radiation. A typical
scene radiance vs range character-
istics is plotted in normalized
form (Ls/pav ) in Figure 7 for

various meteorological visibilities.

Tha second major effect of the
atmosphere is to decrease image
contrast. The contrast reduction

in general terms is given by

Cr
T - l + 5 (2)
o

where ‘b is the total flux returned
to the sensor and ¢, is the total
signal flux. In a range-gated
system, a short pulse of radiation
is sent to the scene by the source.
During the time of travel of the
radiatior to the scene and i*s
return, the scnsor is gated off.

It is turned on at the precise time
that the pulse returns. With a
very narrow pulsc and range-gate
interval, the Cr/CO ratio is ca-
sentially unity, fhe tase for
finite pulse durations but a narrow
range gate is zhown in Figure 8 and
the case for a short pulse duration
bat various range-gate intervals is

shown in Figure 9.

photons from the scene and interven-
ing atmosphere. The smaller the spec-
tal bandpass of the FLIR sensor, the
less the noise. Including an opaque
portion of the atmosphere transmis-
sion spectrum in a FLIR's spectral
bandpass will therefore add noise
without any benefit of additional
signal. The specific selection of
the spectral bandpass for a FLIR is
therefore a compromise, maximizing
available signal-to-noise over a
wide spectrum of ranges and absolute

humidities.

At FLIR spectral wavelengths,
Rayleigh scattering is completely
absent and Mie scattering, or more
properly Mie extinctionn, has a much
different characteristic than it
does for visual wavelengths. A:
wavelengths shorter than approxi-
mately | micrometer, the imaginary
index ot liquid water is virtually
zero.  So, haze o: tog Jdroplets are
easentially perfectly reflecting
spheres tor non-absorbing resonators
according to Mie's theorv). However,
4t waveiengths common for rLIR.,

the iwaginary index of liquid water

is signiticant and an appreciable

amount ot R energy is absorbed
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ACTV

IR

In summary, the parameters for pre-
dicting the effect of the atmo-
sphere on range-gated ACTV perfor-
mance are the average scene re-
flectivity, meteorological visi-
bility near the scene object,
optical slant range, source pulse
duration, and the position of the

object in the range gate.

PATV

For a passive or PATV, the atmo-
sphere has three principal effects.
First, the atmosphere may in effect
be the natural source as in the
case of the sun just below the
horizon. In this case, the light
scattered by the atmosphere is the
principal source. Secondly, the
scene irradiance is diminished due
to absorption and to scattering of
natural source radiation out of the
path between the source and object
and finally, a portion of the
source's radiant energy may be
scattered into the sensor's line-of-
sight. The levels of natural scene
irradiance are not ordinarily cal-
culated except in special instances
but rather, are taken from tables

and curves as noted above. The

by the water droplet and re-emitted

at the temperature of the air.

This absorption of signal energy and
the scattering of signal energy out
of the scene-sensor path serve to
reduce the effective signal at the
which is

sensor., Aerosol extinction,

a strong function of droplet size and
therefore relative humidity, is dis-
cussed in Appendix I. In general,
however, due to the wavelength
dependence of Mie extinction, a FLIR
operating in the infrarea wavelengths
will be less affected by a given haze
or fog condition than will a TV
sensor operating in the near visible

wavelengths.

In summary, the parameters for pre-
dicting the effect of the atmosphere
on IR performance are relative humid-
ity, temperature, type of air mass,
range, and when cperating at high
altitude (especially 3-5 um) the other
gas constituents. For 8 to 14 microm-
eter radiation, molecular absorption
is a function of the total water in
the path. For high-relative humid-

ities, the transmission is dominated

by particulate water absorption and
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PATV

IR

main effect of atmospheric scatter-
ing of radiation into the line-of-
sight is to decrease image

contrast.

TV

In dealing with atmospheric effects
on contrast, it is usual to define
two contrasts: the '"inhereant" con-
trast and the "apparent' contrast.
The "inherent" contrast is the con-
trast of the object at range zero
but along the line-of-sight from
the observer's actual position at
range, R, to the object. The
"apparent' contrast is the actual
contrast of the image at the ob-
server's location. (See Figure 10.)
The most general law for atmos-
spheric contrast reduction is given
in an extremely well written and
interesting reference by Middleton
(kef. 14) as

N

N -
00 - bo) @ K gy

CR=CO(N ¥
or br

where N and N, are the object
0o bo
and background radiance at zero
i and N 4 N
range respectively ane Nor nd Nop
are the corresponding quantities at
is the value of

range, R. Also, a,
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scattering and is a strong function

of particle size and density which is

a strong function of relative humid-

ity. As an example of the 8-14 um

transmission is included as Figure 11,

The best known data on atmosphere
transmission in the IR was taken by
Taylor and Yates. From this data
Robert Grube of EOS developed a very
simple but useful nomograph which is

much more pessimistic than the opti-

mistic predictions one gets with most

computer programs based on Altshuier.

This nomogram only holds for high-

relative humidity and is simply based

on empirical fit to the Taylor and
Yates data. Figure 12 is a copy of
Grube's nomogram reproduced from the
High Performance IR Systems Study

Report, Reference 11.

The nomograph utilizes two sources
of data. First, the precipitable
water per unit path length is deter-
mined using Hudson's nomograph

(Ref. 15). By adding range to this
nomograph, precipitable water in the
path can be determined as a function
of relative humidity, temperature,

and range. Second, the relationship
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the atmospheric attenuation, or ex-
tinction, coefficient at zero range
and R is the "optical slant range"
and represents the horizontal dis-
tance in a homogeneous atmosphere

for which attennation is the same

as that actually encountered along

the true path of length R.

The general law of contrast reduc-
tion by the atmosphere depends upon
the sky condition, viewing angle,
source aspect angle, etc. For the
special case of downward vision,
which is the most important case
for aerial surveillance, Middleton
gives
-1
5 w R

k
CR Co 1-Gd(l -e o0 ) . (&)

Where Sk/(}d is a quantity dubbed
the "sky-to-ground ratio'". 1Its

value is estimated to be

S

k 1 Sta,
. 3 (Overcast sky), (5)
)
Kk, 02 (Clear sky). (6)
Gy B

where B is the average ground

reflectivity.

between precipitable water and
average transmission, as derived
using Taylor and Yates' measure-
ments, is used to convert pre-
cipitable water to average trans-

silssion.

The procedure for using the nomograph
is as-follows: for the example shown,
a retative humidity line for 80 per-
cent .5 drawn to intersect the 25°C
terperature line. This determines an
absolute humidity of 18.5 grams/m3.
The intersection of this line with the
10 km range line yields a water con-
tent of 18.5 precipitable centimeters
in the path. The continuation of

this line to the folding line provides
an avarage transmission value of 33
percent. The procedure can be fol-
lowed for other parameters as neces-
sary, providing the pr. cm values fall
within the limits shown: 1.3 pr. cm

and 28 pr. cm.
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In summary, the parameters for pre-

dicting the effect of atmosphere on
PATV are the viewing direction,
average scene reflectivity, sky
condition, meteorological visi-

bility, and optical slant rauge.

For both TV and FLIR, the geometric fidelity of the scene is degraded as
the optical energies pass through the atmosphere from the scene to the

sensor. The general term for the effect is scintillation (as in stellar
scintillation) although "turbulence" is sometimes applied when the effect

is caused by wind.

The driving function for scintillation is energy transfer through the
atmosphere. Consider a clear summer night with moderate relative humidity -
following a hot clear day. A large anount of energy will be leaving the

earth's surface and radiating into cold space, traversing the atmosphere -

in the process. Air is opaque in portions of the infrared spectrum where
most energy from a blackbody at usual earth eavironment temperatures is
emitted. Tunus, in moving through tiie atmosphere, the earth-emitted energy
is absorbed and re-emitted by successive volumes of air. '"Adjacent"
volumes of air receive energy from different portions of the earth and so
a dynamic system of 'cells'" (volumes-of-air) is created, each with a dif-~
ferent temperature above or below the average air temperature. The index
of refraction of air is a function of temperaturs so the cells have vary-
ing index. A plane wave-of-light, entering a wolume of cells, will emerge

with a motified wavefront.
The cells have various sizes and grow or shrink with time. The temperature

differences (and so the scintillation) are strongest near the ground. The

cells are blown about with wind.

40




For small angular areas within the sensor field-of-view, the overall
effect of the source to sensor atmosphere path can have two components:
a focusing lens effect and a wedge effect. The adjacent small angular
area may or may not have the same optical effect. It depends upon the
cunulative effects contributed by the cells along the two separate paths.
Because of the possibility of wedge effects, energy from a single point
of the scene may arrive at the sensor by two differeat length paths

(in number of electromagnetic cycles) and constructive or destructive
interference can occur for that point in the scene. The effects of
scintillation are therefore exhibited as bouth geometric and amplitude
distortion. (A shadowgraph of heat rising from a candle flame is an

example of a related effect.)

If a long-time exposure photogzraph is made through a scintillating
atmosphere, then the apparent effect on the system is as though the
photographic system had a low MTF. The effect on a real-time system
such as TV or FLIR is also similar to a loss in MIF but, it is dynamic.
These dynamic effects on images are only now being subjected to rigorous

exploration.

3.2.4 °THE APPARENT SCENE

From the point of view of the sensor, it is looking at a two-dimensional
(angular} radiation pattern, This pattern can be cveasidared to be the
equivalent scene modified by the atmosphere and converted to angular
coordirates by the range to the targets. Therefore, the apparent object
is an idealized two-dimenwional (angular) object that, if viewed through

a vacuum, would provide the same image at the output of the imaging system
as does the actual object., The paramcters used to descritc the apparent
object are the same as those used to describe the equivalent oblect since
the apparent object is the equivalent object modified by the atmosphere
between the object and the s.nsor. The following gives an indication of

the TV/IR difference while discussing the defining parameters.
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For a TV system,* the atmosphere
reduces the contrast due primarily
to the scattering of light from
various sources into the view of
the sensor. This increases the
average irradiance of che scene
while having little effect on the
signal. In addition, the signal is
reduced by absorption and scatter-
ing. ‘The parameters for the appar-
ent object are apparent contrast
(Ca) with the peak refleccivity
equal to unity and apparent high-
light irradiance of Ey- All ob-
jects in the field are defined as
totally diffuse, XAltevnately, rhe
apparent scene can be defined in
terms of the variation in irradi-

ance at the sensor due to the scene

as a function of viewing direction.

The IR apparent scene is made up of
objects with emissivity equal to
unity and varying temperature. The
variations in temperature are those
which appear to be present. 1In truth,
they are actually determined by: 1)
the temperature and emissivity of the
object in the scene, 2) the radiation
that sources reflect from the scene,
and 3) the atzosphere absorption and
emission. It must be remembered that
it is radiation and not temperature
variations that are being detected.
Also, that the spectral distribution
of the source radiation, the atmo-
sphere absorption, and the sensor
sensitivity must be included in the
apparent temperature difrerence

determination.

3.3 THE MAN AS THE FINAL THRESHOLL FCR THE SYSTEM

3.3.1 INTRODUCTION

Up to now, we have discussed in detail the input to the system.

Before

proceeding with the analywis of the hardware, it is desirable to discuss

the man as an element of ithe syutem since he does in fact act as the

firal threshold/decision maker.

*For ACTV the amounc of contrast reduction i+ siznificantly less than

for PATV and often negligible.
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"On a clear day, one can see forever.”

While the popular statument is
undoubtedly optimistic, it is certainly true that one can see the sun by
clear day, und the stars by clear night, at considerable distance. From
a more practical viewpoint, the objects of our attention are more likely
to be more wundane terrestrial objects at modest range. These objects
may be seen with greater or lesser clarity depending on the acuity and
sensitivity of the otserver and the range, size, and incremental exitance
of the obhject. Sometimes, it will not matter whether the object is seen
at a given level of discrimination or not while at other times it may be
vital. 1In general, our concern will tend to favor those conditions under
which the observer is highly motivated to uvbserve scene objects with

some intended purpose in mind such as navigating in a boat or aircraft,
detecting a criminal act, or differentiating between friend or foe.
Supposing the observer to have some purpose in searching for scene
objects, it follows that he miist observe the object at sufficient range
if the intended purpose is to be served. For example, it is of little

comfort to detect the presence cof ¢nother aircraft too late to aveid it.

Thus, the range at which an object can be observed with "sufficient clarity”
te perform some useful task 1s of considerable interest. The words
"sufficient clarity" should be stressed. In one cuase, it may be sufficient
to merely detect a blob such as a channel buoy. In other cases, a much
higher level of object detail is needed. For exaample, it is of no use to
televise and record a vurglury if the recording's acuity is insufficient

to identify the burglar in a court of law. In the usual case, by range,

we imply the maximum vange at vhich we can just barely resolve the object
if it is the mere presence of the obicect in which we are interested. If
the object such as the burglar is to be ideatified, then we would be
interested in the maximum range at which the subject's features can barely
be discerncd. In short, range implies & threshold, but the threshold
depends upon the level of object discrimination required., The various
levels of discrimination uxually defined are detection, orientation,

recognition, and identification,
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The primary intere-® borojn is in the performance of a man augmented by an
electro-optical sensor. e - o bere used s to associate a signal-to-
noise ratio with .an image as it appears on the output of the sensor's
display and then, the signal-to-noise ratio required by the obdserver is
determined through experiwentation. By relating the signal-to-noise ratio
required by the observer to that provided by the sensor, chreshold range
can be computed. In this analysis, the image signal-to-ncise ratio is
computed on the bactis of an equivalent test object of simple geometry but
with characteristics like the real object. The premise is that the detect-
ability of a simple test object can be correlated with the detectability,
recognizability, or identifiability of the real object by suitably select-

ing the parameters of the test object.

For any given system and set of scene variables, the range at which the
man can perform his task becomes the parameter cof irterest. What follows

will be aimed at predicting ranges.

The task will therefore be the three related tasks of: detection, recogri-
tion, and identification. Whi.e detection canbe thought of {(in niost cases)
as independent of the others, the other tasks are successively higher order
tasks dependent upon the successful completion of the lower order tasks.

We can speak of the probabilit; of detection without implying recognition
but the probability of recognition implies that the object was fi-st

detected. Therefore, we can consider the conditional probabilities:

P(D) = Probability of detection
P(R/D) = Probability of recognition given detecticn

P(1/D) = Probability of identification given recognition

Actually, the probability of detection will be unity whenever enough in-
formation for recognition exists, However, the convept is worth express-
ing since time wmay be limiting the scaich volume and P(D}. The

probability of identification P(1) thea becomes

P(1) = PUI/Ry PR/ P(D) (7)
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We will first consider the simplest case, the one upon which all higher-

order cases depend, that of detection.

3.3.2 CONCEPTS

The basis of what fellows is that the observer (brain) is a spatial and
temperal integrator over the conditions of interest and makes a detec-
tion based upon statistical significance, i.c., a spatial distribution of
brightness appears statistically significant (brighter or darker) compared
with the surround. Because of this, only che perceived signal-to-noise
ratio matters. To clarify these statements, we must define spatial and

temporal integration, perceived signal, perceived noise, and resolution.

3.2.2.1 Temporal Integratior

A temporal integ.ater is a device which integrates over time. If & con-
stant arplitude innut is appliec¢, the output response is proportional to
the duration of time over which the input is applied. F¥For the eye, if

the total duration of a light stimulus is much less than 0.1 second, the
resoponse is proportional to the duration of the input. Extending the
duration of exposure ¢an be traded off divectly with increasing amplitude.
For longer response times, as the duration is extended, the operator's
memory gradusliy fails until no addi:jenal! integration occurs. That is,
the operator acts Jds an imperfect in‘egrator vith an integration time of

betwee:r 0.09% and 1 sccond.

The effect of the phenomeuon that is of intetest here occurs if an

observer ix presented with a voisy pivture in o repetitive tashion. First,
if the rate is Rreater than about 20 1ps, it will ausually appear 1o be a
ront inusus presentidiion,  Second, it the noise from frame-to-trame (picture-
to-picture) is uncarrelated ifndependent) while the picture is the same,

the picture will appear to have a higher signal-to-noise ratio than anv

particular frame. This sccond texult ocvurs hecause of tae effects ol
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integration on noise. If the noise is random, then the total noise

is proportional to the square root of the integration time. Since the
signal increases proportionally to time and the noise only as the square
root, the signal-to-noise ratio increases as the sqaure root of time or

as the equare root of the number of frames per integration time.

Film is a good integrater over a limited region of time. Since it is
nearly perfect over its linear range, there is relatively no decay of
signal and consequently it will saturate if the integration time is too
long. However, by using a finite time for the integration and by
synchronizing a perfect integrator with a signal, one can indicate the
gain due to integration that is available. The actual signal integration
time is a function of the display brightness. At high brightness levels,
it may be as low as 0.05 second while at low display brightness, it may be
much longer but is typically 0.1 second. Section 8.9 of Refevence 16
presents an interesting discussion on this subject which indicates that
training improves the memory of the observer for some specific cases and
that by using long persistence phosphors to increase integration time
(memory) it requires a very long phosphor decay time (seconds) to show any
improvement in signal-to-noise ratio. There are a number of reasons to

believe that the integration time varies with average scene brightness.

An effective integration time of 0.1 second, which is believed consistent
with the usual display brightness, will he used here for calculating the
improvement in perceived signal-to-noise ratio due to integrating a number
of independent frames. Therefore, for a 30 fps system, the perceived
signal-to-noise ratio will be \5 times the single frame signal-to-noise

ratio.

3.3.2.2 Spatial Iotegration

For our purposes, a4 two-dimensional spatial integrator is a device which
has an output proportional to the integral of the signal over a two-

dimensional area. The c¢ye/brain appears to function as a two-dimensional

46




Tt hbABeS

synchronous integrator, integrating only over the area of the object for
objects of angular extent less than 0.5°. It appears that for white
noise, the brain perceives a signal-to-noise ratio which improves as the
square root of the area of ar object as would be the case if the brain
indeed integrated over the area of the object. That is, the signal upon
which a detection decision is based is proportional to the area of the
target and the noise is proportional to the square root of the area of

the object.

This hypothesis has been extensively stated and empirically shown for

the noisy display case for both film and TV by 0. H. Schade, Sr., (Ref. 5).

Detection tests by F. Rosell (Ref. 12) have shown that this relation is
nearly perfect for targets of different shape and aspect ratic over a
considerable range. All this work assumes that the TV or film is
linear, i.e., small signals on a brightness threshold are being

considered.

3.3.2.3 Perceived Signal

The perceived signal is the signal which the operator appears to use to
make the detection decision. It includes the spatial and temporal

integration.

3.3.2.4 Perceived Noise

The perceived noise is the neise which appears to affect the operator
when he makes the detection decision. It inciudes the spatial and

temporal integiation. It ix not the noise he acknowledges seeing.

3.3.2.5 The Eye Respense Function

The optical part of the eye has an MIF which should be considersd as a

component. This MIF was measured by F.o W. Campbell (Ref. 177 and from




his data we have found the eye to have a resolution as defined in
Appendix II as (reye) equal to 1 to 2 mrad depending on pupil diameter
(i.e., brightness level). 0. H. Schade, Sr., also determined reye'
Figure 13 represents - versus brightness from both sources. In addi-
tion reye as derived from Blackwell's data and theory presented in the
follewing is also presented in Figure 13, - it includes tutal eye eifects.

Since the eye views the display, which has an angular subtense related

to the angular subtense of the sensor by the system magnification, the

resolution of the eye appears to be improved by the magnification.
That is, in object (target) space the eye has a resolution reye/M where
M is the system magnification. M is defined as the ratio of the angle

subtended by a target at the eye to the angle subtended in object (target)

space. lor example, if the system had a magnification of 10, a target
subtending 1 mrad to the sensor would appear as 10 mrad to the eye or

the eye would appear to have 0.1 to 0.2 mrad resolution in object space.

Figure 14 summarizes the above statements for a system consisting of a
sensor and display. Figure 15 then is a plot from this (approximate)
analysis showing the effect of display size (magnification), on the total
effective resolut.on. As will be shown, effective resolution (rtot) is
inversely proportional to recognition range for a non-absorbing atmo-

sphere and, therefore, it is to be optimized. As the display size

(magnification) is increased, the total resolution becomes equal to the
system resolution end, therefore, independent of the eye limitation.”
When the system resolution equals th: eye resolution divided by the
magnification, 70 p- rcent of the maximum range is possible. Higher

magnification improves r {also range) slowly, but lower magnifications

tot
degrade performance significantly. This is more clearly shown in Figure 16

=ty

: "1t should be rememb:rec that this discussion of display size does not

1 include the effect of raster or other display blemishes. If these blemishes
- are pronounced, it nay be best to sacrifice total resolution so that the

3 ' operator is not precccupied with them. A strong raster line should never

. subtend more than 0.5 mrad per line at the eye.
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Resolution of eye = Tuye = 1 mrad

Resolution of system = Vgpy

System magnification = ¥

Resolution of man plu. system = T

By the definition the tesolution of the total (ryor) for a perfect svstem
would be rcyc/“' This [igure thervefore indicates how much of the total
resolution is a rerult of the display being too small j.e

.y insufficiont M.
The ordinate is essentially display sise.

Figure 15, The Effect of Magnification (Display Size) on
Total Resolution




sys ' " total

(See Note on Figure 15)

Magnification (Display Size) Required as a Function of the
Acceptable Percentage Loss in Resolution Due to the Finite
Resolution of the Eye

Figure 16.
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which is simply another Qay of showing Figure 15 with reye = 1 mrad. This
curve can easily be applied to existing systems. For a system with an
M=7.5(e.g., a 6-inch horizontal display at 26-inches to display a 3.3°
horizontal field-of-view) and an rsys = 0,25 then, if reye = 1.5 mrad

(brightness =~ 1 foot-lambert)

M= 6
(8)

%— = 1.25

1

and rsys would be about 75 percent of r For lower average brightness

tot”
(reye = 2 mrad) this would be degraded. 1f the vibration and other
environmental factors are considered, an rcye = 3 to 4 mrad may not be

unreasonable.
3.3.3 DETECTION

The probability of detecting an object, given that the operator is
locking at the object, includes two non-mutually exclusive cases: non-
clutter limited (uniform background) detection and clutter-limited

detection.

The first case is where the target is in a relatively uncluttered
environment (i.e., on the road) but the ability to detect is limited by
random (Gaussian) noise. (Fixed noise and blemishes should be treated
separately.) The operator is viewing the display, trying to detect an
anomaly in a relatively uniform arca. Ship or headlight detection may
be an ideal example. The "noise free” (contras: limited) situation is
a special clementary subcase of this case and will be discussed first.
The analysis of this first case provides the basis for most of the
detection and recognition theories presented in this study and therefore

will be given the greatest attention. It is based upon the work of
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0. H. Schade, Sr. (Ref. 5), H. L. De Vries (Ref. 18), H. R. Blackwell
(Ref. 19), and others (Refs. 19 through 23) and simpiy applies their
theories and/or empirical results to the operation of an electro-optical

system.

The second case is wlien the difficulty in detecting is caused by a necd
to recognize the target from the clutter. This is the case where false
targets and/or camouflage have rendered detection to a condition of

4 recognition. This is an extremely complicated case requiring the system

and man to extract and possibly filter enormous amounts of information

from the scene and object. For this case, it is anticipated that detec-
tion may be by prebriefing and context. Such cases are often presented
as visual puzzles and the analysis of these cases can be very difficult,

but an empirical model has been advanced by J. Johnson (Ref. 24) as part

AR e S —"

of his unified detection/recognition theory and will be used with inter-
pretations. A special subcase of this second case is the situation where
a raster acts as clutter interfering with detection. This will also be

discussed.

3.3.3.1 The Man as a Detector, Theory A--Non Clutter

3.3.3.1.1 Noise-Frec

Much work has been done investigating the effectiveness of the unaided

%‘ min as a deisctor. One of the more well known experimentalists is

é §> H. R. Blackwell. Between 1945 and 1957 be made a comprehensive series
! §' of measurements of contrast thresholds at various object sizes, back-
E ground luminances and exposure times. And, while more recent work can

be quoted, this examination clearl; covers the parameters of interest.

The objects were disks presented against uniform backgrounds of luminance

B and contras® AB/”.




A

Measurements were wide by the "temporal forced-choice' method. (bservers
were required to look at a continuously-presented background.* The object
was presented, for its stated duration, in only one of four possible
temporal iutervals, cach of 2 seconds duration. The observer had to indi-
cate thac he had discriminated the presence of che object by correctly
identifying the interval in which it appeared. That contrast level

which corresponds to detection 50 percent of the time is known as thresh-
old contrist. Measurements were made for visual angles of 0.3 to 17.5
mrad, exposure times of 0.0l to 1 secound, and backgrounds from 0.001 to
1000 foot-lambert. Table I shows the results. Figure 17 shows the
variation of brightness threshold with object size and background

brightness for l-second exposure. (Reference 1.)

This plot indicates many interesting aspects on how the operator actually
fractions. For a brightness of 1 foot-lambert, the operator appears to

do spatial integration over either the optics blur (later discussions

will clarify this statement) or the target up to an object size of about

3 mrads at which size the integration tends to fail and 2B becomes con-
stant (as it does with tempora:i integration). In fact, this relationship
seems to ovccur for all brightnesses with the failure occurring as a maxi-
mum integrated signal is reached. Assuming that the noise is photnn noise,
(when the brightness is high) as discussed by A. Rcse, (Ref. 20) it is
proporticnal to Bllz. This indeed appears to be the case down to a
brightness of less than 0.1 foot-lambert where some internal noisc (in

the eye-brain) seems to tuake over and AR becomes unaffectod by the average

brightness. Therefore, detectable brightness curves for 0.01 and 0.001

foot-lambert are near identical to the U.1 foot-lambert case.

It is interesting that while the breakpoint for the long exposure data

is at 0.9 wrad (indicating r, of the eve = 0.9 mrad) the short exposure

o . : : . s :
The background or noise is presented continuously while the signal is
onlv presented in & flash. Thercfore, S/N improves directly with ex-
posure time until the integration starts to fail.
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TABLE 1

CONTRAST THRESHOLDS AT VARIOUS OBJECT SIZES,
BACKGROUND LUMINANCES AND EXPOSURE TIMES

(BLACKWELL 1957)

ft-L
1000 100 10 1 0.1 0.01 0.001
= 1 second
0.113 0.159 0.234 0.555 2.38 18.9 185.0
0.0296 0.039 0.0585 0.139 0.59 4,72 47.2
0.0112 0.0:28 0.0181 0.03¢%8 0.167 1.33 13.3
0.00863 0.00863 0.0110 0.0179 0.0662 0.526 5.26
0.00745 0.00745 0.00877 0.0110 0.0312 0.248 2.48
= 1/3 second
0.230 0.315 0.726 2,92 21.4 212.0
0.0574 0.0787 0.181 0.731 5.36 53.0
0.0173 0.0244 0.0516 0.205 1.51 14,9
J.0105 0.0139 0.0216 0.0774 0.568 5.61
0.00746 0.00914 0.0112 0.0340 0.249 2.46
= 1/10 second
0.221 0.346 0.581 1.38 5.81 42,6 413.0
0.0575 0.0865 0,145 0.345 1.45 10.65 103.0
0.0196 0.0262 0.0422 0.0977 0.397 2.91 28.3
0.0117 0.0146 0.0198 0.0380 0.129 0.946 9,20
0.00855 0.00938 0.0114 0.0164 0.0392 0.287 2.79
= 1/30 se¢cond
0.676 1.25 3.42 15.2 108.0 1065.0
0.169 0.313 0.855 3.80 26.9 254.0
0.0516 0.0889 0.239 1.07 71.57 71.4
0.265 0.0373 0.0889 0.337 2.38 22.5
0.0146 0.0169 0.0308 0.103 0.103 6.85
= 1/100 second
0.955 1.92 31.48 10.3 51.5 340,0 30,0
0.2069 0.479 V.871 2.5 12.9 85.1 759.0
0.6995 0. 1406 0.249 0.716 3.49 23.1 206.0
0.0669 0.076% 0.10% 0.255 1.12 7.40 65.9
0.0368 0.0138% 0.04% 0.0855 0. 340 2.29 20.4%
56
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data breaks at 1.5-2 mrad indicating that eye resolution is poorer,

This may be attributable to retinal enhancement for l-second times that
cannot occur when exposure is only 0.001 second; i.e., eye jitter is not
fast enough. This could mean that the eye may perform poorer with TV or
FLIR than with photographs.

3.3.3.1.2 Noisy Iuage Case

There is a difference between detecting disks on a uniform back-
ground which represents a noise-free scene and detecting objects in a
noisy scene such as a televised scene. It has been the effort of 0. H.
Schade, Sr., and more recently the ccavthor, F.A.R., to extend the
experiment to the noisy image case. Their efforts have again shown the
brain to act as a4 spatial and temporal integrator with a fixed threshold

based upon perceived signal-to-neoise ratio.

While Celaying the proof until a later section it is worth stating that
the display signal-to-noise SNRd* ratio is (see subsection 3.4.6.8.1)
related to the video signal-to-noise ratio, SNR,, as measured in a TV
camera's electrical channel for simple aperiodic objects (squares,
rectangles, ete.) as

- M2
SNRP = 2t iy, (a/A), e SNK,, (9)

where t is the observer's integration time, Lfv is the video bandwidth
and a/A is the image arca mormalized to the entire raster area. The

relationship between *fhe SNRp and SNR, was first suggested by Coltman
and Anderson (Ref. 20) and provides 4 tonvenient method of gencrating
neisy test images for use in psyvchophysical experiments., 1t should be
noted that the above cquation only holds tor images fron sensors with
ideal MIF's but that usetul thresheld signal-to-noise ratios that can

be extrapolated to ron-ideal cases, can be derived,

®
(S.\'R)d is the (SNR)p foer an optlimum dixplay.
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A typical result of psychophysical experiments using rectangles as test
objects is shown in Figure 18. Here, we show the probability of detec-
tion versus SNRd for four different rectangles. 1In the experiment, the
test objects could appear in four different locatieons on the display.

The observer response was forced and the probabilities obtained were

corrected for chance. The largest rectangle subtended 0.13° x 6.02° at

the observer's eye, implying that the observer can spatially integrate

over vary large angles.

In a second series of experiments, squares were used. The threshold
SNRds obtained (50 percent probability of detection) are shown in
Figure 19. The thresholds are seen to be quiicv constant for squares of
angular subtense from 0.1 to 0.5° but increase for smaller squares and
iarger squares. The increase for the smillest square is attributed to
the MIF of the eve. The results for the large squares are in apparent
contradiction to the results cotained in the previous experiment. The
proposed explanatien is that the eyve has a ditferentiating effect on
images. The long thin rectangles are nesrly all edge and the cve rcan
make use of the total image. For large squares, the eye can make use
of only the perimeter of the square. This effect and the results of

a large number of other psychophvsical experiments including those

discussed below are detaiicd in Rederence 12.

In summary, the threshold display signai-to-noise ratios required tor
isolated aperiodic objerts on a unitor« background arve quite well known,
The average vialue of the threshold i about 2.8 using Eq. 9 and a value

of .l second for the observer's 1utegration time,

While isolated aperiodic ohjects amd a unitorm background are somel imes
oi inlerest as in the vane of detedting sicoratt against the horizon sky,

it is more usual to be scarching tor objects anid seme degres ot clutter,
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3.3.3.2 Thke Man as a Detector, Theory B--Clutter Limited

As we noted, uniform backgrounds are seldom encountered. Usually there
will be background clutter which can range from comparatively simple to
highly complex. For objects amid modest clutter, it has been suggested
that detection just occurs when the object just subtends one cycle of

the spatial frequency (or 2 TV lines) which can just be resolved. In

this criterion, we replace the object by an equivalent bar pattern as
described in the next section. The equivalent bar pattern should have

the same incremental signal as the object and the width of one bar

should be half the minimum object dimension. This concept was first
proposed by J. Johnson of the Ft. Belvoir Night Vision Laboratory (Ref. 24)

and was shown to have some validity through a series of experiments.

As will be shown in the sensor analysis, the isolated object criterion is
essentially identical to the Johnson one-cycle criterion for targets sub-
tending angles much greater than the resolution (defined in subsection
3.4.3.2) of the system and that it leads to preadicting much large: ranges
than the Johnson criterion as the targets become small. While the ability
to detect very small tavgets requires the aperiodic theory, it should be
remembered i{hat ras' - 'r and other limits tend to reduce the ranges obtained
thereby further sup,. -ting the one-cycle criterion. In general, it is
felt that the one-cycle criterion is clearly too harsh for objects amid

a uniform background and may even be too harsh for objects amid cem-
paratively simple clutter, such as a vehicle on a road. On the other
hand, the one-cycle criterion would not be nearly stringent enough for
objects in severe clutter which would be the case in detecting small

vehicles amid trees of size similar to the vehicles.

Very few definitive psychophysical experiments exist for this detection
case. As an interim measurc, we suggest the following criteria. For
objects amid a uniform background, use the theory A. For objects amid

a slight amount of clutter such as a vehicle on a large, paved highway




or an aircraft on a runway, use both the isolated image and one-cycle
criteria and average the range. For objects in modest clutter such as
vehicles in a field with low brush, use the one-cycle criterion. For
objects in severe clutter, use the recognition criterion of subsection
3.3.4. As is readily discerned, considerable judgment must still be

exercised in predicting detection ranges.

3.3.3.3 The Man as a Detector, Theory C--Raster Limit

While theories A and B describe the limits of detection for non-raster
limited systems, it is important that a strong raster can confuse or
preoccupy the operator almost to the same degree as severe clutter.
Based upon the authors' experience, we hypothesize that this raster
effect does not provide a new criterionasmuchi as it provides a limit-
ing inage size beyond which theories A and B no longer hold. That is,
as long as the image is many raster lines, the raster does not effect
the previous criteria but depending upon the strength of the raster
(i.e., 100 percent or 10 percent modulation and varying dead-time duty
cycle) there is an image size which for smaller images the results
become confused and the operator will not function efficiently. For

a strong raster (10" percent mcdulation and 50 percent on, 50 percent
off) the image is about 6 times the raster line width. For a weak
raster (3 percent modulation and small-spatial duty cycle) this would

be for an image about 2 raster line widths.
3.3.4 RECOGNITION AND IDENTIFICATION
The purpose of most electro-optical equipments is to augment an observer

so that he can discern i scene object at longer range than with his

unaided eye.
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The acuity with which an object is seen depends upon range. When we
speak of range, we generally mear the maximum or threshold range at
which the object can be barely discerned with the needed acuity. And,
the needed acuity depends upon the level of discrimination desired
whether mere object detection, or object recognition or positive object
identification. Typically, the process is as follows. At very long
range, a scene object appears first as a blob. Moving ever closer, the
object begins to take some shape such as a rectangle. Closer yet, tha
observer becomes sble to classify the object as to type and finally
positively identify the object. J. Johnson (1958) has arbitrarily
divided these levels of object discrimination into four categories

presented in Table II.

TABLE II

LEVELS OF OBJECT DISCRIMINATION

Classification of

Discrimination Level Meaning

Detection An object is present.

Orientation The object is approximately symmetrical or
unsymmetrical and its orientation may be
discerned.

Recognition The class to which the object belongs may

be discerned (e.g., house, truck, man, etc.)

Identification The target can be described to the limit of
the observer's knowledge (e.g., motel, pick-
up truck; policeman, etc.)

Tt is readily evident that a higher degrece of visuil acuity is needed to
identify an object as opposed to just detecting it. To obtain a quantita-
tive feel for the problem, J. Johnson performed a series of experiments
using electro-optical sensors. In these experiments, an attempt was made
to correlate the detectability of a bar pattern of a given spatial

frequency with the level of object discrimination. The procedure was to
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increase the object range until it was just barely detected (or recognized,
etc.). Then, a bar pattern was placed in the field-of-view and its

spatial frequency was increased until it could barely be resolved at the
same range. The spatial frequency of the pattern was specified in terms

of the number of lines in the pattern subtended by the objects minimum
dimension as illustrated in Figure 20 where the object, for the recogni-

tion case, subtends 8 lines.¥

Jchnson's results, tabulated in Table III below, are not unexpected. If
the observer could only just resolve a coarse pattern corresponding to
2 bars per minimum object dimension, the level of object discrimination
was limited to detection. With higher acuity, a bar pattern of higher
spatial frequency could be discerned and the level of cbject discrimina-

tion increased in turn.
TABLE III ‘
JOHNSON'S CRITERIA FOR THE RESOLUTION REQUIRED PER MINIMUM

OBJECT DIMENSION VERSUS DISCRIMINATION LEVEL

Number of Resolvable Lines*

Discrimination Level per Minimum Object Dimension
Detection 2.0 fé:g
i i +0.8
Orientation 2.8 b
+1.6
Recognition 8.0 Tod
Identification 12.8 ff'g

o

“Not line pairs
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The preceding table has been widely used and misused by systems designers
from the time of its publication to the present. The misuse stems from
the neglect of additional requirements imposed by J. Johnson, to wit, that
the "signal-to-noise" ratio and image contrast must also be sufficient.
However, it was not too clear how these quantities were to he measured

and calculated. Thus, the further requirements were neglected in many
cases. However, many competent designers did use the sensor's threshold
resolution versus scene irradiance curves in estimating the level of
discrimination. Since the threshold curves do contain image signal-to-
noise as a factor in their measurement, estimates made on this basis

turn out to be reasonable if not precise.

Most sensors are characterized by an absolute limiting resolution. If
the sensor sensitivity at a given incremental scene irradiance is suf-
ficient to realize the limiting resolution but is not sufficient to
perform the desired discrimination task, further increases in scene
irradiance level will be to no avail. The only solution is to move
closer. On the other hand, if resolution were sufficient at a given
irradiance level, a decrease in scene irradiance level could cause the
sersor/orerator combination's acuity to fall below the level required

for the desired level of object discrimination.

In the foregoing data, we have implied that image signal-to-noise ratio,
image contrast, and sensor/observer resolution are independent quantities,
whereas, in our view, these quantities are functionally related, i.e.,

the image signal-to-noise ratio is proportional to the image size, con-
trast, irradiance level, sensor sensitivity, ete.  In this case, Johnson's
requirements reduce to one. Namely, that an object should be discriminated
at the desired level if its signai-to-neisce ratio at the output of the
obsorver's retina, atter processing and interpretation by the brain, is
large enough, Obviousl, the signal-to-noise ratio as defined in this
manner is not directly measurable but as will be seen, can be indivectly

measured through psychophysical experimentation.
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The quantitative models developed herein are based on simple test images
such as rectangles or bar patterns for which an image size or 'resolution"

can be precisely defined. Through psychophysical experiments, the thresh-

old signal-to-noise ratios (as calculated on the basis of image geometry,
measured electrical quantities, and estimated psychophysical parameters)
are determined. While the test images are of simple geometry, it is

hypothesized that these images and the requirements for their discrimina-

| R M P b,

tion can be correlated with the discrimination of more complex imagery
as encountered in a real-world scene. Such correlation does appear to ‘

exist as will be discussed.

Detection is the lowest level of object discrimination since it usually
implies only that an object of undeterminable shape has been sighted in
the field-of-view. Recognition usually requires shape information but
in some cases, shape need not be known if other clues are available.

For example, a series of regularly spaced and moving blobs on a road

may be interpreted as vehicular traffic. On the other hand, a single,
stationary blob on a road may be the shadow of a tree, a puddle, a

truck or any number >f other objects. While a blob on a road has &
reasonable probability of being a vehicle, the same blob in a field or
among a sparse forest can be almost anything. Thus, there are obviously
many degrees of discrimination even within a discrimination level. A
single criterion, such as that based on resolution and signal-to-noise
ratio, is unlikely to be sufficient to cover every case. Rather, a

number of cases must be counsidered and subclesses formed as noted in the

ey

detection case above.

However, J. Johnson's hypothesis and definitions are reasonable and have

some basis in experimental {act. Thus, we elected to adopt his premises.

For this purpose, we assume the image to be detected or otherwise dis-

criminated to be of size X x Y as shown in Figure 20. To correlate the 1

detectability ¢f a bar pattern with a level of object discrimination,
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we divide the minimum dimension, Y, of the image by a factor kd which
is numerically equal to the number of resolvable lines per minimum

object dimension given in Table III, e.g., for recognition, kd = 8.

As a first step, the discernability of bar patterns was investigated
as a function of their signal-to-noise ratio. In performing these
experiments, we hypothesized that to discern the presence of a bar
pattern, the observer must discern a single bar in the pattern and,
hence (after 0. H. Schade, Sr.), the SNRD is calculated on the basis !

of the area of a single bar using the equation (to be derived)

/2

2t€Afv1 1
y (S\R), R.Ev) S

SNR

L]

p a

where the terms are as in Eq. 9 except that Rsf is the mean square wave
transfer function ande is the bar aspect ratio as introduced in subsection
3.4.6. The experiments were performed using TV-generated images and thus
the bar patterns were only bar patterns at low spatial frequencies and
nearly pure sine waves at high spatial frequencies. However, this is of
consequence for the SNRp, calculation since the appropriate corrections

for the equivalent mean square wave amplitude were made,

A typical result is shown in Figure 21 for a bar pattern of spatial
frequency 396 lines/picture height and of various bar height-to-width
ratios. The threshold SNR“ vilues for bar patterns of various spatial
frequencies and displav-to-observer viewing distances are shown in

Figure 22. The dispiay neight for thess experiments was 8 inches.
8 play I

Recognition experiments were pertorted using tour ditferent typ
vehicles: a tank, a van trueck, a halt track with top-meunted radar antenna,
and a tracked bulldoser with derrick., The signal-to-noisce ratio was con-
puted on the basis of an arca of a bar whose length and width are equal”

to the length of the vehicle's image and the width of the vehicle's image

*The coauthor K. L. 8. generally prefers using a standarvd bar chait ¢.g4.,
AF 3-har pattern.
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divided by 8 in accord with the equivalent bar pattern approach dis-
cussed above. The main difference between the calculation of SNRD

for the bar pattern and the vehicular object was that for the equivalent
bar patterns, the signal levels were measured in terms of the mean-signal
excursion within the bar pattern while for the vehicle, the signal ampli-
tude was measured from the average background level to the reak-signal
excursion. Had the peak-to-peak excursion about the average signal
within the vehicle area been used, the threshcld SNR_ values noted would

be somewhat lower. & typical result is shown in Figure 23.

Thke average threshold SNRp for vehicle recognition amid a uniform back-
ground was 3.3. For the equivalent bar pattern, the threshold SNRp was
2.9 which is only 14 percent different. Next, a degree of clutter was
introduced by means of a background transparencyv. With moderate to low
clutter {(grass backgreund) <he threshold SNR, was 4.1 which is 24 percent
hi:gher than for a uniform background and with moderate clutter (grass

and trees background) the threshold SNR_ noted was 5.0 which is 52 per-

P
cent higher than the uniform background case.

Next, we progressed to the vehicle identification experiments. The images
were tanks: the M47 Patton, the 448 Centurion, the Panther, and the Stalin.
Again, an eqQuivalent bar pattern™ of length equal to the tank's length and
width equal to 1/13 of the tank's minimum dimension was used. The average
threshold bNRP was 5.2 which was identical to that needed for the equiva-
lent bar pattern. With a grass-trees background, the average threshold
SNRpy nceded was 6.8 versus 6.2 needed for the equivalent bar pattern.

The spread, or variance, of the threshold about the averase increased as

the level of discrimination increasced trom detoection to identification.

In summary, it was hypothesized that the vevoguizability and identifi-
¥ i 8 y
ability of "real world” objevts could be correlated with the discern-

ability of an "equivalent bhar pattern”, The "equivalent bar pattern”

*Again coauthor R.L.S. prefers standard bar patterns, Other sophistica- )
tion may be beyond what is war anted by the analysis, 3

DB
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was defined (in image space) in terms of a single bar in the pattern of
length equal to the length of the image of the ''real world' object and
width equal to the real world image's width divided by kd. The factor,
kqy, is a number associated with a given discrimination level, e.g., 8
for recognition. When the bar pattern is defined in the above manner,
it was found experimentally that the SNRP required to liminally discern
the equivalent bar pattern was very nearly equal to the SNRp required
to recognize the 'real world" image when its SNRp is calculated on the
basis of its area divided by kj. It might be thought that defining

the area of the bar in the equlvaient bar pattern as 1/8 its area is
redundant, but this is not so. The key reason for defining tne bar
pattern in the manner described is to define the required level of
sensor resolution in terms of a spatial frequency. This permits us to
take into account the effects of finite sensor apertures. As we noted
previously, J. Johnson specified that an image, to be discerned at a
given level of discrimination, must be both resolved and have a suf-
ficient SNR. In the above [ormulation, SNR, is a function of resolution

p
so that if the SNRp is sufficient, the resolution will also be sufficient.

We noted an important caution in connection with the method of calcula-
tion. The "real-world" objects are not periodic in gereral but rather,
assemblages of aperiodic objects of different sjizes. These aperiodic
objects which make up the object may be relatively isclated as in the
case of the derrick on the tiacked bulldozer or more viutter-like as in
the case of the half-track. Thux, we cannot say that the equivalent bar
pattern approach is the vest one. We can only reply that it has been

established empiricaliv to be a usetal theory,

As a potential solucion to the not quite periodic, not guite aperiodic
nature of real objects, it might be appropriate to calceulate the thresh-
old range tor the cquaivalent bar pattern and then for a single bar in the

test pattern assuming that the bar is aperviodic., 1hen, the threshold
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range estimate is taken to be the average of the two ranges. This
approach is similar to a recent concept proposed by 0. H. Schade (Ref. u5)

for estimating the mean resolving power of a sensor system.

3.4 IMAGING SYSTEMS ANALYSIS

3.4.1 INTROLUCTION

In the foregoing subsections 3.2 and 3.3 the input signal and the output
interface have been discussed and defined in detail. It is now possible
to analyze the system. This subsection, therefore, defines and justifies
the performance parameters for each system and provides ¢the analysis for
predicting the system performance from the characteristic or design
parameters. While it was desired that the development of the performance
equations be as parallel as practical, the authors® have not been comp-
pletely successful at dropping their pet approaches. To the extent that
pure logic is possible, the treatment of the problem is identical for the
TV and FLIR. Sometimes, experience forces a deviation which is not
obviously necessary. In some, but not all, cases the justifications for

the deviations are discussed.
3.4.2 FUNCTIONAL DESCRIPIION

Figure 24 is a functional block diagram for ecither sy: em. The sensor
(consisting of optics and receiver) gencrates an electrical signal from
the radiation received from the apparent scene. The output of the sensor
is further processed and then displayed as a visible image. A man views

the image and makes decisions,

The input to the system is the variation in incidence .t the recelver.

These variations have already been described as the apparent scene.

*Especially R. L. S.
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The output of the electro-optical system is a visible image. This

image is a degraded reproduction of a limited field of view of the

apparent scene but may be brighter, have more visual contrast, and be
magnified. The increased brightness and contrast is due to both

spectral conversion (i.e., il input, visible output) and gain.

In a perfect imaging sensor, all images are transmitted through the
sensor with perfect fidelity. In real sensors, the images may be
degraded in amplitude, shape,or phase (position), or all three. These
] degradations are due to finite imaging apertures, geometrical defocus-

ing, spatial ncnlinearities, etc. Noise may also be added in the

signal processor or display. The distortions and noises introduced

combine to reduce image resolution and signal-to-noise ratio.

e e S

T

Also a primary concern are the requirements of the man since he is the

final element of thr total system,determinirg the thresheld for per-

formance. His pertinent characteristics were discussed in subsection 3.3.

IR o S . .

The approach of this analysis will be to determine the signal and
signal-to-noise ratio throughout the system for a given input object and
range, and then use the man's threshold characteristics to define and

predict sensitivity.

b Finally, in the next section, range will be treated as the independent
l variable to determine what cbject strength is required for the man to
complete his task (e.g., dete-tion) at that range.

3.4.3 SYSTEM PERFORMANCE PARAMETERS

Before discussing the analysis of the system, it is advantageous to

define which parameters are considered system performopce parameters
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3.4.3.1 System Field of View

The field of view is a measure of the amount of the scene which is
imaged by the system. It is measured as the angular subtense (in object

space) of the portion of the scene which is displayed.

3.4.3.2 Resoluticn (Refer also to Appendix II)

The resolution of the system measures the loss of detail by the system in
converting the apparent scene to the displayed image. This could be
measured by determin.ng the size of the output from a point or line in-
put. The spot that rasults from a point input (unit area & function) is
referred to as ths point spread function. For a perfect system, this
would be an irfinitesimal point. Therefore, any spreading indicates a
loss of detail. A similar reletionship exists between a line input and
1vs sutput except that this reduces the problem to one dimension and, if
as is assumed, separation of spatial va.iables is warranted, the line

spread functions are as complete a measure as the point spread function.

As was stated previously, the analysis is to follow the approach of

0. H. Schade, Sr. Tuereore, the analysis and measurement will be
compieted in the frequency domain. This means that for this analysis,
Fourier techniques will be used,assuming that (tor small signali) the
system is linear and space invariant. Instead of using the line spread
functica as the primary resolution measure, the Fourier transform of
the line spread function will be used which is also known as the
optical transfer function. The modulus of the transform, when written
in polar form, is the modulation transfer function and the argument is
the phase tvansfer function. [t is interesting that tae modulation
transfer function is also the relative sine wave response of the system
and cin be measured by determining the peak-to-pcak output of a sine

wave input (normalized to unity at low frequencies).
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Because of the difficulty in making sine wave targets, square wave or
bar targets have become popular. The relative output peak-to-peak
modulation (for a square wave input) as a function of frequency is
referred to as the square wave transfer function. Tt is easiéf to
measure and can be related to the modulation transfer function.

(Reference 26.)

It is very important that no single point on the MIF curve has meaning
in itself with regard to resolution, any more than any one point on the
line spread function does. 1f a single number is to be used, it should
be similar to a bandwidth such as is used in electrical engineering.

The bandwidth tends to indicate the region over which the value for the
MIF is high. To this end, 0. H. Schade, Sr., proposed the equivalent
(noise) bandwidth (Ne) as cne indicator of the system's image quality.
Ne was defined as the integral of the square of the MIF with respect

to number of lines. Resolution was deiined in terms of the equivalent
aperture of width & = 1/N, since the width of a rectangular line spread

function is so related to the Ne of such a function.

Ne is a resolution summary number of some importance. As will be shown,
it has impact on a given system's probability of detection. 0. H.
Schade, Sr., and other references indicate that for noise-free pictures
Ne correlates with image quality so long as the total MTF curve is
monrtonically ncnincreasing or at least well behaved {smoothly increasing

or decreasing).
3.4.3.3 Sensitivity
The sensitivity of the systems will always be discussed as a function

of object's angular size (or spatial frequency for cyelic targets) which

sometimes will be expressed as range for an object of fixed linear size.
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It will be defined in terms of the minimum input signal which will just
provide an image of sufficient signal-to-noise ratio tc permit an operator

to accomplish a set task.

For example, if the task is to resolve the bars of a three bar chart,
the sensitivity will be defined as the minimum resolvable radiant
exitance difference between bars and spaces. Equivalently for a FLIR
the minimum resolvable temperature will be used and for TV the minimum

resolvable contrast may be used.

It is important that these sensitivity measures include the complete
system including the operator. They are not to be disregarded as subjec-
tive measures however, but are human resronse measures. The operator is
not asked if he likes the image or which lcoks best, but simply what is
the threshold input for the task. By definition of how the equipment is

to be used, the accuracy of the measure is adequate.

3.4.3.4 Frame Rate/Field Rate

The average rate at which the complcte field of view is scanned or
displayed will be defined as the frame rate. The rate at which the
field apoears to flicker will be called the field rate. Standard
broadcast TV hac a frame rate of 30 frames per second and a field rate

of 60 fields per cecond.

3.4.3.5 Scan Lines Per Picture Height

It is important that both TV and FLIR systems are sampling systems (tuey
sample the image in space by scanning an aperture) and can be sampled

data rather than MI'F limited. The parameter of importance is the number
of independent spatial samples per resolution element in the integration

time of the operator,or system if the system integration is longer. It
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is easier to refer to the number of independent scan lines per picture
height (or field of view) per integration time however, and that will be

the approach taken here.

3.4.4 SENSOR

A general sensor is shown functionallv in Figure 24. 1In either system,
lenses focus the energy from the scene onto a receiver which converts it
to electrical signals for subseqGuent processing in order to generate a

video signal.

TV FLIR

A typical high-performance tele- In the IR system, no significant

vision camera is shown schematic- temporal integration occurs in the

cally in Figure 25. A lens receiver which is typically an array
images the scene on the input of photon detectors. {See Figure 26.)
photosurface of the intensifier The image is scanned by optical-
which converts the photon image mechanical means across this array
to a photoelectron image. The to generate time varying signals.
photoelectron image is acceler- These detector outputs are then

ated to a phosphor which cither electrically filtered and
recreates a visible image of time multiplexed to form a video
greater radiance due both to the signal or used as parallel video

accelerating voltage and phosphor  channels to modulate light sources
and to any image magnification for a display.

between the input photo-surrace

and its phosphor. The amplificd

image is transferred to a second

pitotocathode which once again

creates o photoelectron imiage.

A net signal gain duc to phosphor

iand photocathode is obtained.

The new photoelectron image is
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IV FLIR

accelerated to a gain storage

element, known as the target,
where the image is amplified and
stored for the period between
successive scans by the electron
scanning beam. The scanning beam
creates a sequential signal which
is subsequently amplified and
processed for input to a CRT

display.

3.4.4.1 Optics

Scene radiant flux is collected and imaged onto the image plane by a lens.
For the purposes of illustration and first order analy.is, the lens is
assumed to be thin and the scene is ass:'med to te at long range. The

first order lens parameters of primary intercst are therefore as follows,
3.4.4.1.1 Lens Aperture, Dy

The lens aperture is the effective lens diameter and is sometimes called
the clear aperture or entrance pupil. The entrance pupil is the {mage of
the aperture stop from object space (the =cene side of the lens). In
Figure 27 the iris is the aperture stop and entrance pupil. The maximum
diamete) of ihe entrance pupil in the thin lens case is the diameter of

the lens itself. (Reference 27.)

3.4.4.1.2 Lias Focal Length, ?l

Parallel light rays from distant objects are focused on the focal plare at
a distance FL from the prinvipal plane of the iens. Fo: a thin lens, this

is the plane of the lens. ke lincar size of un fuige produced by o lens
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is related to the angular subtense of that object at the lens by the
focal length (i.e., for small angles and large object distauces, the angle

subtended times the focal length is the image size).
3.4.4.1.3 Lens Focal Ratio, f/No.

The ratio of the focal length to aperture or fL/Do is called the focal
ratio or "f/number", and is commonly used to indicate the light-
gathering ability of a lens. In real lenses, the focal length is not
the distance from the entrance pupil location to the focal plane as it is
for a thin lens but f/No. is meaningful and related to the angle 6 (see
Figure 28) by the relationship

f/N S (11)

° 2n sind

where n is the optical index ot refraction of the material at the focal

plane; usually air. Therefore, for an image in air,

. 1
2 sind

f/No. (12)
with a theoretical minimur of 0.5.

34040006 Lens Transmittance, =g

The percentage of the energy incident on the lens from a point source

that is present in the 1mige includes losses due to absorption, scatter-
ing and blockage.

3.4.4.1.5 Lens & Stop, 1

The lens T stop is numerically equal o (f/NQ.)L';; and is used to reclate

focal plane incidence to the scene exitance tevels.
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3.4,4.1.6 Field Stop

For the thin lens case, the dimensions of the field stop are given

by the dimensions of the effective photosensitive area of the receiver.
In photography,the field stop i the size of the film being exposed. 1In
TV, it is the area scanned out by the electron beams referenced to the

input photosurface. For FLIR, it is the detector array dimension includ-

ing scanning.

3.4.4,1.7 Field of View @x, ¢y
The field of view is the measure of the amount of the scene that is

imaged. It is measured as the angular subtense (in object space) of the

portion of the scene that is imaged by the optics onto the field stop.

The sensor field of view is numerically equal to ¢x = 2tan.1X/sFL and
"1 " ’ . . a
@y 2 tan Y/ ', . For small fields of view ¢xix/FL and ¢yaY/FL.

3.4.4.1.8 Lens Point Spread Function, r, (x, v)

The ro(x, y) is a waveform of an image of a point source. This is

sometimes known as the lens impulse response.

3.4.4.1.9 Lens Line Spread Function, r, (x or ro(y)

The ro(x) is a waveform of an image of a line source.
3.4.4,1.10 Lens Aperture Frequency Response, Ro(kx, ky)

The Ro{kx, ky) is the lens complex stcady-state frequency response to
a point source as discussed in Appendix II1l. Ro(kx. ky) is the Fourier

transform of ro(x, y). The Quantitics kx’ ky are spatial frequencies,

(Refer to Appendix Iil.)
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3.4.4.1.11 Lens Optical Transfer Function, Ro(kx) or Ro(ky) or OTF

The Ro(k) is the lens's complex steady-state frequency response to a 1

line source.

3.4.4.1.12 Modulation Transfer Function, !Ro(kx) L IRo(ky)l or MIF

The MIF is the modulus of the optical transfer function.

e—

3.4.4.1.13 Receiver Photosurface Irradiaince Level

We next wish to relate the photosurface irradiance level from the scene
to that at the scene. Suppose the radiance of a small area a, on the
scene at Range R to be LS watts/mz-sr. If the scene is diffuse, that is

a lembertian radiator,

) (13)

where Ms is vhe radiant exitance of the scene in watts/mz. The flux §,,

incident on the sensor's lens will be

Msa Ao'ro
¢ 2 ._._..“_2_. (14)

is the effective area of the objective lens and v, is its transmittance

MS.ObozTO
¢ - Looo s,
4 R
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For an infinity focused lens and small areas, g

1

:

a a i

.% = L (16) ]

R F 2 ?

L 1

.

Where a; is the image area corresponding to a,. i

¢

: Therefore, i
]

MsaiT0 H
| ‘I’o = “—Z/D"E an ‘
4 L%

3
] and the irradiance at the image from the scere is
’ ¢ M T M
- E, = = = e o = (18)
3 i a, 4(f£/No.) 2
] i 4T
]
: where T is the lens T stop as previously defined. The ebove equatio
] may also be written as
"L
E, = == (19)
?
4T

AR IR e T

Expressions in terms of bothTand f/No. are maintained because histocri-
cally, the TV-oriented work has used T but the IR analysis, especially of
the more recent background limited IR systems, has not. This diiference

of approdach and therefore use of parameters comes about lecause the IR i

systen's performance isbasically independent of f/No. since almost any
sized detector is availcble and as will be shown, the censitivity .s a
function of entrance pupil and instantaneous f{icld of view. For the TV
system, the area of the photosirface is more of 2 system parameter muking

focal length and f/No. more important. That is for a photon-limited @
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syscem,either the instantaneous field of view and optics pupil or the
f/No. and photoreceiver diameter can be considered to be the important
parameters. The IR took the first two, the TV took the second two.

1f £f/No. is maintained in the equation, then ! number is useful to

L
4

i

i

:

i §
3

i

!

i

introduce.

The signal for either system is tlie modulation on the average irradiance

g d P Yo WA

rather than the absolute value per se. In this case, we work in terms §

of the AE caused by a AM or AL. For large targets

= N .
e Tt ST PP Mk, S

aM_ oM P
AE, = —— ==t (20)
i 2f/No): °  ur?

[T

but for small targets the amplitude of AEi decreases faster than the
relative amplitude of AMS due to the transfer function of the optics.
For sinusoidally periodic scene modulation, the image modulation is

rediiced by the MIF of the optics at that frequency,

(E,) 1 )'r—u-—("‘) 2 o . )l(M-P—2’) - (21)
E) = IR ( = 'R (k) |~
Le-p o5 e o2 o x4y

vhere p-p indicates peak-to-peak of the sine wave. Similar relation
ships fcr other functions exist and require other transfer functions

such as square wave, flux, and pulse. !

in actuality, AHs may not be the significanr or commonlv-used scene
parameter. For the FLIR, it is convenient to work ir terms of an
equivalent blackbody AT (Refer to Appendix IV);. And for TV, it may be
convenient to consider the scene jrradiince and Ao (diffuse reilectivity
differcace). Thercfore, while OE may be used for cnmmonality of analysis,
the final results will use more conventional paraneters.
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3.4.4.2 Photon Receivers (Radiation Detectors)

The radiation detector is placed at the focal plane of the optics and
receives the image of the apparent scene. It detects the radiation and
generates an electrical signal which is then amplified and processed as
the video signal. The signal-to-noise ratio resulting from this detection

process determines the limiting sensitivity for the system.

This section will first provide a '"broad brush' treatment to provide a
general feel for the situation as it affects both systems. 7Then, the
details of the photon receiver will be discussed and finally the relation-
ship for calculating the signal-tc-noise ratio at the output of the receiver
w111 be derived.

3.4.4.2,1 1Introductory Comments

The radiation detector may consist of a photo-sensitive surface which is
(in effect) read out by a scanning electron beam as it is for a TV camera
or as an array of photo-sensitive detector elements which are continuouuly
read out as they scan the image as is the case for an optically-scanned
infrared imaging s:rstem (FLIR). In either case, we are iaterestec in
photon receivers which will genarate a video signal related to the
received radiation. 1In general, the output current is relsted to the
input image by the responsivity which is often separated between its peak
value 3, and the relative function R(1). o, ls measured in amps per watt
and indiiates the signal generated per watt of energy at the spectral
peak of the receiver. Th» photon gencrated current as a function of the

ar=a (A) of the receiver flooded with irradiance H{}\) uatts/cmz is given by

v
L)

1 = ag [[ROY MO & (22)
o

where ¥ is introduced for generality and will he discussed later but for

now i{s assumed to bYe unity.
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While the phenomencr is the same for both systems, the nature of the

source of the signal and noise has caused different parameters and

parameter emphasis to evolve for the two technologies. This section

will try to stress the signal imposed differences. To that end, it is

easiest to start with the case where the limiting noise is the result

of the random detection of photons in the image, the photon noise limited

case. For this zase, due to the statistics associated with photon

arrival/detection, the noise at the receiver output is proportional to

the square root of cthe number of plotons incident. The following indi-

cates how the signal-to-noise ratio are generally related to the image

irradiaonce and will make reading the next two sections easier.

TV

IR

For a TV system, the average
value ~f the image irradiance

on the photon receiver is pro-
portional to the apparent scene
exitance (refer to subsection
3.4.4.1.13) which is proportional
te the product of the high light
scene irradiance and the average
scane reflectivity mocified by the
atmosphere. These systems are
so designed (bafrled) that no
other scurce of radiation con-
tributes significant photons to
the image. The mudulation o0
this average value varies 4s the
reflectivity in the scene, and

is discu~sed as a percentage of
the sverage value. It is

referred to as the ac signal or

just the signal. '

For the IR system, the irradiance on
the photon receiver is the energy

in the image plus radiation from

all other objects within the field
of the detectors and not at cryo-
genic temperatures. In general, it
can be assumed that two tamperatures
erist, cold and ambient. The result
is that the average value of the
rediation on the detector is that
due to an ambient temperature black-
body fiiling the field-of-view of
the cdetector. The field-of-view of
the detector ic iimited by cold
beffles and is designed to accept
signnle from the optirs while bleck-
ing radia..on from the sensor hous-

ing. The modulation in the image is

from the variation in photons over the

apparent scene and can be thought of

e KR
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Because this modulation remains
a constarnt percentage of the
average, even though the scene
illumination changes, the con-
cept of contrast has become a
integra. part of the TV signal
vocabulary. Contrast is de-

fined by the equatinn

Lmax } Lmin AL

n Lmax it Lmin 2 Lav

c (23)
where Lmax and Lmin are radi-
ances of the object and bark-
ground depending on which is the
brighter. With the above defi-
nition contrast is always posi-
tive and can range in value be-
tween 0 and 1 only. This is an
analytical convenience. Posi-
tive and negative contrasts are
equally detecrable. When image
contrasts are much greater than
unity, they are separately

considered.

For a lincar photoe’ectror noise
limited -erceiver working in this
environment, the signal wiil be
proportional to &L wnd the noise
is proporticnal to Luvllz.

Since both AL and L,, have e¢s-

scntially the same spectral

as occurring due to (small) tempera-
ture variations about the ambient.
Since the sources g2nerating the
modulation may be at long range
viewed through the atmosphere, while
the ambient will have contributions
from shorter ranges (the atmosphere
and even inside of the sensor) the

spectral characteristics of the

modulation are not the same as the
spectral characteristics of tu=2 |
average signal, Additionally, the
average signal is essentially con-
stant over the scene and even with
time, while the modulation may vary
considerably. Finally, the absolute
value of the average irradiance has
little or no importance to the Image
¢f the IR cystem. These three facts
have caused "contrast', as used as a
mearingful parameter in the ""isible
scene, to be meaningless in the IR.
There is no constant relating the
(modulation) signal to the average

d¢ value, (i.e., to the photon uoise).

“herv is, howvever, a paramcter ‘thich
has intuitive meaning and teuds to
vrelate to signal, axd since noise is
#sastant, to signal-to-noise vatio.
This paramecter is the change in

temperature {rom the average, AT. It
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TV

IR

distribution and are related to
the reflectivity ratio of the
target scene by the contrast, it
only becomes necessary to work
in teims of the average photo
current and the contrast, with the
coatrast being a constant of the
apparent scene, and the product
of the irradiance and the average
reflectivity vesulting in an
average photocurrent being the
dependent variable. Therefore,
since the peak signal can be re-
lated to the average signal by
the contrast and the noise is pro-
portional to the square root of
the average current, the peak
signal-to-rms noise ratio at the
output of the receiver is pro-
portional to the product of the
contrast and the square root of
the average current.

1/2

SNR @2€,, (£, ) (24)

*Coauthor F.A.R. would prefer uc refer to this s pilotoelectron noise and
consider it to be thz result of detection only rather than arrival/
dete~tion. The trzatmeni presented is move corsistent with the thinking

in the IR community.
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is true that the system actually de-
tects the change in irradiance which
is propcrtional to AT only for spe-
cific targets, atmosphere, 2nd spec-
iral response bLut it is a meaningful
laboratory signal parameter whern
coupled with the system spectral
response and it is a more meaningful
parameter for definin> the response
of an IR systew than contrast would
be. (e.g., while 3 to 5 and 8 to l4um
systems,vith the same A sensitivity,
appear similar, the contrast would
be very different.) Appendix IV
relates 8E to AT.

For an IR system, as has been men-
tioned, the noise is generally con-
stant with conditions. For soue
systems the noire is determined by
the system or prcamplifier, For
others, it is determined by the IR
detecter. With many detectors, the
system may be operated in a photon¥*
noise limited condition. That s,
the noise is derived from the random
arrival/detection of photons (from
the anbient temperature blackbody
within the field of the detector).




TV

IR

3.4.4.2.2 Photon Receivers

The signal, on the other hand, is the

change in image irradiance generally

related to small variations in scene

temperature. Consequently, the sig-

nal out of the detector is calculated
separately from the noise, based upoa
the signa! generated wnen a variation
occurs over the total area of the

detecior.

This subscvction describes in more detail some of the idiosyncrasies of

receisers and the parameters used.

TV

IR

The photcsurface is usually a con-
tinuous surface cf photoenissive
materisls which creates a photo-
electron image proportional te

the plioton flux inciden” on Lhe
suvface. The characteristics of
the detector which are of impor-
tarce are its uspectral respon-

rivity and {ts area.

The photosurfaces used in high-
performance camera tubes are gen-
erally combinations of a number

of photoemitters with the overall
spectral response reflevting spec-

tral reaponsivitv contributions

The detectors are genevally photon
Jetectors (either photoconductive

or photovoltaic) generating a sig-
ral current propurtional to the
photon flux incident on the surface.
The characteristics of the detector
vhich are of importance are the spec-
tral responxivity, spectral detec-
tivity, impedance. and frequency

respons~.

The zpectral responsivity is the
ratio of the sigiai-out to signal-
in. It 15 pencrally specified as
the amps/Wart or the Volts/Watt that

can bhe obtained from the detector as
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from eaci of the individual photo-
emitters. The spectral respon-
sivity is genecally specified in
AMmps/Watt, Quantum efficiency of
the photosurfece is less than

unity at any vavelength.

To achieve high sensitivity,
multiple reimaging pricesses may
be involved. For example, an
image intensifi_r may be added as
discussed iu subsactien 3.4.4
which provides gain thrcugh image
minffication and through the gain
of the phosphor. Additional gain
may be provided in a gain-stnrage
targat. A primary function of the
gain storage target is to store
the amplified phs oclectron image
for the peiiod Letween successive
charge readouts by the scanaing
elwctron beam. Through the image
storage, the utiiization effi-
ciency of the photoelectron image
generated by the input photosur-

frce becomes unity.

The purpose of providing gain be-
fore image storage is to amplify
the photoelectron noise to a level
well above that of the TV comera

tube's internal or external

a tunction of the frequency of modula-
tion of the radiation. Responsivity
is important since it is one of the
parameters which indicate how dif-
ficult the preamplifier design will
be. A low-responsivity detector may
be difficult to vLse as it may be
difficult to amplify the output with-
out generating significant amplifier
noize. However, by knowing the spec-
tral responsivity, the output signal
for any input signal can be uveter-
mined. The current vesponsivity is
determined Ly the quantum efficiency
and the gain of the detector. The
quantum efficiency indicates how
many photoelectrons are generated
per photon. The gain indicates how
many signal electrons are geunervated
per photoelectron. In photodiodes,
the gain i{s unity and the quantum
efficiency typically 50 percent sver
the spactral band of interest. In

a4 photoconductor, gains nf 1C o~
mor= are poss.ble depen’ing upcn the
bias voltage, size, and the carrier
lifetime in the c¢irsent. This gain
occurs bocause he phtocurrent is
cnanging t%¢ relative impedance of
the ph.coconductor which in turn

gr .erates a rignal curreat through

a load resisor. The in.erested
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preamplifier, and to reduce the
read-in and read-out time comn-
stants at lcw-image irradiance
levels. As the image irradiance
levels are incveased, the read-in
and read-out time constants and
preamplifier avi<e become of
little concern and it is advan-
tageous to decrease gain prior to
read-out in order to keepr from
saturating the storzge target and
to improve image signal-to-noise

ratio.

A photovemitter will rave a dark
current which represents additive
noise. This noise is usally neg-
ligible for most crirrently used
high-performance TV cameras.
Where it is a problem, it is usual
to cool the photosurface to bring
the dark current within acceptable

bounds.

Most low-light level television
cameras now in use have their
sensitivity 1'mitca by the noixe
generated in the photon-*n-
photoelectron ~guversion process
when the camerss are operated at
maximum zensitivity as is the case

for FLIR. Urlike the FLIR, the

reader is referred to R. D. Hudson,
Jr. {(Ref. 15). Photon detectors
tend to be constant photon efficiency
devices and therefore have a photon
spectral response which is constant
out to the cutorf wavelength
(Bandgan determined). This results
in a spectral resyonce in terms of
watts which is preportional to
ravelength out to cutoff. The
frequency dependence or the respcn-
sivity ir determined by the lifetime
and mobility of the photcelectrons,
and can generally be represented by
a single time constant indicating
the corner frequency for a 6 dB ner
octave rolloff, a simple low-pass
filter.

The impedance of a detector is a

significant parameter for preampli-
fier design and an indicator of the
quality of the detéector but does not

affect this analysis.

The spectral detectivity, bo(h, f)

is the most impocrtant single detector
porformance parameter since it deter-
mines tie ultimate sensor sensftivity.
D*(A, {) is the signal-to-noise rat‘o
per unit arca (for 1 Hz noise barnd-

width at frequency f) for a 1 watt

s

|
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photoelectron noise is a strong of A micrometer energy input modu-
function of the scene irradiance lated ac frequency f. This defini-~ T
rather thun being nearly constant. tion, using area normalization, was ;

Thermal radiation from the sur-
round of the photosurtace is not
sufficient to afrect visible and
near infrared photosurfaces. How-
ever, it is necessary through gocd
optica:. Jesign practice to prevent
stray light from being reflected
off lens surfaces snd sensor walls
which may degrade the image

contrast.

1]

prompted by the fzut that most
detectors generate noise voltage (or
current) pcroportional to the square
root of the area and thus the signal-
to-noise per watt for any area
detector can be calculated based up-
on D*(\, f) and the bandwidth of

interest.

Most detectors used in the advanzed
FLIR systems have their sensitivity
limited bv the noise generated by che

random detest.on of photoru which is

proportional to the square r¢ot of
the number oi photons received. For
these detectors, the D¥(4, f) is

therefore a function of the total

e

photen flux (in the spectra! region

of interest) incident of the detcctor:
In fact, the sens‘tivity of such a
detecto, operating #s a photoconductor
iz related to {25 Quantum efficiency

by the relation

I 1L NPPPU e EPE

D*(A) - "2"; .-g:!
/

(2%)

vhere:

gt

A = the vavelength of signal

radiatfon

L il
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h = Planck's constant
= speed of light

Q = the rate of arrival of
photcns on the detector

N_ = the respontive quantum
efficiency of the detector.

For a pv or photovoltaic cetector,
this expression is improved by a
factor of Vﬁ'since the photon gen-
erated electrous are swept out of
the detector (across the junction)
hefore recombining and causing
recombination noisa. One couid con-
sider the pv detector to be an ideal

photon counter.

{mproving the D* of the detector
improves the limiting S/N ratio
determining el=ment. While photun
{hackground) noise-limited de:ectors
are the theoretical limit for a FLIR
device and are available, much car be
done to optimize their use. 1t {¢
obv.ous that one will use the best
quantum efficiency obtainabie: and,
1s0 that ote would use photovoltaic
detectors all things be‘ng equal.

In addition, Q should be minimized
whilc maximizing the incremental
sign:l sbave background. Tuere are
two methodis for reducing the (back-
ground) photeon flux (Q) on the

detector: spatial shielding and
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spectral shielding. Spectral shield-
ing simply means placing a non-
emitting (cold) spectral filter in
front of the detector elements.

This reduces the radiation received
to that present in the region of
interest, i.e., spectral bands with
no signal such as atmosphere absorb-
tion regions should be filtered out
for field optimization. Spc.tial
shielding means limicing the field-
of-view of the detector elements to
maximize the signal-to-noise ratio.
The optimum case is when tha total
field-of-view of the detector is the
collecting optics. For this case,
the background photons collected are

proportional to the sin%g or

/ 1 \2

-

12 f/No.

/

(Refer to subsection 3.4.4.1.3) and

D* is proportional to 2f/No. Defin-
ing D** as the D* when a perfect
detector (ﬂq = 1) i¢ exnosed to radia-
tion from a full hemisphere; {2 mn
steradians) then for an optirmally-
shielded detector

D* = 2f/No. % D¥** & ﬂqllz

(20)




A

v

IR

101

Since a detector is seldom optimally
shielded due to practical considera-
tions, it is convenient to define a
shielding efficiency as the ratio of
the effective D* experieaced in the
system to that obtainable with opti-
mum :hielding. A value for ﬂs of
0.70 is guod in most conventional
designs. ﬂq is a function of the
detector material chosen and its
quulity. A value for ﬂq of 0.16 is
conmon for Ge:Hg while values of 0.4

are reported for HgCdTe.

When shiclding detectors, it is
importarnt to remember that as noise
due to photons is reduced, other

noice sources may become dominant.
There is always a practical limit
where further shielding will not
improve the detector D*. When us-

ing narrow spectral filters, the

limit Zor usefnl spatial shielding
can be considerably reducea. For

some detectors (not background limited)
nothing is gained by shielding below
the wide open case. With the defini-
tion of (cold) shielding efficiency
chosen, it is possible to extend its
mraning to cases for non-barkground
limite¢ or marginal background-limited

cases. (This has not generally been
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done in the past but is considered

a useful extension by the authors; it

is not a necessary extension for this

analysis.) That is, with the detector
operating in air (or vacuum) as is the
general case for FLIR systems let

- D* shielded
N = To* 2] 2£/No. (27)

Nlg has a useful general efficiency
meaning for design; that is how close
to the shielded background limited
case the system is. For a totally
background-limited case, it indicates
how efficient the cold-shielded

design is, For a partially background-
limited detccotor, it indicates the
effect of both the geometrical design
of the shield and the fact that the

system is designed around more shield-

ing than is useful and faster optics
are desired. For a non-background
limited system, it indicates that the
detector will function most efficiently
with fast optics, i.e., for all cases
in air when £/Nc. = 0.5 ﬂs = 1.0. (It
should be noted that for immersed
detectors ﬂs >1 is possible.) Fig-
ure 29 indicates the total effect of
this notation by the BLIP lines and
the non=BLIP line plus one partially
BLiP case. In general, it is easier
to cbtain high ﬂ’ with faster optics.
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On. the other hand, the partial BLIP
curve indicates'a typical case. For
f/No. <0.8;'ﬂs = 1.0. For 0.8<f/No.
<32;ﬂs = 0.6. Above this f/No., the
detector is no longer limited and ﬂs
drops off with increasing £/No. but
only drops to 0.4 at f£/5. Generating
this curve for a detector will better
clarify the total system efficiency
tradeoffs to be made since, in general,
the optical transmission (or efficiency)
will also vary with £/No., i.e., for

a given detector the pronduct Ty Mg

can be optimired by optical design.

One other degree of non-idealism
creeps into some detectors and that

is non-white noise. The most common
non-white noise is 1/f noise which

has a noise power spectral density
inversely proportional to frequency.
There are many theories on how this
noise is generated. For this analysis_
we will not be concerned with how it
is generated only that it is generally
well behaved and may be present in
detectors which otherwise appear to

be photon-nyise limited.
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3.4.4.2,3 Signal-to-Noise Ratio at Qutput of Photon Receiver

Because of the differences in signal, noise, and the parameters common to
the two technologies, this analysis will be done in parallel. The main
comron point is to indicate that the signal for each system is a function

of the source and system spectral characteristics.

For TV, the variations in source spectrum have a major effect on the
quoted systems numbers and therefore a tungsten source operated at 2854°K
is often used in making labcoratory measurements. The total response per
watt being grossly different for other sovurces, optimizing for the wrong
source can give misleading results. Analysis interms of input photocur-
rent is quite general however, and is much more useful when different

types of sources are expected.

For IR systems, the source spectral characteristics are not so importunt
as the rominal spectral response bandwidth (AA)., 1In the laboratory with
zero a.mosphere, the signal increases almost proportionally to AA while
the noise only increases as AXI/Z. In the field, the atmosphere limits
the region over which signal can be gained but has no such effect on the
noise. It has not been uncommon to see systems optirized for the labora~-
tory to pass acceptance tests (i.e., large &%), and thereby, made to per-
form poorly in the field. Not only did they perform more poorly than
apparently equivalent systems (smaller 8%) but more poorly than these

systems would if properly nptimized.

Therefore, in what follows while the analyses may appear differeat, one
should be sensitive to the common problem of performance confusion caused

by the desire to drop the wavelength dependence.

TV 1R
The signal-to-noise ratio at the Combining the results of subsection
output cf the photosurface is as 3.4.4.1.13 on the irrc-iance at the
given in Eq. 24 in subsection optical image plane ana the above

3.4.4.2.1 Avideo signal-to-noise subsections on detec.ors, we can

105
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ratio as discussed in parallel for
the FLIR has no meaning until
after the signal is stored and
read out by the electron scanning
beam in the signal processor.
After scanning, a video signal-to-

noise ratio can be defined.

105

immediately determina the large
target signal-to-noise ratio at the
Getector output which we will calil
signal-to-noise ratio video chanrel

From tbe definition of D* (A),

. np D¥(A X,
(SNR), = [ Ot 8 ) (A% (2€)

where A and Ad are defined in the

next parazraphs.

A) is the area of a detector element

and i< related tu the instantaneous -
field of view of the sensor for that
element by the focul length of the
optics. This sensor instantCaneous
field~of -view () is an important
parameter of an IR eystem. Using &,
and 6y to indicate the instantdneous
field~of-view in twc orthogonal

directions
& = F &8 5§ (29)

of i3 rhe noise bandwidth for the

noise wmeasurement. This bandwidth,

to a great extent, is often arbitrary
for an imagiag system since the final
operator-determined bandwidth is the
important one and indeed a deliberately

wide bandwidth may be used in the

LA R sund
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sensor so as not to reduce the system
MIF. Consequently, for the purpose

of uniformity, an electrical bandwidth
equal to the reciprocal of twice the
minimum dwell time of an image point
on the detector is recommended. A&f
however is not the electrical bandwidth
but the noise bandwidth of the sansor.
That is, it is the bandwidth based up-
on the aoise spectral density at some
avhitrary frequency which, when multi-
plied by that power density, will pro-
vide the correct aois? power. For
tnis reasor, the noise spectrum of the
sensor and the D* at one frequency
must be known. If o(f) is the woise
voltage spectral density and o(f,) is
the value of o({) at £, (the frequency
at which the D* was measured) and if
G(f) is the transfer function of the

bandwidth determining electronics

B 2 \1/2
Af = E[ﬁﬂuﬂ)] df] (30)

l. o(f,)

For white noise, the noise bandwidth
and elec.ricsl bandwidth are similar,
e.g., for a single RC law-pass filter
the electronic bandwid:th

, Af
A.c equals - . (31)
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For nor-white (but gaussian) noise
the concept of Af is useful for
sensor me&surament prediction but the
relative noise spectral density func-
tion must be determined for complete

system performance prediction.

Continuing with the analysis, we use
the discussion of subsection 3.4.4.1.13
for the signal at the detector input

Aw (\)

s
(2£/No.)

& H(\) = 7 To() (32)

and frem subsection 3.4.4.2.2

pr(\) = Dred) My (7 )17

q 2£/No. (33)

then

561 1%

xys
(SNR) (. = B

J.4.4.3 Signal Processoy

The signal processor is functionally illustrated in Figure 30, The photon
receiver output must be matched with a low-noise preamplifier, amplified
to a usable level, and then prepared f ‘- ~lay. For either cystem the
preparation for display involves modi{. - frequency response and

the amplitude response of the system.

Modi‘ying the frequency response may be to limit the noise t(bandwidth) or
may be to provide high-frequency boost to improve the system MIF. In this
case, the phase shift than can be introduced must be considered and the

OTF optimized.

i [\T,(0P*00 80 (\)h  (34)
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The amplitude function relates the input signal amplitude to the output

amplitude. At the very least, the electronics must control the gain

(contrast), dc level (brightness), and the saturation characteristics.

In addition, it can be used to make the total system linear or deliberately

nonlinear.
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In a high-performance television
camera, the photoelectron image
generate? by the input photo-
cathode is &ccelerated to a
phosphor by a potential difference
of up to 15 kV. The phosphor re-
creates a visible image. With tae
maximum voltage applied, the phos-
phor produces approximately 1G0C
photons/eleccron. This amplified
image {s then transferred to a
second photosurface via fiber
uptics with au efficiency of about
S0 percent. The second photo-
cathode then reconverts the photon
image with an efficiency of from

S to 10 percent so that the net
gair of the phosphor, fiber optic,
and second photosurface is between
25 and S0. This gain may be con-
sidered noiseless except as tae
MI¥ ot the phosphor particles and

fiber optics sffects noise.

The amplified puutoelectrcu image

is then sac~elerited to the

110

It is not important in this analysis
whether the outputs from an array
of detectors are time multiplexed,
de.layed and summed, or parallel
processed. (See Figure 26,)
Multiplexing is used to provide a
fast scan in a direction parallel to
rhe detector array length while the
array is slow scanned in a direction
normal to its length. Since the
multiplexer is a time sequential
sampling switch (nonlinear) it :ix
necessary that the per chsnnel band-
width be limited to less than twice
the per channel sampling frequency.
Othevwise, unwanted signals will be
generated within the syetem ba~dpass.
These signals are referied to as
“aliases." Another characteristic
of the multipleser is that the time
parameter of the signal becomes
related to the fast scan direction
rather than the slow (detector) scan
irection. Hence, time (or temporal

frequency) efects on the signal
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gain-storage target. Depending on
the type of target and accelerat-
ing voltage, an additional gain of
from 3 to 2000 is obtained.

Again, this gain is noiseless.

The new amplified electron imrge
is then stored by the storage tar-
get for the period uetween scans
of the electron beam. The elec-
tron beam scans the gain-storage
rarget point by point in a raster
fashion. Because of the signal
storage, the signal utilization

efficiency is unity.

where GI is tic intensifier gain,

GT is the target gain, Aip is the

affect spatial distribution of
brightness in that direction. The
advantages of such a scheme are that
the optical scan rates can be re-
duced and by retuzing the information
bandwi:dth requirement for each chan-
nel, the signal-to-noise ratio of
the sensor and the system improved
as the square root of the number of
independent channels. The disadvan-
tuges result from the large baad-
width required in the final video
channel and the low-level low-rioise

switching. The fact that the band-

of such a8 scheme are . hat the signal
“rom each detector will add linearly

while the noise adds with random

iv width gets large tends to result in é
: In the discussior which tollows, a compromise wiich leaves the system 3
3 the MIF effects and some noise sampled data limited in tvo dimensions. %
3 sources are ignoved in the
f interests »f illustrational Delay l.nes and surming are used
simplicity. However, these when detectors are scauned in series 1
% factors will be included in later using dptical scan for both axes of 1
E discussion. The incremental sig- tue sensor field-uvf-view. This P
B nal curren ir the target lead, technique generates a single video 4
E AI, which represents the stored sigral which can be processed as 3
f" image read out by the beam |{s though only a single detector had ]
given by been used and tne time paramerer
] ‘ relates to space in the cirection of
é Sl cl GT A1plev “ (153 the high-spced scan. The advantages

L 111
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photoelectron current generated by
the input photosurface and e, h
are the vertical and horizontal
scanning efficiencies respec-
tively. The rms noise current at

the target lead is given by*
1/2

G, G .
I T

Imt = (¢ - )’ Zeiav Afy (36)
v h

where e is the charge of an elec-

tron i is the average input
photosurface current, and Afv is
the video bandwidth. The quantity
2ei,,, 8fy can be recognized as the
mean squere photosurface shot

noice.

The video signal-tc-noise ratio,
SNR,,, at the target lead can now

be written as

--‘i
SRy Lae

G, G . A /e e
1 T jp v h (37}

-[él—i})z 2e t,, Af\:lllz

12 the case where Gl cr is insuf-

ficient, the preaxmplifier noisc

may be a factor. Assuming for th

moment thit the creamplifier nois2

phase. Therefore, the signal-to-

noise racio again improves as the
square root of the number of indepen-
dent channels and the scanning of
many channels by overscan leads to
very high uniformity of displayed
signal and noise. The disadvantages
of the system are that the large
bandwidth required right out of the

detector pushes the present state of

the art limiting th2 number of picture

elements per second and precluding
effective scan overlap leaving the
system sampled data limited in one
direction. Also the scan speeds re-

qQuired are a mechanical design burden.

The girallel processing approach
processes each detector channel in
narallel driving an array of light
sources. In this case, slow optical
scan and nirrow per-channel band-
widths result. It miniuizes the
¢lectronic bandwidth required in
each channel and iatroduces the
possibility of optical signal
processing. By this techrique, con-
siderable overscan and overlap can
be japlemented with relatively low-
speed optical scenning. The dis-

advantage is that cach chamnel i35 a
complete signal processing channel

For a photoelectron noise limited s stem

112
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is whire and of mean square vzlue,
2
Ipa’ referenced to the preampli-

fier input,

G, G.4; /e_ e
SNR = 1 T ip'“v "h
v L

G
CI eT 2e iavAfV+ 1 az
v h P

Clearly, the preamplifier noise
will become negligible if the gain
(6, G.r/ev e) is sufficient. How-
ever, when Aip becomes very large,
it is ar advantage to decrease
gain in order to reduce the mean

square photoelectron noise.

(i.e., single video channel proc-
essing is not porsible). And, there-
fore if mauy channels are used, the
electronics and the requirement for
matching and ecdjustment can become

burdensome.

For any of these processer, the

first step is an effective preampli-

fier. To be effective, & preamplifi-~r

must provide gain over a significant
bandwidth without adding significant
noise. For this ana.rsis, it should
suffice to say rhat the more effort
that goes into reducing the nnise
photons on a detector the more
difficult the problem can be, espe-
ciully for the lower respon.ivity
photodiades. 1f the preacplifier
can perform as desired, it does not
affect the performance analvsiz, I¢
noise is added comparable tu the
detect r noise, it must ke incluaed
spectrally and & new video signal-to-

noise calculated, (Shk)c.

This is most conveniently anclyzed
by introlucing & system detectivity,

D*svs; sometimes called prea-,

limited D*. Defining D* a5 was
sys

done for the detector but now work-

ing at the preamp output we cacn

e s AT (6T 7R UAU W rmatar A
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% derive an expression for D*syu in

i terms of: .
§ D*(f) = Detector detectivity as

5 a function of signal

! frequency.

L NF = Noise factor for the pre-

¥ amp; the ratio of preamp

s output noise power (re-

ferred to the input) to
the uoise power for an

t

H ideal .Johnson noise

] limited inout source.

i nj = Spectral noise density of
Bl a Johnson noise source.

¥

3 : R(f) = Responsivity of the
detector; volt/watt.

A

A = Area of the detector.

n, = Detector noise spectral
density.

Using these definitions and remember-
ing that the detector noise equivalent
power (per H=) or NEP is related to
the D* by

/-

NEP(f) = D*(E)

we can determine the noise voltage

(current) at the detector output by

A
n, = ﬁ*ﬁ(‘f—) R(f)
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The preamp noise referred to the pre-

amp input (detector output) is given

2
{ = NF(n .
tnp) ( j)

The total noise limiting the system

in this case becowmes

The noise equivalent powar for this

combination then becomes

1f

3 l‘ 2
NE /)
A R(f).

is significantly less than
2

(L)

D*.

then D*sys = D* gand the system i=s

not limited by the preamp. On the




: IR -
~virar hand, if it is significantly

greater than -

r4 2
&)

the system SNR is determined by the

preamplifier noise and a better

preamp or higher responsivity de-

€ AR

tector should be used or else the
i ) SNRC must be calculated using D*syq 1
i rather than D* in Eq. 34.
This treatment of alternate noise
% sources is standard. For an IR sys-
tem, it i. usuelly possible to design
the system so that the noise con-
tribution of “he electronics is

negligible and this will generally

T R T P
1

E © be assumed here. This is a very
b important consideration since the

optimization criteria of the system,

in terms of spectral filtering and

number of channels, would be changed

drastically.

The video signal-to-noise ratio can ]
be affected in other ways by a multi- '
plexer. A multiplexer can introduce

switching spikes, dc offsets from
channel-to~channel, and noise folded

into the passbaud because of too low

a sampling frequency. These effects

w#il1 not, in general, be treated

here since they should be precluded

by design.
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3.4.4.4 Sensor Performance,

The output of the sensor (sometimes a gimbaled unit) is a convenient
peint at which to define and measure a set of performance parameters.
These performance parameters are then necessary but not sufficient

requirements to obtain total system performance.

The measurements of field-of-view and frame rate are rather obvious by

the definition.

Resolution is normally measured cnly in the direction of scar since in the
direction norwmal to scan the system is typically sampled-data limited.
This is an exhaustive area of concern and later will be discussed more
completely. For now, it is adejvat> to state that when you scan with an
aperture (to read out the image) you are sampling the image continuously
in direction of scan and once per scan line in the other direction., If
the image has irformation that contains high-spatial frequencies, it is
important that the scan lines be close together, i.e., have a high-
sampling frequency. To faithfully reproduce an image, it is necessary
that the image contain no frequercy above half the sampling frequency and
that the display limit the spatial frequency of the output ina like manncr
(a statement of Shannon's sampling theorem). Inpractice, this requivement
is compromised in the iunterest of ease of design and the result is what

is commonly known as raster effect. This can limit the system at least

in one direction. If 2 mosaic or a multiplexer ar in a FLIR is used,

then the system can be sampled-data limited in two dimensions and the con-
cept oi MIF and resolution as commonly used applies only for a limited
frequency range. In FLIR &nd TV, we will mean the MIF in the direction
of scan except where we arc addressing the sampled-data limitation. The
resolution at the output of the sensor is determined by either measuring

the electrical output for a line input or by mecasuring the modulatioan

for a cyclic (bar chart) input.
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The sensitivity at any point and, in particular, at the sensor output

can be determined by measuring the signal-to-noise ratio for a specific

input. Alternately stated, the input which would provide an arbitrary

signal-to-no.se ratio can be determined. When an electrical signal is

measured, it has become conventional to measure the peck signal to rms

noise since this has meaning especially with regard to electronic thresh-

" olds. In an imaging system where it will be shown that the man processes

the image as a function of the signal, it is necessary to know the noise

spectral characteristics. Therefore, for a sensitivity measurement at

the output of the sensor, we use the signal required for a SNR of unity

with an {(arbitrary) wide noise bandwidth plus a noise relative spectral

density curve. Defining arbitrary bandwidth as the reciprocal of twice

the point image dwell *ime instead of, say, al Hz bandwidth will provide

an indication of small target sensitivity. And, since most systems will

approach the white noise case, will permit easy extrapolation to other

target sizes for many systems,

TV

FLIR

In TV system design, video SNRs
are measured but seldom used to
specify systems although, 2 maxi-
mum SNR capability is occasionally
required. A noise equivalent
irradiance level concept, similar
to the NET concept used in FLIR,
could be developed provided that a
reference video bandwidth is spec-
if.ed. The utility of such a

measure has not been Jetermined.

The signal-tu-noise ratic at the
output of the sensor for a well
desigred system is from subsection
3.4.4.2.3.

5607 ;’D
(SNR). ™ aT 22 Z
Z(Lf)
j“ To(MDFXAIM (A, T) d) (40)

For a FLIR sensor, the noise equiva-
lent {aput of interest is the noise
equivalent AT or NET, the tempera-
ture difference between adjacent
large objects which would provide a
SNRC = 1.




ACTV FLIR

We can then write

Z(Ai)%
%
b 8, Tg* N0

NET

[; o (MDFGOM (A, T)d{] (41)
A

Af is a reference bandwidth and a

function of the method of scan and

AL s cabh s 5 B i s o AR e

the degree of overscan, etc. While ,
NET is a useful number for compari-

son and analysis, it is important

ot el B S

that criteria for choosing the ref-

ererce bandwidth be understood. It i
has heen almost universally agreed
that the bendwidth will be that equal
to the recinrocal of twice the image v

point dwell time on a detector as the

—h e

imag: scans over a detector element.
While it is conventional to relate :
the bandwidth to the scan parametecrs,
this will not be done here. Appen-

dix v, howeve:, presents a erivation

of NEI' without the constraints of

considering TV comparison., This
analysis of the appendix follows more

directly in IR terms.

The usefulness of NET is that ior ¢
well-designed system, the video

signel-to-noise ratio (SNR)V, for an
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input of AT can be predicted di.ectly.
That is,
. AT (42)
(SNR)V NET

where the Afo = the reference band-
width.

3.4.5 DISPLAY

The display transforms the input video electronic signal(s) into a two-
dimensional visible display. In most cases, the mechanization is s CRT
which has the electron beam amplitude modulated by the videcv and deflected

in synchronism with the scan and/or multiplerer of the system.

Variations in the luminance of the display correspond to the amplitude
variations in the video signal. Random noise on the video is displayed
as "snow" or random variations on the display. It is possible that the
display could add noise o the image but generally this is no® . he case.
When the input to the display is noisy the display is considered as part
of the signal processing under good conditions. The gain of the cystem
can be turned down however until no noise is noticed on the display (ye®
the display is bright) and a very high quality image is observed; a high
signal-to-noise ratio cese. In this situation, the noise from the
random gener<tion/detection of photons limits perception by the observer.
This case is the basis for the non-noise limited resolvabvle temperature

(RT) concept discussed in reference 11.

For this study, it will be assumed that the display MiF, brightness, size,
and dynamic range are its important characteristics and are the same for

eacl system.
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3.4.5.1 Magnification M

An important parameter when relating the systew to the operator is magni-
fication. The magnification of the system is the ratio ¢f the angle the
image of an object subtends at the eye of the observer to the angie the
object subtends at the sensor. It can also be considered as the ratio

of fields-of-~view. That is {f the display subtends 20° at the normal
viewing distance and the system has a 4° field-of-view, the magnification
is 5X. 1If an eyepiece display is used, magnification is a constant but
with a CR1 display magnification will vary with viewing distance since

it is a function of display size and viewing distaice. It is important
when comparing systems of rhe same reported resolution that they be
compared at the same magnification or else the observer limitation can

cause variationms.

3.4.6 RELATING THE PERCEIVED SIGNAL-TO-NOISE RATIO TO THE VIDEO SIGNAL-
TO-NOISE RATIO

3.4.6.1 Introduction

It has already been discussed in section 3.3 that the operator makes his
detection/recognition decisions rased upun what we call the perceived
signal-to-noise ratio. Also, it was discussed that system performance is
cften predicted based upon a more easily measured (and calculated} video
signal-to-noise ratio existing within the electronics. Therefore, in
systems using a raster generated display it is often desired 1o know

the relationship between the viden or electronic signal to noise ratio

(SNR)v and the perceived signal-to-noise ratio (SNR)P.

(SNR)P assumes that the operator is a spatial and temporal integrator.
1t also generally includes signal losses due to the MIF of the eye and

noise increases duc to internal eye noise. For a well designed system

onerating at maximum sensitivity, the display will ba of sufficient size
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and brightness that the degrading effects of the eye are negligible and

only the integration need be considered.

(SNR)v requires (assumes) an (often arbitrary) bandwidth and a noise
spectral density which must be noted for (SNR)v to be meaningful. For
many situations, white noise and a reference video bandwidth Afv can be

assumed.

What sollows will calculate the (SNR)P for the general case using the
approach of 0. H. Schade, Sr. The test objects that will be considerad
are a simnle isolated bar and a simple bar of a repetitive pattern.

These two cases will be referred to as "aperiodic" and '"periodic."

A more general detection/recognition theory is discussed in subsection
3.7 based upon these predictions and it is shown that this approach is

compatible with J. Johnson's criteria.

The first step in the analysis is to relate the temporal variable of the )
¢lectronic signal to the spatial variable cf the display. Then the effects

of integration on signal and noise are discussed. Next the size of the

image is related to the size of the object and the system MIF». Then,

the perccived signal-to-ncise ratio of a single line and single frame

of the image is calculat2d. Finally, the total imige and multiple frame

integration for the time constant of the operctor will be included to

predict (SNR)n-

3.4.6.2 Anslysis - Relating Time and Space

To relate the temporal and spatial variablex, consider the {cllowing

parameters

N = Number of bar widths per picture height

n = Number of iadependent parallel video lines at the point of
measut ing SNR, and 4f . (For TV, this i« typically i)




n, = Number of scan lines per picture height (Raster frequency)
. Afv = Noise bandwidth in each video liue in Hz § 

¢ = Bar height-to-width ratio !
a = Display width-to-height ratio ‘
H = Display height (angular subtense) g ;
W = Display widch (angular subtense)

x,y = Spatial variables (angular or linear)
t = Time variable
T = Frawme time - Average time to display a comnlete field-of-view

Nsc = Scanning efficiency; the pevceitage of T that is used t¢
scan the image assuming a linear sweep.™ ]

o

S

The scannirg of the video signal(s) onto the display transforms the

Hadii

temporal variables of the video signal into spatial variables in the
displayed image. The time t for a single line to scan across a bar of :
width N°l is given by

"Tnsc
., = — (43) E
1 " No ‘ .
and the reference freqQuency (and noisc bandwidth as discussed later) for
this bar defined as (2:1)'l is given by ]
i
n N |
S 2nTT () "
sc

The following comments will provide a better underitanding of some of the |

parameters:

*For nonlinear sweeps (e.g., sinusoidul) special considerations are
necessary but similar dcfinitions can be developed.
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For a TV system, a single video For IR, there may be n parallel
channel (i.e., n = 1) providing channels (at least at the point of

n] displayed lines per frame is measuring (SNR)v and somewhat indepen-
comnon. Often “1’“5: is quoted dently " lines. Even in a multiplexed
as the number of lines; e.g., system, it is often desirable to

525. a for TV is typically 4/3. relate the temporal variables of the
multiple parallel (or series) channels
to the spatiai variables of the
display.

3.4,6.3 Analysis - The Effacts of an Integrator

Before getting into the analysis it is necessary to realize what an inte-
grotor does., A perfect integiator continuously sums the values of a
function for a set period of time or space. There are two effects of
interest: the low frequency gain is proportional to the duration of inte-
gration; the response to high frequencies relative to low frequencies
reduces as the duration is increased. Specifically, the normalized
frequency response of an integrator 1s given by

sin® vu

R/Ro » vu

(45)
where v is the dummy frequency variable (space or time) and u is the

duration variable. The low frequency response is proportional to u.

If white noise is being integrated, then the variations in the output of
the integrator from integration period-to-integrstion period (which is
the integrator output noise) are predicted from the noise speciral
density of the input white noise S(f) by the multiplying by the square
root of the noise bandwidth and duration of the integration. The noise

bandwidth (in lines or half cyrles) of tne integvator is

-1

2
N, = [ RO dv =

(46)

b i
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Cunsequently, the rms integrator output noise is

<In) = (Ne)l/2 x 0(f) x u x K (47)

where K is a ga‘n/uait conversion constant.

If = signal of constant value(s) were integrated by the same process fo:

peciod u, the output signal (S) would be

S = 5uKk (48)

T TR TR R T R T P R PR

The signal-to~noise ratio ot such a process would be given by

s
» SNR = 17z (49)

(N ' E a0

which for white noise is

1/2
s u

o(f) (50)

SNR =

or the SNR is proportional to the square root of the integratiun duration.
It should be noted that the defimition of 3(f) as noise spectral dansity
implies a- integration for the auration of 1 vycle. Therefore, the

integrution {5 summing up indcperden: samples of 1 cyrle duration and as

is com:only noted when the signa! is coherent from sample-to-sample, the

R Tl 7 g TSI S AT MV 70 2P 7, o S ST LA 30T T s,

SNR improves as the square root of the number summeld; i.e., the square

i S . . ol Ot o s

root of the integration duration,

If the noise is not broadtand, then *he noise bandwidth is not determined
colely by the integration process but alse by the spectral characteristics
(bandwidth) of the noise being integrated. Consider the case of band-
Jimited white noise which is fla: from approximately dc until volled off




Skl

by a filter with noise bandwidth Nej. For this case, as the integration
duration becomes small compared to Nel'l. the bandwidth is uot affected by
changing u. Indeed, by extension of the theory diccussed in Appendix II
a good approximation for the totzl bancwidth is given by

-2

. -2 -2 ]
)™ = N+ ) (51)

where

Nen r total noise bandwidth out of integrator
Ne2 = noise bandwidth of integrator

Ne1 = noise bandwidth of noise into integrator

Hence, the noise from an integrator can generally be nredicted by the

expression
!
() = ;M s x uoxk (52)
and the (SNR) by
SNR ® = (53)
1/2
(Nan) 2(f)

where it should be remembered that Nen is the total noise bandwidth for

the noise including the band limiting characteristics of the integration.

3.4.6.4 Analysis - The Size of the Image

Since the (SNR)P is the 1esult of integration over the image, it will be
necessary to determine hot: large the image is as a function o: object

size. This can be done rigorously using the system MIF (more corractly
the JTF) and the Fourie: transform of the object. Howcver, it is easier
to use tiie approxi:mations suggested by 0. H. Schade, Sr., and discusscd
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in Appendix II. Therefore, the coucept of system and compcnent equiva-
lent apertures of dimens’ons (Nex)-l x (Ney)'1 will be used and {as is

completely rigorous for gaussian functions and has been shown to be a

e

good approximation for most cases of interest) it will be assumed tiey

add in an rss manner. Tor 2n aperiodic otject of cCiwnnsions N-1 ber

; (N/‘)'1 the equivalent size of the image will be approximately
i NFK 5! Nev
, o172 Y T , 172 (34)

(N + N ! (N + (Ney) )
i For the periodi- case, it is imporoant that the width of the image equals f
L the width of the object. Therefore, the image of a single bar of a -
f pattern would have the dimensions 4
E N .\le 2

N1 by L (35)
! N ey Ve *
3 + ks
P (¢ ey) )

Again, {t should be rcmembered tha: N is the object width per picture

ittty o

height and ¢ is the target object height to width raric and the system

MTI's are such as to warrant separaticn of varjables.

s

—— -

For a bar input, the SNRP out of such a system is the integral over the
image of the bar and over the number of independent frames presented in
the time constant of the eye. The ea:iest method fAr calculating the

{niegrals is co {irst calculate the irtegrai for ce raster line in the

direction of scan and then :ntegrate cver the number of ifines on the

Y A NI G inst s <

image in the cross scan direction. 1t is important that the vhole
theory breaks Jown and predicts refults which ave too optimistic when
the raster starts to limjt. That {s, when theve ave {nsufficient raster

|
1
3
i
1
1
1
q
H
g

lines per i{mage isor spatial invarieace t. be approximated. In general,
there must be at lesst two raster (l'»s ser (Ney)'l or the theo.y only

holds for large ta:gets w.ere the « are many .ines yov (NKC)'l. That is

¢ M‘M‘M .

wvhile small bright objects can stil) be sevn "hey are not seen ar welii

as would be expected if the vas*es Criterion is not -2t.

P T P i ‘"mmv T R SR TR,
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There are two significant and related differences when consicering ore g
bar by itself rather than a bar in a periodic array. In the periodic

array, tne width of the image equals the widch of the oojact, ¥l, In

the aperiodic case, the width of the image of the bar is increaseil due
to convolution of the bar object with the system aperture in the x
direction Nex'l. This convolution results in an image width of
approximately

-2 -2 1/2

(Nex + N ) ; (Refer t« Appendix II1,)

|
i
At the same time, the amplitude reduction of the bar signal is differeat !
for the two cases. For the periodic case, 0. H. Schade, Sr., introduced i
the square wave flux transfer function (qut) which predints the effec-
tive amplitude of the image. Figuie 31 {(from reference 5) shows the .
relacive values for the sinewave, square wave, and flux transfer func- ‘

tions for a Ganssian system impulse response. ¢ 1s given in terms

qu
of the sinewave response . by the erpression

T —L RGN p o= (2 -1) (56)

R (N) =
£4< ae 1 ()

:lwla

while for most frequencies uf interest the following approximation is

R Rl *57 ,
ﬂ2

For aperiodic images the integral over the output irage equals (except §
for gain) the integral over the input. This was tr. ated iu detail in
reference 11 (High Perfo.mance (R Systens Study) for the ca.e uf a FLIR
system. Here, the treatment is meant to b> more general with a minimum
of Fourier transforms and the reader interested in the subtletie: is

referred to the reference. {
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Using Fourier transforms and realizing that the value of the transform
at zero frequency corresponds to the area (volume! under the original

function (i.e., the integral of interest) we have

f(x,y) = object function

g(x,y) = image function

r = system aperture function (impulcs response)
(x,y)

and F, G, and R to represent the Fourier transforms.

Jdhere the symbol * indicates convolution,

Fy) * Ty T By

(58)
FR =6

However, the integral over the object A, is F evaluated at 0,0 and R at

0,0 is unity by definition. Hence, 5
G (0,0) = F (0,0) (59)

and except for a gain ccistant, the integral over the image equals the
integral over the object. This particular fact will be used over and

over again ir. what follows since it is easier to integrate the signal

over the constant-amplitude well defined object than the blurred

(nonconstant amplitude) image.

3.4.6.5 Analysis - Perceived Signal-To-Noise - General

This suhsection will discuss a few major points from which the remainder
of the analysis will develop. With the above background, consider the
system of the block diagram, Figure 32. The signal is modified by cach

of the transfer functions (apertures) in turn. Therefore, the output
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signal is the input signal as modified by the total system MIF or to

express it another way, the image is the object modified by the total
system transfer function. The noise, on the other hand,is injected &t
various points throughout the system and therefore is aot modified by

the total system MIF but only those components following the noise

insertion point. It is important, however, that some oc the transfer
functions dn roll off the noise as well as signal and therefore may not
Az3rade performance as much as it would first appear. It is also
important that the transfer functious which modify the electricai signals

ere only one dimensionnal while the rest tend to be two dimensional.

To eimplify the analysis, it will be advantageous to assume that the
ncise at the point of insertion is white. This is not a real loss of
generality bec.-use, by inserting dummy transfer functions in the block

diagram, the system can be mathematically reduced to this case.

f Based upon these observaiions, it will be advantageous to modify the
biock diagra.. to the system of Figure 33. In this diagram, all compouen:s
wticn offect only the signal are considered to be the sensor while those
components which affect both signal and noise are coasidered the display. }

This diagram end set of definitions loads te the following parameters.

2
[ ]

[ ]
j; (MF)? an (60)

+ N = The Ne of the system in the x, y directiuns

; ex ey

i

! N , N »n The N_ of the sensor in the x, y directions

i esx’ esy e ‘
; %
; Nedx' Nedy = The Ne of the display in the x, y directions

&
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3.4.6.6 Analysis - Perceived Signal-to-Noise Ratio--Periodic_Object

In order to relate the SNRp to the SN}, for the case of a periodic
cbject, we proceed as suggested and calculate tlie per-frame, per-raster
line, integrated SNR. If iy is the peak video sigral for a largeé object

input, then the integrated signal for one line and one frame 1511 would Le

1

a1 - Kig Reqe ©1 (61)

where t represents and Juration of the integration correspending to the

width of the image and K represents a gain and unit constant.

Using the characteristics of an integrator menticned earlier, the rms

value of the integrated noise for one line and one frame In would be

11

1/2

Inp = K o(f) &) (Asen) (82)

where Afen is the noise bandwidth of the integrated noise and therefore,
includes the effect of integration on bandwidtli.

The single frame, single-line integrated SNR then becomes

-4
-

11 1, Rege

nll o(f) x ‘Afen)

!

172 (63)

=4

Considering the necessity of having a reference bandwidth and nofre
spectral density for defining (SNR)v we consider a ceference videc band-
width 4fv. Then

Leid i

en en
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We can relate Af,, and Afen to objuct/image spatial frequercies 1f we 3o

choose. Using the relations Jderived above, we have

n, N o
1l r
8f, = 3% 3 (65)
sc
and
nl Nenx o
Afer: T ZnT ‘nsc (R

It will be convienient at times to have the Af in terms ot electrical
frequencies rathier than a spatial refererce frequency and we can obviously
jump back and forth as we please. For now, we will proceed with everything
in terms of spatial frequencies. And then,

L]

nll enx

. 1/2
= (SMR), x quf x (-ll- ) (57)

&

It should be noted that Nenx is the total noise bandwidth including the

integratio: over che image in the scan (x) directier and herce

. (68)

where N’ is the bandwidth of the displayed noise, i.e.. the bandwidth

dx
imposed on the noise by the components following its point of injection.

The single-iine single-frame SNR then becomes
1/2 ;
7
Iy - SR xR x Nr__ 2y 211;
1 v sqf NN ede (69)

To obtain the intezgral over the complete image, we must now integrate

over the image in the cross scan or y direction. Since the raster tends

T T T T Iy P T
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to maks the process discrete, the integration becomes a summation and the

B (T | ALt i)

duratioun becomes the number of elements (i.e., raster lines) summed.

The integral of the sigral ovar the height of th: bar will be the single

24 T W

lire integrated signal times the number of lines on the object. The

reason for not using the number of lines on tie sensor or display image

. e,

is that the integral over the input equals the intergal over the output and
siuce the object amplitude is constant, the integration is easicr over the

input. Therefore, the signal integrated over both dimensions equals the

single line integral times the lines per object height ny.

MENRTON W
i

n,¢
2 TN (70)

(e

. Fcr the noise the integration duration is the number of raster iines on

j the displayed image which is larger than the object by the effects of

b the system Ne (aperture). While the lecw frequency responz2 is proportional
! to the integration (summation) duration, tue integratior process reduces
the bandwidth of the noise from that representing one raster line (nl),

to that represented by the image and the display apertures. The noise :

integration duration, Mgy is given by

. 2 2 2\1/2
nl (N + g Ney)___ 1)

. n =
~ 3
% : N Eey i

#nd the y dirvection bandwidth of the noise au the cutput of the final

integration, Neny' is
g : 1/2
5 N N¢ -l
£ = (Y -
‘ eny 12 )2 (’2)
' e () ()
E ey ecy
|
136




e o A TS TR, TP N o 4, T

Lk

I

e

oY 38 e

i AL

i L

e EmmA w. s

or considering the system to consist of a sensor and display

-1 1/2
2
- . (73)

N
eny 2 2
2 N +2 N
¢ + (N ) <N )

\ esy edy

where Nes relates to the sensor which puts out white ncise.

Since ny is the initial noise bandwidth {in lines not cycles) for the

cross scan direction, the total bar, single frame integrated SNR can be

written as
1/2
La - Iy Sé] n, (7%)
Inl ‘ Inll n3_‘ Neny

which by subsitution from above yields

131 [ Jl: ][Nr A nl]1/2 . )2 1/4
o e |[x ] »
L v *qf Nz [ Nedx

1/2 2

: l+(CN )+2(¢:

( N )2 +1 Nesy edy

) (75)

¢ Ney
llaving cumjieted {ncluding the effects of spatial integration, we then
need only te inciude the temporal inieg.ation tc obtaia the SNRP for
the periodic rase. The tenporal integration simply results in & gain
in SNR equw.l to the square root of the number of independent fram-_

that occur in an operator time constant; that is

1 ey 1/2
P al
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Because the equation is so cumbersome and the case where white nsise is

ohdaaiiid.
g SR Wl

displayed is often (at least as an approximation) useful, parameters

E which reflect how the display MIF effects the noise and hence the SNR,,
have been defined. The parameters are identically unity when the dis-
plcy MIF losses are negligible. In addition, these functions are
usually very weak and may often be ignored. The primary justirfication
for this 1is for completeness and ease cf handling multiple noise sources

and injection points. For the periodic case we define

. - "olsec Bandwidth Actual
By (D Noise Bandwidth for White Noise an
Then with Rxd = MIF of the display ia the x direction

1 sinn N Z

A { Jo(Rxd (Z)) ( nNZ ) fi

3 ]

3 i I (;inw N Z dZ

v l p= N 7

which by our previously discussed approximction is

(79)

or

(80)
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similarly we define ' for the 4 periodic case and derlve

5 q1/2
[ 1+(“)‘
e N
ey,

L, ) = 2 2 (81)

1t is also convenient to define a parameter ¢ which is the ratio of ny
to Nr; i.e., to Af,. Therefore, @ becomes the number of raster lines
‘ : per reiesrence aperture width. If in the future N, becones to be defined
by Ne ¢f the system (which is often symmetrical) which may ke generally

meaningful, then ¢ will be the numbe: of raster lines per nomirsl resclu-

tion aperture. This would have significance from 2 sampling theorv point

of view. Therefore

n ,
1

¢ - (82) a
Nt

it i St L ot

Making these substitutions, we now wve for a periodic object a complete

A exprussiou for SNRP in terms ~~ SMR, and a reference sputisl frequency
3 (Ny¢) .

1 1 by

1/2[N ! 1/4 1/2 /2 1/2
r 1 _ 1
SNR. = ISR | Rsqe] |© ﬂp( 2 Bl T (83)
l i %1 y 1
e N ) |
\ ey

o

or if it is preferred that the reference bandwidth be in temporal

frequency (4f,);
[eg e ar, M 12r g r /ar qu/2p /2
SNR_ = [SNR_{[R z L 1 1 L
P v|| saf @ N N\ Bl T (54)
- -
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3.4.6.7 Analysis - Perceived Signal-to-Noise - Aperiodic Object

The aperiodic ca.2 can be handled in a similar manner. It must be
remenbered that the integial of the ocutput '3 equal to the integral of
input and the width of the image is not locked to the width of the
object. That is, the in-egrated signal for 1 line and 1 frame would
be

Ign = Kigty (85)
where t, represents the duration of the integration cvar the vvject
with the other parawveters defined as above. The integrated nois« would
be as before

1/2

1 = X o(f) 3 (Afen)

nll

and che single-fiame, single-line integrated signal-to-noise ratio

Secomes

Isll - is t?]
Inll o(f) tlJ l.fenJ

1 Af
fl.l. » fs.\'R), (i‘\fv )
nlil en

Since ty is related to the vhject widch aud L, is related te the image

w.dth,
2 e
t 1/2
1 I A

(36)

- .
o A

'( 1/’2 (87)

(3) (88)

(83)
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And, by the same argument as before

Af N _
v r N N
—-—Af - -—N 2 + "—'2 + 1 (90)
en N N
edx ex

X
1/2
Afv Nr 2N2 NZ
» = — ] (91)
Afgn N N2 Nl
L edx esx J
Consequently;
) 3 1,”:“ > 14,2 e | 1/1‘

1 N N 2 2

sll (5NR) | ~ftEeem - zg-— ; & +1 l (92)
1 1 v N2 - ne N NZ NZ

" Tex 18 _ edx esx

As for the periodic case, the SNR that results from intsgration over the
complete bar image cen now he obtained by doing a similar integration over
the height of the bar; that is, in the cross scan direction. Again, since
the vaster tends to meke the proce.. discrete, the iategration be-omes a
sumgtion and the duration becomes the numbher of ¢lements (i.e., raster

lincs) summed. In all other aspects, the process is exactly «s has gone

on so fa

Tuw integrsl of the signal over the height will be the single line
integrated signal times the numbor of lines on the objest. The resscn
for not using the number of lires on the senscr or displa: image is
again that the integral over the input equals the integ:al cver the out-
put and the input ir of constent amplituce making the iniegration easier.
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Therefore, the signal increases by a factor a. where n, is the lines per

object height.

= '93)
fig 5 . (93)

For the noise, the integration duration is the number of ra;ter lines on

the displayed image which is .larger than the object by the effects of the
aperture of the system. While the low frequenc; response %s proportioral
to the integration (summation) duration, the integration process reduces

the bandwidth of the noise from that representing one raster line (Nl) to
that represented by the image and the display apertures. The noise

integration duration ny is given by

2 \1/2

Ney/

= / ;

n3 € NN (34)
ey

/2 2
nl\N + e

and as was the case before, ithe handwidth of the final integrator noise,

N , is
eny
N2 11/2
Neny = 2 N2 N2 (95)
¢ttt
N N
ey edy
or
1/2
2 L/
N = [_ ‘; ; (96)
eny 2 . N 2N
L

L Nesy Nedy

Since ny is the initial noise bandwidth for the cross scan directien,

the total bar sirgle frame integrated SNR can be written as

1 - 1/2
T. 1 | IN
T nll |3 eny}
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which by substitution reduces to

] 1/2 2 112 2 1/2
I €n, N_ N N
_sl SNR 1 x ex ey
Tn1 VI W N+ N (__N_)2 + N2
Jd ex 5 ey

(98)

1/4 /4
1+ ! 2+2 v\ Ny N )
< == x1+(N x)+2N
esy edy es ed

Having included the effects of spatial integration, we then need only

to include the temporal integration to obtain the (SNR)p. As for the

periodic case, the temporal integration simply results in a gain in

SNR equal to the square root of the number of indenendent frames that

occur in an operator time constant, that is

1/2
- fs_l(f_)
P In1 T

(99)

As for the peiiodic case, a set of parameters to reflect hcw the display

MIF affects the noise have been define:..

T I '11/2
1+ (-ﬂz)f
N
ex
2

FT(N) =

x N
1+(r;) +R 2] ===
L es

= . 2 -1/‘
1+ T N
ey

rm - - 3
1+ {5 ]
i esy ¢ Nedy |

and

(100)

(101)
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It is again convenient to introduce the parameter ¢ which is th~ ratio of

n; to N, (i.e., to Afv); the number of raster lines per reference aperture
width. Therefore

Making these substitutions, we now have for a periodic object a complete

expression for SNRp in terms of SMR, for the reference bandwidth in

spatial frequency (N,).

= r t
SNR | SNR N 2 rr 2 o3
14 |2 e el X'y T
N €N
J ex e

or if you prefer, with the reference bandwidth in temporal frequency
(Afv).

1/2 1/4 1/4 1/2 1/2
eo&] 1 ] 1 1

— 1 2
< ) ZAfv €n ti “SJ 1 1 /4

N = S =
5 RP NRy o J 14 (N _)2

- Nex

- 1/4 1/2 (104)

1 1
N .2 rr
1+ (; N ) Xy
L ey

3.4.6.8 Useful Examples

These examples increase in complexity from very idealized to more
practical as they go along. It is very important that, especially for
LLTV, one realizes there are multiple noise sources injecting noise at

varjous points throughout the system (e.g., photoelectron noise and




s A

preamplifier noise) and that the simple applications shown as the first
examples are just that. ‘the final example indicates how the more com-

plicated situation is handled.
3.4,6.8.1 Example I - Psychophysical Test Set Up

The simplest example to consider is a near-perfect (not noiseless) sys-
tem where in additior to the display size and brightness being sufficient
to preclude operator limitations (MIF or noise), the display and sensor
are of such quality as not to limit the quality of the image. From a
practical point of view, this means that the display and scnsor wmust have
broad band MIF curves with values near unity over the frequencies of
interest and the raster must be sufficiently fine as to provide many
lines per object height. This case lends itself to psychophysical
experimentation since well-controlled, electronically~generated video
signal-to-noise ratios can be fed to a near-perfect display and then,
operator thiresholds can be determined. Considerable testing of this

type has been completed by F. Rosell, et al. (Ref. 12) and for this use
they have referred to the SNRp as the (SNR)D. Bar petterns were gen-
erated electronically and summed with white noise of known bandwidth

and rms value to provide a noisy image or well defined bars with known
SNRV-

Using the equation derived above we can deiive the equation for determin-
ing the SNR, for this case. The perfect system condition implies
-1 -1
= = () = .

Nex Ney 3 quf 1
In addition, since & sirgle video line is used throughout,n = 1. In
addition the picture height can be defined as greater than the active
area when normalizing N and thereby ﬂsc = 1. (This is common in TV

systems.) Hence for both the periodic and aperiodic object we have
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SNRp =  SNR (105)

=z |~

For tue aperiodic case however it is more convenient to work in terms

of the arz=a of the object, a, and the area of the rotal field A,

- [ 6 B

Therefore;

- 1/2
srmp SNR,, [ZAfv t, a/a (107)

Obviously, this can be extrapolated to the detection of other simpie
shapes of area "a" if the integration theory holds. The tests of Rosell

et al., seems tc indicate it does.
3.4.6.8.2 Evample Il - Sensor MIF, Perfect Display

While the abuve example is meaningful fcr electronically-generated noise,
imaging invariably involves optics with iimited spatial bandwidth (MTF)
which modifies the image before it generates the video signal and, there-
fore, before the noise (which is time dependent) is added. This example
treats the imaging syctem which has an MIF filtering the signal but not
the noise and, therefore, has white noise in the video channel. Again,
the rerfect lorge display with adequate brightness is assumed and, there-
fore, the (SNR)P is the same as Rosell's (SNR),. The thresholds for this
case were investigated by Rcsell et al., by generating the video with a

TV cameca and then adding controlled white noise.




The video signal to be considered is again that associated with a bar
pattern of frequency N but now the input is optical, spatially filtered
: ) by the system MIF, and scanned by the sensor co generate the one dimen-
4 sional electrical signal referred to as video. The MIF involved is two
; dinensional, separable in kx and ky' The scanning raster is of suffi-
! ciently high spatial frequency to satisfy the requirement for spatial

invaricnce.

i For this case, the operator ''sees'" a cyclic pattern with edges that are
not step functions in intensity but are smoothed. Thic smoothing is

particularly noticeahle in the x or cross bar direction.

Again, simple substitutions in the derived expressions will provide the
equation for determining the SNR_ . WNow N_ lay, "l apand there-
p edx edy
for T =T =1, N =N and N =N and R
X y ex esx ey esy sq
the sensor MIF, Rg» times 8/m?. With n = 1 and Tigsc = 1 we have for the

£ is approximately

periodic case

SNRp = |SNR, ;5 Rs — N ( 5 \2 (108)
| en )t
- ey
or for the aperiodic case
20 ¢ el , 1" . /4
SNRP- SN\ |75 | ¥ z—'N—jz—'— . 3 (109)
V(Y e
.l L Nex ¢ *\ey d
Converting to the area notation introduced in Example I
/2 /4 i/4
s a 1 L 1
sw = SR, | 20, (%) 2 — (110)
() 4] [(3=)
ex ey




3.4.6.8.3 Exampls III - Idealized TV - Considering a Single ldealized
Noise Source

The idealized TV is a useful case to mention becai:se it generally applies

to the TV performance prediction effort that follows.

In a typical TV, both sensor and display have important MIF's. The dis-
rlay in genersal must have an aperture to discriminate against the raster
and the sensor has significant MIF losses as mentioned in earlier sections

of the report.

For TV, however, it is common fo. the raster to be chosen such that the
SNR, is based upon a single video channel n = 1 and so that Mgc = 1. The
system square wave flux transform is approximately 8/r" the MIF. Then,

the following equations apply.

Periodic
] 20¢ t.‘;|l/2_ ,- . V4 2r /2 (111)
8_ v i 1 1 1
SNR_ = SNR R —— -
P VﬂZS o | N N 2 8 I
] () LY
€ Ney
3
Aperiocic
V2 Va4 4 /2
20f t. ¢
. i 1 1 1 1
| SNRp QNRv . N 3 2 FF (112)
| N [
N €N
ex ey

3.4.6.8.4 Example IV - Typical FLIR

The typical FLIR is a slightly different case inasmuch as the SNR is

v
usually measured in one of n channels
AT
{ & —— .

o aail o v '
I AR5 0877 5 W . Mo -
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and the reference bandwidch is that associated with a detector width. ;
3 (Maybe in the future Nex'l). The scanning efficiency is typically not A
5 unity and both display and sensor MIF losses are significant. The ' 3

number of scan lines per detector height (@) is a meaningful parameter
and becoming better understood. Consequently, the complete equations
derived in terms of N are applicable and are repeated here with the 1

quf approximation. :

For Periodic Object

2 r 4 ¢ V2 4
, ] [N, ) 1 ty (113) |
stl1€® |« 2 BT T ;
EEE ,
e N !
ey L

For Aperiodic Objecte

) Va4 |- 4 V2 1/2
SNR_ = SNR rc-l N—’:Ir L] L -lv 1 (fl (114)

P v N ¢ » \ZI N & I'x I'y T
} _l‘_l"'k!i“ /] ;_”'('e N, )
y

3.4.6.8.5 Example V - Multiple Noisec Sources and Non White Noise at SNR, ;

For this example, consider the svstem of Figure 34. This system for

analysis purposes reduces to the two parallel systems of Figuve 33.

o By summing the output of these two systems one obtains the effect of the
actual system. Since the signals are coherent they add linearly while

the noises as the rms. From the previous equations
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SNR_. = ! u(u)]

pi - /2
Laxl ryl:r

SNR , = __iNR__VZ__l_/_é_ [H(N)]

p2
[BxZ IQ)'Z]

(115)

where
E L/4 . 1/2

8 1/2 r 1 i
Y = -— i —ie =
H(N) 2 Rs [c cb] N 3 T

m N_) o+

¢ N
ey,

- q J w
letting Sp1 sz - Sp/2 and Npl' !\pz Perceived Noise

1/2
S 1 S 1By Ty i )
Y T SRS T 2 ¥ [ﬂ‘“’]
P pl (SNR,) )
s s [er. T7
N = b2 _ s £ X2 ¥y2 [H(N)].l
pe SNR 2 2
p2 ‘_SN'RVZ)

Then the totsl perceived noise would be

1/2

s BaTyi 8,7
A e i..z?.z.
(SNR,) (SNR‘JZ)

P H(N
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And the system SNRp is

S 2H(N) S SNP.
SNR = R NRVI V2
P ¥

. " 2 R
3 LFxl r.yl (SNRV2) u sz ry2 (SNRV1> ]

Or equivalently the following equation represents a fairly general and

compiicated case for the periodic object.

) /12| N 1/4
o]l el
3 SNR. = |==R.|lle o —_ | =
N
L ey
l’ 2(SNR)) (SNRy)\
2 2 1/2

‘; [axl I‘y1 (suavz) + sz ryz (SNRVI) ]

A more general solution would include the influence of gain on SNRvl

and SNRuz'

3.4.6.9 Analysis - Perceived SNR - Summary -

. There are a few assum.tions in the analvsis which merit repeating. The

resulting equations are easily found in the text and at the end of the

examples.

The first assumption is that the man is 2 s,.t{al and temporal integrator

,. .
el AL

that integrates ovaer the image. Thi# provides the definition of SNR .
p

2 153
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It is assumed that only one bar of a pattern is important to the % 5

process. 1

The approximations using Ne and equivalea* apertures rather than exten-

sive Fourier transform analysis are used libherally,

The fact that for aperiodic objects the integral of the signal over

the output equals the integral ovzr the input is proven using Fourier

analysis and used throughout.

That is for large aperiodic objects, th: image amplitude is independe-t

of object size but as the object becomes small and approaches the sys-
tem equivalent aperture N;l the amplitude of (he image drops while the

image size becomes independent of object size; all this means the

O I A s Ao s S0 3 NI RN K O 300814 i

; integrated signal will decrease proportisnal to object size regardless

of how small the object gets but the noise only decreases with the

square root of object size until the object approaches the N;l of the

system and ther it remains constant.

It is assumed that the systems are linear and spatially invariant.

Spatial invarisnce mcans not raster limjted.

"

. :
L T L P SR
bk . oot il BT e B i, s w0 e AW ”

The bar is discussed as oriented across the raster lines. This is not

ol .

be less than 1 so long as the ocher assumptions are met. Indeed these

bars could even Le diugonal.

s . e =

i A

The next few sections lean neavily on this analysis ancd its complete

: i an implicit assumption and has nn effecr on the analysis. That is ¢ can
E compatibility between TV and IR.
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One point not explicitly made in the text is thar to nandle multiple points

of noise insertion parallel systems are mathematically introduced which

have different Ney and Neg but the same N, and therefore different (SNR),

«rd B and ', The total system SNRp can be predicted by appropriate

sumning of the parallel mathematical systems.

3.4.7 TOTAL SYSTEM SENSITIVITY

In the preceding sections, it was indicated how the video signal-to-

noise ratio fSNR)v could be derived from the component characteristics
snd how the perceived signal tc noise ratios (SNR)p could be predicted

from the (SNR), and component MIFs.

1n subsection 3.3 the requirements

cf the man were discussed and values for the threshold (SNR)P for various
tasks were provided. 1In this section, the (SNR)P in terms of system

paramaters will be further discussed and the system performaance measures

defined using these thresholds.

The basic sensitivity is to be defined for both systems, as the minimum

signal required from a 3 bar chart, for the chart to just be discernible

at the display.

ACTV

iR

For active TV, there are neces-
sarily more variables involved
than for FLIR and this teads to
make the sensitivity definition
more involved. The desired
parameter is the minimum resolv-
able contrast (MRC) between the
bars and spaces of a three bar
pactern with a bar aspect of 5 to
1 and average reflectivity p. It
ts the contrast for which the bar

ob ject can just be discerned. Since

For the infrared system, the basic
sensitivity is defined as the minimum
resolvable temperature (MRT). This is
the minimum temperature difference be-
tween the bars ani spaces of a three
bar (5 to 1 aspect) bar chart where
tne bars and spaces have emissivity
unity and a temperature diffarence
about ambient of AT.

From subsection 3.3, it is clear that
vhen the SNRp = 2.8 as calculated

i
i
i
1
i
§
¥
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ACTV

IR

the system is active this func-
tion of spatial frequency, k,
will be a family of functions

for differcnt ranges in a vacuum
(i.e., no atmospherej. A typical

curve is presented in Figure 36.

In order to obtain this parameter
we first predict and can measure
in the laboratory the minimum
resolvable scene radiance (or
photocurrent) versus spatial
frequencies for various target
contrasts shown in Figure 37.
The:n we predict by straightfor-
ward calculation the radiance
level that will exist (due to the
illuminator) as a function of
range in a vacuum (no atmosphere
losses) for an assumed average
reflectivity p (Figure 38).
Combining these two measurements
and calculations we have the

desired MRC function.

In a similar manner, a parameter
for the aperiodic case can be
defined as minimum detectable
contrast; that contrast for a

square target which is just suf-

ficient for detection.

based upon t; = 0.1 second that the

bars are just discernible. Further-

more
= AT
SNR, = s (116)

where the video bandwidth corresponds

to the detector width.

From section 3.4.6 we have th= expres-
sion for (SNR)p in terms of (SNR)V and
the system component transfer function.

If the noise at the point of measuring

NET is white the actual transfer func-
tions of the system can te used. On o
the other hand, i* the noise is not

white some dummy whitening MIF's must

he included. For the IR system, the

following equation is the most useful.

g 1/2
SNR = SNR, [ R ||e o x
™
- (117)
/4 /2 1/2
L [ L I
N N 2 g T T

X'y
P +1 L
ey

Combining these conditions and setting
SNRp = 2.8, t; = 0.1, e = 5, AT be- -

comes MRT.
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Figure 36. Typical MRC
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MRT = 4.9 R N 5N +1
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7 1/2
I:Bx 1"y a—] (118)

Figure 39 is a plot of MRT for a

typical system.

For predicting the best possible
detection of a square object (¢ = 1)
and emissivity of unity, we have
defined a parameter called minimum
deteptable temperature (MDT). MDT

is the temperature difference required
between the square object and its
ambient temperature background which
makes the object just detectable; it
is the aperiodic counterpart of MRT

and is predicted by the equation

i} _'NET‘l[i [ of—N 2]1/4
MDT 8.9L | “Jj 1 (‘“ey) X
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Figure 39. ‘lypical MRT
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SECTION IV

TV-IR COMPARISON APPROACH

Now that the characteristics of the scene whicli generate the images and

performance parameters of the systems have been discussed in a similar .i
manner, it is appropriate to discuss how the systems should be compared.
It is anticipated that for equal systems they will provide essentially
equivalent images under nominal conditions. First, it will be the
object of this section to describe what would be considered equivalents '
and how they might be tested. Then, the section will present discussion 5

on how a £light test might define the conlitions where the systems are

not equivalent.

1f indeed we can quantify the cunditions of "equivalence,'" of "TV best,"

ard of "IR best'" then we can evaluate the benefit of having each sensor

S T T O T . -

or both sensors aboard for a specific mission.

The recommended approach to accomplish the ccmparison is to first make

R W Ty

parallel laboratory measurements under well-controlled conditions aud
coupare these data for what is considered nominal inputs for each system.
Second, run a controlled-flight test against bar targets and trucks to
check the predictions for each system in an actual environment and to
check the conditions of nominal equivalence. Finally, it is recommended
to fly an extensive flight test under many varied conditions not to

check tactical limitations but to establish a data log as to which con-
ditions favor which system and when ave they complementary. If indeed
the analysis adequately predicts the results of these tests, then the
testing can be truncated. However, it is anticipated that surprises

and new advautages may spring up from flight tescing.
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4.1 EQUIVALENCE OF PERFORMANCE PARAMETERS

As a start, the equivalence of individual performance parameters and

the effects of variations will be discussed.

4.1.1 FIELD-OF-VIEW

Equal systems will be functioning at the same range which means that for
equal ground coverage and acquisition capabilities they should have the
same angular field-of-view. This is not the kind of parameter which
would affect canned detection/recognition tests since field-of-view has

its strongest effects on tactical (search) considerations.

4.1.2 FRAME RATE, ETC.

Both systems should be designed so as to present a non-fatiguing,
flicker-free display. The information rate and lag must be equivalent
for the systems. Ideally, they will be such that no loss of performarce
is noted for the dynamic situations to be enccuntered. If an unequal
loss of performance is noted, then a conditions variable of the test to

be considered must be the mission dynamics.

4.1.3 RESOLUTION

Ideally, the systems should have the same MTF curves. Short of this,
similar curves with near equivalent Ne csin be considered equivalent.
The ratio of the Ne's for the two systems should indicate the ratio of

range non-equivalence uader good test conditions (high signal levels).

4.1.4 SENSITIVITY

Sensitivity is the performance parameter which varies with range atmo-

spheric conditions and target. For that reason laboratory perforience
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will be defined and then field performance defined separately. The
sensitivity must be defined relative to a specific task and target,

For the laboratory, the target will be a bar chart and the atmosphere
will be idealized to a vacuum for discussing range. In the field, only
bar targets and trucks will be considered here but the methodology can

be extended to other targets.

For the recce strike task against trucks, it is recommended that the
target be a bar target with l-foot bars. If the modulation from the
bars is set to be equivalent to that from a truck under normal condi-
tions, thea breakout range on the bars and recognition range on the

truck would be about equivalent, Alternatively 4-foot bars could be

used for a direct comparison to detectien.

4.1.4.1. Laboratory Conditions

ACTV FLIR
The primary laboratory measure The sensitivity for laboratory
for the TV system without the conditions for the FLIR is the
illuminator is the minimum aver- plot versus bar frequency (cycles/
age scene radiance (or photo mrad) of the temperuture differ-

current) for the bars of a three- ence required between the bare and :

bar chart of contrast (C) to be spaces of a three-bar chart ;
iesolvable on the display. This (emissivity = 1) for the bars to X
is plotted versus spatial fre- be resolvable on the display. This %
quency in cycles per mrad for is independent of range so long as 5
different values of contrast. no atmosphere is present and can |
This is independent of range be considered as the laboratory

as long as no atmosphere is conditions for operational ranges.

present and can be consider.d
as the laboratory condition feor A typical MRT curve was presented
operational ranges. A typical in Figure 33.

curve was presented in Figure 3).
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ACTV FLIR

For an active system, however, the

average scene radiance varies as
range. In a vacuum, these varia-

tions can be calculated and

presented for the source power as

R T b et b A

4 was done in Figure 38.
}
5%’ From these two functions, it is
{ g posgible to derive a single labo- z
= ratory condition sensitivity func-
tion which is the minimum contrast ;
required between the bars of the
chart for the bars to be resolvable
i on the display. This function %

would be plocted as a function of
spatial frequency for various

values of vacuum ranzes. A typi-

cal curve is plotted in Figure 36.

For the laboratory coﬁditions, ACTV and FLIR can now be compared by
comparing Figures 36 and 39. For true comparison, it is necessary
to relate AT and C. The authors sugges: that rwo systems with identi-
cally-shapei curves would provide equivalent pictures on a tvpical day
if the scale was such that a 8T of between 2 and 10 degrees co~respouds
to 100 percent contrast. It is suggested thac, as a start, this scale

be considered and a new equivalence be determined during the fligat

test, or possibly a nonlinear scale bhe determined. This scale says

¥ IR TeT—"

something about the general distribution of AT and C in the scene,
Based upon this hypothesis, a plot or a single graph where the ordinate
is either AT of C vs k, can be genarated with the active TV curves being

for different typical ranges. Figure 40 is a typical example. From
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this, it can be inferred that the systems would be nearly equivalent

v

at a range of 1.3 n. mi. [f on the other hand, the scale was more like 1°

= 100 percent contrast, it wculd be concluded that for small objects

PR
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the systems would be equivalent at 2 n. mi, range while for large objects

they would be equivalent at 3 n. mi. range.

"

4.,1.,4.2 Field Conditions

In the field, it is desired that the tasks be increased to include de-

-

tection and recognition of military objects as well as a quantitative

-

test against a bar chart target. Additionally, the field tests will

"y

3 Bk ESNO P, B B i

4
f

introduce many uncontrolled parameters associated with the atmosphere,

the installation and the military targets. 1In the field, the primary

performance parameter is the maximum range at which a task can be
completed be it the task of bar breakoutr, target detection or recogni-

tion.

The existing laboratory functions can be directly used for predicting
b detection and recognition of various objects with an ideal atmosphere.

That is, once the object size is known the angular frequency units on

.
ol P 8 5 05K Wb e i

the sensitivity curves can be translated intvo ringe units. Since a

i i Bt

6-foot square objact is a size of general interest, Figure 41 was ;*
derived using our typical FLIR data. This figure presencs the AT ;
1 requlred as a function of range such that: (1) the target be detected !j

based upon aperiodic theory, (2) target can be detected pased upon the 1

! two lines on target criterion and (3) target can be recognized basad

upen the 8 lines on target criterion. Raster effects are only alluded
to on this figure &s providinrg a degradation at 10 nautical miles but,

this assumes a weak rasier system.

;
£
4
H
§
2

discussed.

In a similar manner, Figure 42 was derived for the typical ACTV system ‘j
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Of major importance to the field results will be the effects due to
uncontrolled parameters, especially atmospheric effects. To this end, 57
it is recommended that the two systems be compared by plotting range %
versus atmospheric conditions. As a first cut, however, atmospheric

effects for IR are included on Figure 41 and shown more completely for

the two line detection criterion in Figure 43.

ACTV

FLIR

g T g

For the TV, the atmosphere para-
meter of interest is visibility.
For this comparison, it will be
desirable to calculate and plot
percent transmission as a function
of visibility and range and use
this to prepare plots of maximum
breakout range as a function of

visibility.

171

For the FLIR, the atmosphere

parameters of primary interest

Wi ekl Ukl

are relative humidity and temp-
erature. A separate case, but

also of importance is fog. For

ot A bt kel

this discussion, it will be
easier to hold temperature con-
stant at a typical value, e.g.,
70°F and consider relative humid-
ity as the variable. In this
case, the transmission as a

function of RH and range can be

- -

calculated, plotted, and used i
to prepar: plots of maximum '
breakoutr range as a function of

relative humidity. 1If done for a ~
few representative temperatures

(60°F, 70°F, 80°F, 90°F) every

night over a considerable period

could be covered for a specific

test area. Figure 44 is a

typical example.
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Figure 44. Expected Atmospheric Transmission 8 to 11.5 Micrometere at
Patuxent NATC, Maryland, 2200 to 0100 During July and August
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For a specific area and period of the year, a nominal RH, temperature,

and visibility can be determined for night operation. By combining the .
two figures above so that the visibility and relative humidity scales

are chosen with scales such that the nominal RH and nominal visibility

are at the same level and that deviations from either nominal are of

similar likelihood, then it is clear that for equivalence at this task

both systems should have the same curve. For nominal equivalence, they

should have the same range under the nominal conditions. In this case,

quantitative comments with regard to other visibilities and relative
humidities _an be made even to the extent of predicting the relative
percent of time useful ranges and exceptional ranges can be expected

from each system.

4.2 AN EXTENSIVE FLIGHT TEST

After the analysis, the laboratory tests, and the limited control.ed
flight testing has been completed and established the general equi-
valence or nonequivalence of the systems, an extensive flight test will
be required to investigate the conditions which favor one svstem or
another. It is expected that if we could fly against all ccnditions
(targets, atmosphere, =limate, etc.) for some conditions TV would be
best; for others IR would be best, and for some, it would be a toss-up.
This statement is depicted in Figure 45. The real question is then
depicted in Figure 46. Is one system nearly always redundant or are
they truly complementary? Indeed, could we isolate the favorable con-

ditions.

Many parameters define the total set of conditions of interest. ideally,
each crndition would be delined by uat ieast the target (it~ history and
details), the atmospheric conditions, the background involvad, the
climate (region of worldy, the time of day, and the time ci vear. It

would take many flights with 8 pair of relatively calibrared systems
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to collect statistically significant data on all of these and possibly
other parameters of interest. It should be remembered that these
flights are not tactical flights to test the tactical limitations of
the installacion, etc.,but are canned tests against many conditions to

determine maximum sensor system range.

To be meaningful, it is important that many different conditions be
tested requiring flight in different parts of the world and different
times of the year. For completeness, operator comments must be
included since the final evaluation may be elusively tied up in the
operator's response. The tasks and :tests should be kept simple and as

constant as possible, i.e., detezt/recognize a pre-briefed target.

To be effective, a convenient effective indexing method for keeping
and sorting the conditions/data musc be developed and computerized.
Also, illuminating ways of sorting and presenting the data must be
thought out. A few possible methods of sort/presentation are discussed

below.

First, a scatter ploc of the data by mejor condition (e.g. a truck,
a'l weather) may be vuseful. By this, is meant plot TV range (Rtv)
versus IR Ringe (Rir) for a task such as detect or recognize. Figure 47

indicates the coordinates and the areas of interest.

Statistics can be derived from the data. For example, for the same
conditions as the scatter plots, the probability that the detection

range is grcater than R can be plotted versus R. By plotting this for

each system separately, the relative sffectiveness of each can be noted.

By plotting a curve based upon the maximum range obtained on each run
for the two sensors, an indicstion Of the gain obtained by having both
aboard caa be measured. Figure 48 is an enample of how this might

work out.
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Other comparative statistics may prove useful such as plotting the

probability density function of Rtv- R versus Rtv' R, _ or for

ir ir

Rtv/Rir versus Rtv/Rir' For example, as shown in Figure 49, it might
be expected that when looking at the task of detecting a truck (ali
weather) that it might be normally distributed for nominal weather
but for either very wei sr very dry weather, it will be skewed to one

equipment or the other.

- Finally, perhauss just listing the mean (Rtv-xir) and mean (Rtv/Rir) for

various conditions might provide insight into the relative usefulness.

Table IV is an example of how it might work out. An (Rtv-Rir) mean of
10/0 would indicate that on the average, the TV detects the object 1OKm
further than the IR but that each recognized the cbject at the same
range. An Rtv/Rir of 2/1 would indica:: that on the averag., the TV

Jetected at twice the range but recopgnized at the same range.

4.3 CONCLUSIONS ©N AFIROACH TO COMPARISON

The ana)ysis will provide 2n indication for the laboratory parameters
to be tested and the values to be expected. The laboratory tests

will confirm this analysis,

A minimum vigidly-controllied flight test against bars and trucks will

confirm the analysis, the atmosphere models, and most importantly, the

general cuncept of equivtiy.ce.

Finally, 2n extensive ’'lisht LestL against many targets under many

different conditions will be requived to collect sufficient data to be

able to make statistically signiricant statements,

[t may become possible to provide sufficiently complete inputs inte the

analysis to predict adequa‘e results for all conditions suggest=d in

Sv semgll
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the extensive flight test. When this becomes possible, the only ad-
vantage of flying rather than analyzing i{= the relative general accep-
tance of data over analysis and the useful surprises that can result

from a ilight test.

TABLE 1V

LIST CONDIT.ONS (VERSUS) (Tgy - Ryg) MEAN AND (kpy/RIR) MEAN

(Rpy - Rjp) mean km (Rpy/Rig) mesn
Condition Detection/recognition Detection/recognition
Retros - all lncations 10/0 8/1
Tanks - Patuxent River -5/0 21
Ship (large) 0/0 1/1
High relative humidity 3/5 2/3

no hage
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SECTION V

FLIGHT TEST CONSIDERATIONS

The theorvetical portion of this study has outlined mathematical relarion-
shirs for orediction of the range at which targets would be detected (and
recognized) under various conditions. Similar mathematical models for
prediction of the range at which there is a "breakout" of the iadividual
bars of a stanrdard Air Force three-bar iLarget have also been developed
and extensively tested under field conditions. The purpose of the compar-
ative flight test cf the TV and IR systems is first to recheck the
validation of the individual bar-target breakout models under side-by-
side cest, and then to validate the individual target detection models
under similar conditions for both. If these models can be succeasfully
validited, the individual system performance can be predicted and systems
comparisons made.

In subsection 5.1, the parameters which can be measured during a rigidly-
controlled flight test tu provide molel confirmation will be discussed.

In subsection 5.2, the controlled parameters will be discussed. These are
the parameters which can either be fixed or systemstically varied to ax-
plore the arcas of the applicability ~f the individual theoretical models.
Subsection 5.3 theua presents a discugsion on thosc flight test parcmeters
which, although they are uncontrolladle, nevertheless affect the results
and, consequcntly, rust be measured. All of these three types of param-

eters are summarized in Table v,
Following the subsections, describing the flight test parameters is a

brief uiscussion of the flight test contiguration required to obtain the

necessary measurements to confirm the postulated performance codels.
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FLIGHT TEST

MEASURED PARAMETERS

Bar Pattern Breakout Range
Venicle Detection Range

Venicle Recognition Range

CONTROLLCD PARAMETERS

TABLE V

PARAMETER SUMMARY

= Spatial Frequency at Breakout
= Size at Detection

- Size (and Resolution) at Recognition

Perceived Noise (Display Brightness and Sensor AC Gain Together Set

Per-Noise)

Bar Pattern AT or C

Bar Pattein Spatial Frequency,
Uperator (which Operator Takes
Display Environment Brightness
Vehicle Type (Size)

Vebicle Location

Vehicle AT

Vebicle Aspect

Afrcraft Flight Pattern

Scene [rradiance

UNCONTROLLED PARAMETERS

Visibility (Meteorological)
Air Temperature

Relative Humidity
Atmospheric MTF (Turbulenca)

k
the Reading)

Background Temperature(s), Radiance

Wind Velocity and Direction
Operator

Equipment Condition

184




ey

A L LA & s T

| ik s

7

i e I e ——

g

John Hodges, Program Manager of the referenced MAFLIR Flight Test image
variable analysis study, provided assistance on the preparation of this

section.

5.1 MEASURED RESULTS PARAMETERS

The results parameters of the test program are actually uncontrolled
pacvameters which are dependent on both the controlled parameters and
the independent uncontrolled parameters. If there werc no independent
uncontrolled parameters and the performance prediction theories were
absolutely accurate, then the values of the result parameters could te

accurately predicted a priori rrom the controlled parameters of section
1“2.

Ubject "Breakout" Slant Range/Object Angular Frequency at Breakout

The bar pattern test object used in this program will not be "detected"
in the true sense. Rather, the observational task which is -ested is
the modulation threshold at which the bar frequency is first sbserved
by the operator. In fact, the operator will be able to detect the bar
pattern as a whoie at ranges far in excess of those b..ng tested., It
is desirable that he do so. To achieve good data, it is important that

the operator be accurately tracking ond cencering l..e target.

To avoid counfusion with "detection” as it is defined for tactical
targets, the term "bar pattcrn breakovut' has been suggested for the
point at which thc presence of bars and spaces can first be ohserved,
Since the spatial frequency of the target will be fixed, the relevant
parameters to be measured in this test prowram are the target slant
range at brealiout, and angular spatial frequency of tne target bars and

spaces at this range.
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To obtain sufficient positional accuracy, phototheodolite or radar
tracking of the aircraft is required. In this test, some way must be
mechanized by which the theodolite operators can tell when the individ-
ual IR and TV target breakouts occur. In the radar tracking case,

breakout can be correlated with the aircraft time-position data.

Range at Tactical Target Detection/Range at Tactical Target Recognition

The two primary results to be obtained with the tactical type targets

are the slsant range at detection and the slant range at recognition.

In most controlled test situations, the term "detection' describes a
fundamentally different concept from the tern 'detection" in a real
tactical situation., 1In a tactical situation, there may be aun infinite
number of locations for the target and detection depends on cueing
effectiveness, the distribution of highly probable target sites (such

as roads), etc. These "search" parameters are difficult to duplicate

in a flight test program whicn is controlled suificiently for a meaning-
ful analysis of the resulting data to be made. Because the exact range
at which an operator will become aware of a target will vary, even if he
knows the exact location the target will be in (if it is present),
multiple measures are required to obtain a mcean range useful for theory
comparison. Through this repetition, the sensor operator learns to con-
centrate only on the specific areas where the target might be as called
for in the test plan. So long as he can orient himself on the display
sufficiently to find these locations, the vperator can greatly reduce his
search problem, e.g., maximize his probability of looking at the target
{f it is present on the display. On the other hand, previous flight
te<ts have shown that conditions exist where what eventually is confirmed
as the target can be seen on the display before any ground features nec-
essary to determine {ts location are visible. Then, for test purposes,
"detection" is when the operator states with exactitude the location in

which he believes the target exists,
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Similar problems can occur with the term "recognitiou.” One level of
recognition is where the class of target -- truck, jeep, tank, gun -- is
determined and another is aspect recognition where the orientation --
nose, side, tail -- with respect to the flight path is determined. Again,
only a limited number of situations can be thoroughly tested in a con-
trolled manner, The definitions of recognition must be kept consistent

throughout the test program and the reporting of test program results.

4s with the bar pattern test object, the slant range can be determined
using two phototheodolites provided that tactical target locations are
accurately known. Radar aircraft tracking and vectoring will also be

used where available.

5.2 CONTROLLED PARAMETERS

The experiment's controlled parameters are those parameters which are

believed to be amenable to measurement and precision control.

Perceived Noise

The effect on sensor performance as a function of this parameter is the
essence of the experiments to be outlined. Perceived noise is seen from
the analytical modnris to be compused of the separate effects of sensor
noise and the photon noise due to display average brightness. The
ampli.ude of sensor noise, as perceived by the observer, is controlled by
the sensor AC gain (contrast) control and any internal circuits necess-
ary in an {ndividuai equipment required to compensate for the change in

sone other parameter.
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TV

IR

The comments for the parallel IR
discussion also apply to TV
except that the gain is con-
tinually adjusted automatically
within the camera and thus, can-
not be preset to a constant
value. [t can be adjusted to
some extent however at the

monitor.

The operator of real-time thermal
imaging aquipmant has controls tvo
adjust both display average bright-
ness - BRIGHTNESS - and AC gain -
CONTRAST - thus adjusting the per-
ceived noise. Under normal conditions,
the operator adjusts this to suit his
own tastes. However, this operator
setting may not be the best setting
for optimizing mission performance.
It would be expected that brightness
and AC gain would be set according

to program prior to each run and
remain fixed throughout each run.
Averege brightness should be measured
with a photometer prior to each run.
The average brigntness would be set
while the sensor shield is turned
backwards so there is a2 minimum of
modulation on the display. AC gain

is meaxured in terms of the change in
brighti.css at the display versus the
cffective chanpe in target (cempevature
(AB/AT) st the aperture measured ag
nominally Jow spatial frequency and
abuout the average brightness. Since
blackbody emitted power is approxi-
mately proportivnal te the change in
temperature at the absolute tempera-
tures and in the spectral bands being
considered, this gain term {s actuaily

an energy/energy ratio and is a true

gain.
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Target Temperature Difference/or Target Reflec-ance Diflerence

To thoroughly investigate the performance of imaging sensors, a nvmber
of spatial frequencies and temperature differences or reflectance diff-

erences shculd be set on the target and the full gamut of perceived

R

noise settings used against each. Unfortunately, the target cannot be
set to a wide variety of spatial frequencies with fixed bar aspect

] ratio so only a small number of patterns will be set. The remaining
parameter, which can be used to set angular spatial frequency at the

5 sensor, is target temperature difference (or reflectance). The bar

! pattern test object at the Naval Air Test Center (Webster Field),
Maryland, is capable of presenting similar variable temperature and

variable reflectivity bar patterns simultaneously.

3 Target Spatial Frequency

Because the target breakout range is a function of bar pattern length-to-

IR,

width aspect ratio and the number of bars as well as spatial frequency,
and because specific laboratory data on the sensors will be taken using

an Air Force Standard Formal 3-bar target, those pattern combinations

Cri s Shann st

which produced three bars with 5:1 bar aspect ratio are recommended for

the test program.

Operators

Although it is recognized that the operator performance may be signifi-
cantly different frow cne to another, and thus many operators should be
used to remove the effects of vperator differences, the sumple number
limitacicns on a flighi texr may lim't a TV/IR flight tecr to two
operators. They would view vach sensor on a randomly-selectad basis,

but view each type senso~ for approximatelv hali of all data ruus.
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Target Background (Location)

The spatial refiectance, emittance, temperature, and structuval content
of background against which the tactical type target is located is a
parameter of concern since it is the difference in energy, targ: -t to
background, which is detected. As discussed in subsection 5.1 under
"detection", only a few locations are practical in a controlled test
situation. These locations must be selected in advance as represenca-
tive of typicai situation -- aspnalt road, dirt road without cover, dirt
road with cover, vpen grass, clc, -- and accurately surveyed. The
locations should be laterally close to the nominal flight path to mini-
mize operator tracking requirements. They must be sufficiently far
apart along the flight path (3000 to 5000 ft) so that the operator can
easily differentiate lucations at long range and so that no move than
one or two locations are likely to Le within "detection range" and on
the display at the same time to avoid situations where threshold detec-
tionis missed because the ovperator is looking at other locations at
that time. A.so, the locations must be easily accessible to good roads

80 targets can casily be chanped.

Spatial reflectance and effective temperatuve siiould be measured at

specific points aboutl the target and background for each afjrcraft over-
flight.

Vehicle Type

The number of types of vehicles (jeep, *ruck, tank) which can be used
in the test is limited by the requirements for miltiple measures., In
general, only one target can be un range at one time or a detection may
be missed while the operator is tryving to recognize a target alrecady de-
tected., Also, each vehicle is individual, so the availability of speci-

fic vehicles throughout the test neriod must bLe ussured.,
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Tactieal Target Orientation

It has been shown that the range requirement fo: target detectiom,
orientation deccription, recognition aud identification is related to
the number of sensor resolution line pairs across the target minimum
dimension. The orientation of the target with the aircraft flight path
must be along surveyed lines and set for each overflicht according to

prearranged test plan.

Alrcraft Speed and Vecilor

Aircraft speed is one of the parameters to be utilized in determining
slant range at target breakout, 1t is also a weak parameter affeccting
operator tracking ability and so should be held coustant io avoid tiis
source of experimental error. 1f flight path offset is too great, :the

target v¢an easily be missed due to sensor gimbal limits,

There is no reason why almost any speed within the capabiiity of the
C-131 aircraft cannot be selected., So, the flight speed which the
pilot feels comfortakie with, for both stability in level flight and

maneuverability for exacuting set flipght patterns, should be selected.

Aircraft vectoring against the main target at Webster Field can ade-
quately be handled by the TACAN behind the main target so long as it is
working. The main critcerion i{s to minimize the operaroz's tracking
problem by flying directly over the target. For the detection any re-

cognition test radar vectoring shou:d be considered.,
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Aircraft Altitude

Aircraft altitude is another parameter which can be fixed with little loss
in data generality. Most of the area surrounding Webster Field hasa floor
of 700 ft. and therc is a floor of 1200 ft. in the vicinity. The total
area is restricted to military aircraft so any altitude meeting the, floor
restrictions should be acceptable. Similar conditions probably exist at
cther potential test areas. The composition of the atumsphere varies with
altitude, particularly water vapor, the predominant factor controlling
transmission and backscatter. While water vapor must be determined from
measurements at rthe flight level as well as at the ground level, a low
angle slant path is desirable. It is recommended that a fixed altitude,
as close to 3000 ft. as seems veasonable to the pilot, should be selected
but in no case should this altitude be above 5000 ft. Beside affeiting
the atmospheric composition, higher altitudes exagyerate sensor gimbal
limit problems at tvpical "breakout” and "recognition" ranges when the

aircraft is offset from the nominal flight path.

Afrcraft Astitude

The operator's tracking ability and consequently the "breakout" range is
sensitive to aircraft perturbations. [t is suggested that 4 "commitment"
range of 4 n,w’. to target be establ!ished. Within this range, the pilo:
should maintzain strajght and level flight. For tactical type target de-
tecticon and recognition, 3 commitment range of at least 8 n.:ai. shoysld

be used.

Display environment Brightness

Light from various sources wvithin the test afrcraft which reach the dis~
play surface have the effect 5f reduci..g the displayed contrast, partic-
ularly at low average brightness levels. (This is similar to the experi-

ence of watching a movie screen in & lighted room.) The environmental




reduction of displayed contrast can be significant. So, illumination
within the aircraft cabin which falls on the display should be kept to
a minimum, If it ie fixed, it will not have to be measured frequently.
However, the brightness of the display surround should approximate the
brightness of the displey because a very dark display surround has been

shown to adversely affect operator performance.

Dark display reflection can be wonitored in flight with th: same instru-
ment which measures display brightness by simply inserting a white dif-
fuse surface tothe sid: of the display and recording the reflected envir-
onment prightness. This reflected environment brightnees shculd be taken
with the operator in place and at each of the test average display
brightnesses since the display ftself will likely be the major source of
illumination.

5.3 UNCONTROLLED PARAMETERS

Independent uncountrolled parameters are parameters which are extraneous
to the main purpose of the test, If all were cither fixed value or

absent, the tests could be done with much more precisirn.

Laboratory tests can remove or precisely control most of the effects of
the parameters in this independent uncontrolled category. Therciore,it
must be concluded that onc of the main reasons for a {light test program
is the isolation and analysis of the influence of each «f the uncon-
trolled parameters encountered in 1light upon the preformance of a

particular cquipment or class of equipments,

Slant Path Transmission

The uncontrolled paras~ter with th. strongest inf{luence on the teost data
is the transmission of atmosphr.e along the slant path between the sensor
anc the target.
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Slant path transmission is determined by a ~umber of svbsidiary para-

meters including range, relative humidity, air temperature, particulate
and Rayleigh scettering and barometric pressure.

meter band is almost svlely a function of the guantity of precipital

1

£

E As discussud in subsection 3.3.2, the transmission in the % to 12 nicro-
E water vapor in the slanl path,

Particulate scattering /s inrcluded in

the Taylor and Yates based transmission estimates given in subsection
3I3I2l

To be accurate, the quantity of precipital water vapor should be in.e-

grated along the slant path. For the flight test program, next best

would be to take an average of two vstimaies: one estimate ~ssed on

gtound data at the target, and the other based on data taken at the

E 2ircraft, Lacking that, next best is data taken on the ground alune.

Automatic meteorological equipment should be provided at test locations

to determine barvomeiric pressure, relative humidity, temperature, and
"uvisibility" at the TV operating waveleagth., In general, it has been

found that simple meteorological instruments (such as hand held hygrom-

eters for relative humidity through wet and

ol A\ i

Jry bulb temperature dif-

ference) are not sufficiently precis. for the acenrate estimation of

rransmission,

! Far the televisgion equipment (vperated in active mode}, the acene
i

irradiance due to the systes source should be coatiauously monitored
3 and correlated with aircratt range.
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The primary effect of the atmos- The atmosphere substitutes its own

TR o

phere on an active system is to emitted energy at its own tempera-
3 sbsorb source radiation both on ture for the target in proportion
E
- its way to the scene and its to one minus the transmission.

return. The two-way transmittance Since it substitutes for both the
T is cold and the hot bars alike, the
T = exp (-Zc;i) target temperature difference is

vhere Og 18 the atmospheric reduced directly by atmospheric

T e AT

exiinc:fon coefficient at the rEAnsmission,iiue

1 soucrce wrvelength, and near the ATe = ATm o T
L scene and R is the optical slant vhere:
vange ATe = the effective temperature
- difference at the sensur
F aperture
E 6T = the measured temperature
m ;
4 difference at *he target
1

T « slant path transmission

{ Target Base Conditions

The target base condition uncontrollalle parameters include:

- Cold Bar Teaperature

- Targei Sorround Effeciive Temperature
- Sky Clear/Overcast

- Recent Precipitation

- Wind Velocity and Direction

- Extraneous Background Lightx

- Instantaneous [rradiance level at Target NDae to latenti nal
Irradience
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The first two subsidiary parameters, colc bar temperature and target
surround effective temperature, are concerned with the contrast pattern
whick the overall target presents to the observer of the IR system. The
Tant affects tite same quantity for the TV system.

Ideally, the bar pattern should be in the center cof a completely uniform
field, but this is impossible for the field test. Second best is that
the blank space surrounding the bars be large compared wich the bar widtt
so tuat the frequency associated with the leading and traiiing cold
spaces of the target are well removed from the bar pattern trequency, and
the resulting ba: pattern frequency spectrum is not radically altered.

This condition is generally met with the bar pattern to be used.

The cold-bar temperature can be measure! accurately with a
radiometer since tne baur emissivity ix known and high. The suciound
effective temperature must be estimated with the radiometer by taking a

reading of the rrassy surround at a grazing angle.

The parameters of sky cover and recent precip.tation are concerned with
the target apparent emfssivity viriations. Precipitation on the target
may change *he enissi‘fty slightly, but the ¢ffect 1% not believed to be
serinus. Pracipitation also has the effezt of reducing the therma:
contrast of the tar et with {is surrounding which might affect the
operators tracking capability.

Because the emissivity of the target bars i{x not unity, the effective
temperature of the surroundings, whether the sky is clear or overcast,
also affects the targel signature since part of the surroundiag erncrygy
i3 reflected from the bar surface te the sensor. For the main ¢ilectro-
optical test target, vhichhasa fixed aspect with its surroundings, these

effectc can be compensated for dy asking a measurement oi bar space AT

with the radiometer. The measurement includes any veflection effects
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except for a minor directional reflection component. However, for
tactical type targets, the surround energy contribution to signature

may be significant,

Wind velocity and direcuion data is a parameter aifecting the temperature
stability of the target. Fortunately, for the IR tests the prevailing winds
in winter and summer do not blow against the target face. Temperatures

have been measured tobe relatively stable towinds of about 20 knots. Here,
‘he main concern is the variation in bar-space AT between the time is is

measured with the radiometer and the target breakout on that pass.

For the TV system stimulus, the target has bars with different reflec-
tivities in the visible and ne:.r IR spectral region but nearly identical
calissivity in the IR spectral region used by the thermal sensor. Thus,
both a variable TV bar pattern and a variable IK bar pattern «..n pe
simultaneously maintained. Whereas in the case of the IR senscr, the
primary stimulus (presented cnergy difference) is controlled only by the
bar-space temperature diffeurence for the TV, the rresented energy
difference i3 due both to the reflectivity difference between the bars
and spaces and also upon the quantity of dirc:t illumination. Thus,

the total angularly inte rated IV effective jlluminatfon falling on

the target must be accurately measured at the target on a real time
countinuous basis along with a marker which will denote the exact

instant of ™V target breakout.
The presence of extranec: s, strong illumination sources close to the

target arcas may affect TV operation. Therefore, these must be con-

trolled.
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Operator Variables

Since a major portion of the test results are dependeut on operator-
display interactions, care must be taken in analyzing the parameters
affecting operator performance. These parameters include:
Display Viewing Distance
. Visual Baseline Paramcte.s

. State nf Training

. Fatigue, Motivation, etc.

. Operator Impressions

Display viewing distance controls “he angular spatial frequency of the
target in visual space. Since target breakout and probability of
detection of objects zan be influenced hy visual space size, this can

be important.

Viewing distance could be made a fixed, controlled parameter if the dis-
play were provided with a hood or a forehead rest to constrain the opera-
tor to a fixed d.stance. If this is no: possible, viewing distance should
pe estimated and repurted whaa different from the averagze. It is not a
strong variable and precise measurement is not absolutely necessary if

all tests are clearly ncise limited.

Visual baseline operator parameters also enter ithe performance calcu-
lation. For « rigovous statistical stndy, a number of trained operators
should be utillzed to obtain the correlaLion of operator visual para-
meters with system performance. Unfortunstely, it is much too expensive
to mave 1 sufficient number of trials during the flight test to support
several different operators. The best that can be done is to measure
possible relevant visual parameters of two operators, one for each
sensor, so that some correlation with later flight test programs or
data from other visual investigations can be made. These operator

baseline vizual parameters should be mzasired before the test program

and aiter completion of the test program,
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Many test programs simply state that taeir observers have 'normal
vision. However, it has been shown, that there can be a significant
difference in visual porformance by opecators who have different bu:
"normal" vision. Accuracy of response und search capability as a
function of foveal and peripheral visual acuity were major parameters

of the referenced study, and significant correlations were nuted. It

is suggested that the same battery of acuity tests be given the operator

uced in this test program. They are:

Far Bijiocular Visual Acuity Using Block Letters
. A Landolt C Visual Acuity Test

. A Bausch and Lomb Visual Acuity Test which Involves
Recognition of a Checkerboard Pattern

. A Symbol-Discrimination Visual Acuity Test

In addition, accommodation tests should be made since the operator
will be viewiny the display at a vie: ing distance of from 10 to 23

inches.

The state of training will also be an important parameter. Although
the scene produced by an infrared thermal imaging system is strikingly
similar to black and white visual photographs, subtle differences
exist, and .=perience with the sensor being tested and similar equip-
ment i8 jnportant. It 1s expected that there will be a trend of
improved performance as the test program proceeds, particularly in

"tactical" type target detection,

Counter trends may also become evident due to operator fatigue or
boredom. It might be cupected that there would be 2 trend of decreased
performance due to oper2ticr fatigue if all da’a were ranked in order of
the pass number each night. Also, the test program may involve many

samples with great similarity so boredom may become a problem.
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i Operator impressions can be a valuable ciue to boredm and fatigue.

| More important, however, is whether he likes or dislikes the particular
display setting he is required to ubserve as a function of meteorologi-
cal and target parameters, It will be importaat to learn whether the
operator likes the appearance of the display when it is set to maximize
the probability of detection., Past flight test programs have shown that
some of the wost significant clues to the causes of significant differ-
ences in test vesults and a prior! predicted results is obtained through

3 interviews with the operator to determine what he {s "seeing".

Equipment Environment Conditions

Uncontrolled equipment environment parameters include:

. Telescope Temperature

. Turret Air Tempecature

. Turret Window Temperature

. Alrcraft Vibration

. Alrcraft Angular Perturbations

. Alrcraft Induced Noises

chiae, e

] : Particular attention must be paid to IR telescope temperature which is

a strong parameter affecting focus. Air and window temperature are

recorded in case they have some unforescen effect.

I R L N
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Aircraft vibration is one of the few parameters with an effect difficulc
to assess. Certainly it must Lave some effect on performance, but since

the level of vibration sheuld be relatively constant throughout the

program, no variance data can be obtained,




Aircraft attitude has an effect on operator tracking performance and,

thus, perturbations should be kept to a minimum during the test passes.
I1f undue perturbations do occur during a pass, this fact should be

recorded.

Aircraft induced noises arise from a number of sources, and must be
carefully watched during the course of the test program. Particular
offenders are the transmitters on the aircraft which may send noise
spikes into the system at inopportune times. If possible, such

occurrences si:ould be eliminated Ly procedural techniques.

Equipment Baseline Conditions

The sensor adjustment is of obvious importance. To the best of their
ability, test personnel must be certain that equipment is in excellent
and uniform operating condition for each flight. Parameters which may
vary should be recorded by logging run-to-iun to assure retention of

all relevant data, Parameters of importance includa:

. Telescope Focus
. Channel Noise Voltage

. Base Line Voltages

Channrel noise voltage is measurcd and recorded during pre- and post-
flight with all other aircralt systems operating to provide the base
for signal-to-noise ratio at target breakout da:a.

Various equipment voltages should be monitored and logged periodically

throughcut the data flights .o assure that equipment !s as close to ihe

same condition each nigh. as possible.
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Tactical Target Base Conditions

Tactical target uncoutrolled parameters which are of particular

interest are:

. Speed of Travel
. History of Recent Operation

. Preduminant Temperatrres

it has been found that the thermal sigrature of a moving vehicle is
significantly different from that of a stationary vehicle., Moving air
<ools the hood while flexing warms the tires of the vehicle, Coasequent-
ly, recent operating history is a factor in che probability of detection
and recognition ranges. Therefore, it is proposed that vehicles used as
targets be kept in fairly constant motion until just prior t¢ aircraft
voverpass. Taking data with the targets moving would probably lead to
intolerable errors in slant range measurement and background condition
control although the differences in detection range for moving and static

targets under various display settings would be interesting.

5.4 FLIGHT TEST CONFIGURATION

There are a number cf ways in which the flight test can be configured
in order tu obtain theoretical performance model conformation. Each
way has both werits and faults. Some of the considerations are

discussed below,

tlathematically, the detection and recognition of vehicles is less
tractable to analysis than is the "breakout" of a regular bar pattern,
This is due to the compluxity of reai-target signatures. The inter-

action of the parameters contributing to the target detection and

recognition sigrature is not yet fully understood. Consequently, it is
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proposed that the fundamental equipment performance model to be
confirmed is the performance against a regular bar pattern for various
conditions of target bar-space energy difference and equipment con-
trolled settings. From this base, the interaction of tactical type

tirget signatures and equipment parameters can be more easily deduced.

To the author's knowledge, the only Government-owned bar target capable
of supporting a simultaneous IR/TV flight test is the large electro-
optical test target located at Webster Field, Maryland, and oper-ted by
the Naval Air Test Center, Patuxent WAS, Maryland. This targat can
present various reflectance differences in the visible and near IR and
simultaneously present a temperature difference at nearly uniform
emissivity in the long wavelength IR region used by t:e thermal sensor.
Although more temperature stability in che bars would be desirable,
useful data can be cbtained. Because of its rniqueness, the use of
this target has been presumed in the discussions in the preceding sub-

gections,

More options exist in the case of the tactical type target detection
and recognition tests., Applicable ranges exist at Eglin AFB and in the
Panama Canal Zone as well as at Webster Field. It is expected that u
desert range at rdwarde or China lake could also be made available. For
uniformity of difficult atmosphrric transmission weather year-around,
the Canal Zone is best, but support of the test is more difficult
because of the distance. Also, it is clear thit a test program conduct-
ed in either uniformly poor or uniformly excellent transmission
conditions cannot produce the maximum ava’lable information. However,

iimited tests at the Canal Zone may be useful,
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Eglin AFB has a large area available for tactical type target locatioms,
s easily accessible, and has sume transmission condition variability

winter to summer., Webster Field has a more limited area available for
tactical type target lucat’ons and a wide range of expected transmission
conditions winter to summer. It is also easily accessible. A major
advantage vf the Web:oter Field site for detection and recognition tests
is that tests can be run snimultaneously (serially in any given aircraft
pass) with the bar-target tests so that intercomparisons at a single

set of atmospheric conditions can be made.

Flight time per data point is of the essence in a flight test program.
Experience at Webster Field has shown that approximately three missions
par 5-day week can be accomplished. When flying only against the bar
target, one data point (one overflight) can be accomplished every

10 minutes, Thus, it is possible t. pather as many as 25 data points
on a single night and as many as 75 data points average per week of

time scheduled at the range.

A flight pattern at Webstev Field, whiich includes hoth the main target,
good tactical type targei sites, and meets local flight restrictions,
takes approximately 20 minutes tu complecte. An average of 12 data
points of each type on a single night {s typical, <lthough longer

mission times can increase this number,

At Ezlin AFB, sufficient area jor test exists so that [t may be pussible
to set up twe separute sets of 1ctical type target sites on opposite

legs of a race course pattern. It might be (easible to complete such a

pattern approximately cvery 12 to 15 ainutes,
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The conditions at the Canal Zone test range are unknown as are the
conditions at Edwards AFE and China Lake Test Center. Along with the
availability of flight area, the selection of test program configu-
ration also depends on tiwe availability and co3t of ramnge iustrumen-
tation, target vehicles, support personnel, and data reduction
facilities. Therefore, the final selection of flight test site and

procedures must receive additional study,
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APPENDIX I

ATMOSPHERIC TRANSMISSION ANALYSIS FOR THE IR

I.1 AiMOSPHERIC TRANSMISSION

‘‘ne transmission of the atmosphere has a profound effe~t on the design
and periormance of thermal imaging equipzent. Absorption of signal
energy aloug the target-sensor slant path produces a reduction in
thermal contrast as viewed by the sensors so that mcre equipment gain,
and a concomitant reduction in displayed dynamic range, is required to
see a given temperature difference. Design of future equipment znd the
evaluction of equipment ulready built must take into account the effects
of this atmospheric absorption coutrast reduction as a function of range

and meteorological parameters.

Many specific spectral band limits might be selected to meet a varjety
of equipment mission objectives. To understand the interactions, trans-
wigsion effects must be studied at several ranges for many atmospheric
conditions for each set of band limits, To accomplish this task, a
general computer analysis program is required to perform the many

calculatiouns.

Two regions of the electro-magnetic spectum are usually considered in
connection with the missions of thermal i{raging sensors: the 3 to 5
micrometer band and the 8 to l4 micrometer band. The Infrared image
Test Program Study (Contract F33615-69-C-1199, P005;, has been used
as a base for much of the 8 to 14 micrometer band work reported hern.
The investigation of the 3 to 5 micrometer band and scattering e¢{fects

were accomplished on the High Performance IR System Study (Contract

F33615-70-C~1682).
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I.1.1 SELECTION OF A TRANSMISSION MODEL

The purpose of the atmospheric transmission study was not to
develop an entirely new transmission model, but rather to adapt
available models to the specific missions at haad. To accomplish
this purpose, prssible models were investigated using the criteria
that:

a. The model must be already developed

b. The model must accept a range of parameters representative
of expecied conditions

c¢. The mudels must be available ana ea:y to use

d. The resulcs must be believable when compared to measured
results

A survey of atmospheric models aund measures was made using Anding
(Ref. 28) as a primary source. This survey selected three mcdels to

be investigated in more detail.

The Yates and Taylor (Ref. 29) measured data are a primary source since
it is virtually the only field measured spectral data taken over long
pathlengthe for a wide variation in conditions. The data are available
and easy to use when the specific conditions published are close to the
conditions expected; the dara are representative of a variety of sea
level conditions likely to occur in the Chesaprake Bay region; and the
data are accepted as accurate throughovt the industry. The major draw-
back is that the data ar: difficult to extrapolate to other than the
nieasured corditions. This is particularly true in the 3 to 5 micro-
meter band where seieral cons.ituent absorbers contribute to the shape
of tne usable tranrmission windows., [n the 8 to 12 micrometer band,
the transmission is almost totally dependent on the quantity of pre-

cipitadble water 'apo: in the slant path, so an extrapolition of the
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Yates and Taylor data is relatively straightforward for conditions of

moderate relative humidity.

Another model studied in detail was the Altshuler (Ref, 30) estimate.
This transmission estimate is developed, readily availabie, and easy tr

use. The method was originally developed for quick estimates by hand

computation techniques, but it is quite amenable to rapid computer
calculation. There are two major difficulties with the Altshuier
egtimate. First, the fine spectral structure of the constituent
absorbers has been averaged so the transmission in small bands cannot
be accurately estimated and the band limits of optimum bands are no:
precisely determinable., Second, at higher concentrations of 'recipit-
able water vapor there is a serious discrepancy between estimates for
E the 8 to 14 micrometer band from Altshuler and the measured data cf

Yates and Taylor for similar conditions.

During the ir.estigation for the cause or causes of the discrepancy,
Mr. Anding was consulted by telephone. Mr. Anding commented that:

"The Yates and Taylo- dets hss a large scattering contri-
bution st high water vipor concentrstions. Altshuler did
his analysis using experimental dats taken at low water
vapor concentrations. Thus, any extrapolation to high
wvater vapor concentrations is likcly to be bad Anyone's
program will probably have cthis seme difficulty.

Meny investigators sre currently facing the ssme prollem.
They are »ttempting to obtain long psth laborstory data
with high concentrations of water vapor. Thus far, all
experiments have failed st concentrations of spproxi-

i mately 5 precipitable cunt;zq;ers due to condensation of
the water on the apparatus."”

b Y L B VG b il A s D e

9Priv¢te Communication with David Anding, Infrarel snd Optica!l! Scusor
Laboratory, U. of Mick., 10 Junc 1970
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A third transmission model that was considered was the University cf
Michigan transmissioa computer program. This is a very sophisticated
program which can estimate transmission by the various band models as
best applicable ov>r a wide variety of slant path conditions with a
resolution of approximately 5 wavenumbers. Mr. Anding (Ref. 28)
commented that this program begins to underpredict the Taylor and
Yates data significantly at water vapor concentrations in excess of 4
precipitable centimetecs in the 8 to 12 micrometer band even though
the program has a scattering subroutine. However, he reports that
the program does much better than Altshuler in tha 3 to 5 micrometcr
band. This model was not pursued primarily because the model is not
readily available. Special cases can be obtained through contact
with the University of Michizan, but heuristic exploration ¢

parametey variation is not possible.

1.1.2 ALTSHULER TRANSMISSi:08 ESTIMATE

Altshuler's estimate is a series of curves for water vapor, coz.

Nzo and 02, plctting spectral transmissjon as a function of loglo
wavelength for a specific leve! concentration of the absorber. In
regions of strong line absorption, these spectral transmission valucsa
can be scaled ty other equivalent sea level concentrationa using che

relationship
TO) = expl-z ) ant’? (120)

where:

T ‘A) = spectral transmission #t 2 given wavelength, fraction
Wt = Jdesired cquivatent sea level path of absorber

2 () = a number s th that

/2

T ) = exp -z ) 60!/
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where:

15 (\) = transmission value given in Altsiuler's curves
W: = equivaient sea level path at which the chart data were
taken

Under weak-line conditiouns, in general, where transmission exceeds 95%

at sea level, the curves are scaled with curves of the general fora

Lid

T = 1-XK'() W (95%)

(121)

vhere:
Wt (95) = amount of equivalent sea level absorber which would
produce a transmission of 95% by Eq. 129
K' (A\) = empirically deriv.d scaling constant for each absorber.

The equivalent anount nf sea level absorber is calculated with the

esquation
| 4 2 TB '
X
W - °I M(x) (‘é:z) (5?;7) dx (122)
Uhe I

% = gslant path length in meters
M(x) = absorber mixing ratio at any speciflc point on the path
Po = sea level standard atmospheric pressure (760 mm Hp)
P(x) = pressure at any rpecific point on the path
T = standard conditfon absolute temperature (lSoc. 288°K)
T(x) = ebsolure tomperature at any specific point on the path
n = empirically derived constant depending on the absorver,
ns=1 for HZO. CO, and N_C,

ne* 0.3 for 02

2 2

!?!
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By limiting the area of validity of the computer algorithm to approx-
imately horizontal slant paths at altitudes below approximately 10,000
feet, ozone absorption can be neglected and a precise integration of

M(x), P(x) and T(x) over the path is not required, so Eq. 131 can be

reduced to
2 2
/P)‘( 288
W= MG/ Gy ) 2 (123)
where:
M(©0,) = 350 ppm x 107

MO0 = 0.5 ppn x 1074
M(1,0) = 1.225 g/kg 1074

This near sea level approximation is considered valid in view of the

altitude regimes assumed for many missions.

At the altitudes being considered, the mixing ratios of 002 &end Nzo
cen be ‘onsidered to be coustant, The mixing ratio of water vapor,

however, is a function of water vapor actually ir the path,

The amount of water that air can hold at saturation is a function of air
temperature, 3.839g/Kg at 0°C and 20.44 g/Xg at 37.89C. (Ref. 31). Over
tiis temperature range, the mixing ratic of water at saturation can

be estimatud to an accuracy ol better than 1 nercent by the relation-

ship

M o= (3.95) (L.068)7 (124)

where:

M = mixing ratio of U,0 to dry air, gm/Kg

o
T = temperature, C
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The algorithm for mechanizing Altshuler's curves by computer was
written in two partc., The first step was to convert his data to
a €form which could be quickly evaluated by a second program over

arbitrarily selected band intervals.

Over the wavelength intervals 2.75 to 6.0 and 7.C to !5 micrometers, the
transmission vilues given in Altshuler's curves were read at 1 percent

intervals of the logarithm base 10 of the wavelength in micrometers.
A value for Z (\) wus derived for each point using the relationship

T, (A\)/100 = exp [: Z ()\) (Ho*)llz] (125)

(See Eq. 120)

z () = -In (T, (k)/lOO)/(wo*)llz (126)

Noting that & linear plot of log,, Z (\) vs log10 (A\) results in
relaiively sm.oth curves with short intervals be‘ween data points,

linear curves were fitted between each successive two points of
loglo Z (\).

Y@ = lo;10 @ (\) {127a)

X)) = 10310 ) (127b)

Y () = mX () +b (127¢)

Y () = mX () +b (1274)

YQO) - YO = = x 0y - x () (128)
213
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But in this particular iastance, X (A,) - X (Al) = 0.01, the interval
at which data were taken so:

m = 100 [Y (xl) - Y (12)] (129a)

b= Y() - m [x (xl)] (129b)

Values for m and b are stored in the computer for each constituent
absorber and each log wavelength interval. These are the basic data
and have to be run only once unless it is desired to add additional
wavelength {ntervals beyond those already processed.

The initial section of the algorithm calculates the temperature and

pressure corrected values of the equivalent sea level quantity of
the absorber, W%, utilizing Eqs. 123 and :25. Then, starting at the

short wavelength band limit requested, the value of the exponert
of Eq. 120 is calculated, using the m and b values i~r interpolation.

A test is them made for each constituent to see if thé~strong-line

or weak-line abscrpiion condition prevails:

For water vapor T > 937
For CO, T ™ 95%
For N0 T > BOL

All at sea level,

I1f T would exceed the indicated limit, the constituent transmission
is calculated by Eq.121; if not, transmission is calculated by Eq. 120,
The spectral transmission for cach wavelength is the product of the

three constituent transmission values:

TO) = quo Q) - Tboz M) - Tuzo ) (130)

214
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The program then increases the wavelength by 0.02 micrometer using the
equation

X, = X, +8.686 (10°1) (131)

2 |

where:

X = loglo (\), and calculates the transmission in the next
interval until the long waveiength band limit selected is
reached

Figure 50 shows spectral data given by this program throughou: the 3 t»

S5 and 8 to 14 ricrometer bands.

s o it 4

In formulating this atmospheric transmission algorithm, care was taken
to order the calculations in such a way that the program capability is

% easily expanded, e.g., greater wavelength intervals, 1 to 60 micrometers;
altitudes requiring ozone calculations; scattering by haze or fog, etc.

1 Also, the specific response curve of a particular sensor (spectral

filter and detector) can readily be incorporazted. At the same fime,

3 the loops have been ordered tu minimize the computation time. The

E result is an economical tool {or investigating the atmospheric trans-
mission effects on thermal imaginyg sensors within the limits of basic

3 data used.
1.1.3 OPERATIONS ON YATES AND TAYLOR DATA

The Yates and Taylor data consist of a number of reduced transmission
curves obtained with a spectrumeter set at a resolution of \/4\ = 300
measured in three sea level paths over the Chesapeake Bay. In this
investigation, transmission curves taken of the 5.5 and 16.25 Km

range paths were used. Table VI lists the conditions for which

o

data were available. The following sections describe the computer
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PERCENT TRANSMISSION

160

13

PERCENT TRANSMISSION

i ¥ I ¥ 1
8 9 10 1] 2 ) (1)
WAVELENGTH (MICROMETERS)
TEMPERSTURE 9°c
PRESWVRE M%Omm

RELATIVE WUMIOITY  52%
NO SCATTERING CONTRIBUTION

Figure S50, Spectral Data Produced By the LGS Computer Algurithm
for Altshuler's Transmission Estimate
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algorithms developed to make use of these data. The Curve Numbers

listed on the tables are for referenr.: in later discussions.

Integration Algorithm

A simple numerical integration algorithm was developed to ubtain
average transmission data for the various spectral band limits under
investigation. For the 3 to 5 micrometer data, the seven transmission
curves listed in Table VI were quantized from graphs at 0.0l micrometer
intervals to provide a data file for computer operations. Ffor the 8

to 14 micrometer data, five curves were quantized at 0.05 .aicrormeter

intervals.

Average transmissions are cbtained by summing one-half the guantized
trunsmission values at the first and last wavelength intervals to the
sum of transmission values at all of the interveuing intervals, and

dividing the result by the number of intervals, e.g.:

TABLE VI

(U) METEOROLOGICAL DATA FOR YATES AND TAYLOR FIELD MEASUREMENTS

Air Rel.
Ref. Range Temp. Hum, pr. cm. 8, 2.17 8, 3.5
No. km=! c 7. _H,0 __km-1 km-1
1 5.5 1.4 47 1.37 - -
2 5.5 3.3 66 2.2 0.091 0.062
3 5.5 17.8 51 4.18 0.042 0.031
4 5.5 25.3 73 9.4 - -
5 16.25 11.7 41 5.2 - -
6 16.25 20.6 53 15.1 ¢.038 0.038
7 16.25 23.3 82 27.7 0.046 G.047

RS e T e I R . cta) IR e Sy et e st bt rmit o o o0 i it 5 B G Kb kRS L

-

R i




R S Y

sz

-1
T n
AL : T +2 ., (132)

A
T 2
ave n

All curves are integrated in parallel. Figure 51 shows a composite
result for seven different spectral band limits in the 3 to 5 wicrometer

band., (The band limits were selected using a photon S/N peaking routine

which uses the same data file. The circied entry shows which curve gave

the indicated band limits as optimum.)

I.1.4 OTHER ENERGY LOSS MECHANISMS *

Most literature on atmospheric attenuation is devoted to the under-

standing of pas and water vapor abscrption. Although this type of

signal energy loss is a very signiiicant contributor to the total

loss and a major influeuce on spectral band selection, the meteor-

ological conditions found in the field during many applications of )
instruments operating in the 3 to 5 and 8 to 14 micrometer spectral

bands demand that other energy luss mechanisms b2 counsidered if

accurate performance pradictions are to be made.

Th: additional energy loss mechanism usually considered is aerosol
“gcattering"”. There exists, however, one absorpticn mechanism which
has been singularly ignored: aeruvsol absorption. The jhenomenon
usually referred to ar "scattering" is really aerusol extinction, a
combination of scattering and abscrption. In the infrared, at wave-

lengtlis longer than about 3.5 micrometers, aerosol absorption has a

*

The remainder of thic appendix i= taken frow: J. A. Hodges, "Aerosol
Extinction Contribution To Atmospheric Attenuation In infraced Wave-
lengths", Applied Optics 11 (1972) pp 2304 - 2310
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double effect: Not only is energy absorbed by the 1iquid of the
aerosnl particles but the particles also emit energy at the air
temperature producing a masking energy background against which

infrared instruments must operate.

Aerosol liquid water absorption can be particularly high under condi-
tions of high relative humidity, a condition where aerosol particles
are large. This effect has been discussed by Catlon.32 He suggested
that this energy loss mechanism may be a source of unexplained behavior
in many radiometric measurcmenis. Streeue33 has suggested iiquid water
absorption may be a reason for discrepancy betweea his data and the
data of Yates and Taylor for similar large quantities of precipital
water vapor in the path. Streete'~ data was taken in a longer physical
path at lower relative humidities. He obtained considerably higher
transmission values in the wavelength band 8 to 10.6 micrometers than
did Yates and Taylor,

The estimates for aerosol extinction and absorption ars based on the

techniques reported by Barnhardt and Streete, S

A most useful concept
in the Bainhardt and Streete technique is the consideration that the
distribution of iiercsol condensation nucici can be thecught of as a
combination of a 'maritim~" distribution and a "cont!nental"
distribution. Any particular :ase consists of a ratio combination of
the two cases. The continents] distribution is typically that
distribution found near the center of cuntinental masses while the
maritime distribution is typically that distribution found far from
land. Figure 52 sliows the assuted particle densities as a function

of radiue for the two distributivnx,

In this appendix, the combination of nucleation distributions is
indicated by the fraction continental/continental + maritime. Unity
indicates only the continentai distribution {s present, 2zero indicates

only the maritime distribution is presvat, 0.5 indicates half of cach

distribution is present eic.
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Figure 52. Particle Densities as a Function of Radius for the '
Assumed Limiting Conditions ’
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The condensatior nuclei distribution is modified by a growth factor
which accounts fov the accretion of water to the particle as a
function cf tiumidity. Growth i{s not primarily a function of the
quantity pr. cm. of water vaper in the path, bhut rather sf the
relative l:umidity. The accretion is slight for relative humidities
below approximately 50 percent Lut is extremely rapid above 80 percent.
The growth curve, as reported by Baruhardt and Streete, is shown in
Figure 53.

A number of modifications have been made to the basic Barnhardt and
Streete estimation technique. Rather thar calculating the eiact Mie
coefficients, the approximate formulas developed by Van De Hulst,35
as reported in Chu and Hogg, are used. These are corrected by the
factors reported in Deirmendjian37 who states that the correction
brings the approximate coefficient withu.n Z percent of the exact Mie
value. Equations for the aerosol extincticn and absorption are given

in Section 1.1.10

The values of the complex index of refraction for water are taken from
Chu and Hogg with the values beyond 1) micromerers checked against
Centeno'338 data, the original data sourcve. ‘ihe real portion of the
index is modifled as suggested by Barnhardt and Streete to account for
the change in index from that of the condensation nucleus (assumed
value = 1,54) to that of water as the particle radius grows with
occluded water. Figure 54 shows the complex refractive index used in

the computer algorithm for a relative humidity of 98 percent.
1.1.5 AEROSOL EXTINCTION AND ABSORPTION ReSULTS

The aerosol extinction and absorption computing algorithms have been
used in two ways: scparately 1o provide spectral coefficients over a
wide range of relative humidities and ccntinental-maritime distribution

nixing ratios, and as a part of the overall transmission estimating

slgoritha.
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Figure 54. Particle Complex Refractive Index at 987 Relative Humidity
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Selectea spectral extinction coefficients aze giver in Figure 55.

A most surprising cesult {s that the extinction coefiicient near

10 micrometers is almost independent of the condensation nuclei
distribution used. This is shown even worc dramatically by Figure 56
which is a uiﬁer spectrum of the ratio of continental distribution
divided by continental plus maritime distributic: at a fixed relative
huaiditv of 85 percent. The flatness of the extinction coefficieni
for the pure maritime distribution is also surprising. ‘These results
may, of course, be fortuitous siice they depend on interactiol of the
assumed value of the complex index of refractior of water and the

assumed condensation distributions.

Figure 57 illustratrs how rapidly the extinction coefficient increases
with relative humidity. All of these curves are for the single

condsnsation parcicle distribution ratio of 0.0

Pigure 58 shows the spectral absonption coefficient portion of the
extinction coefficient. In general, these curves tollow the imaginary
portion of tlic index of refraction. If an imaginary index wcre assumed
for the condensetion salt partic'ec, rimilar to the assumed real i..dex,
rhen the excursion o/ the absorpticn confficient would be moderated at

the iower relative humidicy \alues,

The relativc amount of energy loss to absorption, as opposed to that
lost through scatt>ring cut of the observers path, is dramatized by
Figure 59 which is the ratio of zpectral absorption to spectral

extinction.

The curves ahow that beyund a wavelength of approximately 10 micromc*ers,

the absorption portion of aerosoi extinction: is quite high. Since the
extinctivn coefficient 13 also incrcasing rapidly in this region, it ca.

be con:luded that aevosol background emiseion increaces rapidly beyord
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approximately 11 miccometers. Similarly, both the extinction ccefficient
and the absorption portion of the ext‘nction coefficiert are higher in

the 3 to 3.5 micrometer spectral band.

The shape of Figure 59 indicates that the radiant e:ergy characteristic
of a given air mass can change drastically as a function of wavelength.
For example, consider a warm air mass overlaying a cool surtace. 1In
spectral regions of high scattering and low absorption, the air mass
L will be scattering energy from the cool surface, while in regions of
} high absorptivity aand low scattering, the energy will be radiated from

1 the warmer air.
i.1.6 COMPARISON OF MEASURFD AND ESTIMATED EX1INCT{ON CUEFFICIENTS

Figures 0 and 6l are a comparison of Yate- and Taylor measured
"ecattering' coefficients and estimated extinction coefficients.
The measured cata in Figure 60 was determined ir a 5.5 km sea level
path wnile the measured data in Figure 61 was Jdetermired in a 16.25
km path.

Yates and Taylor re;orted that the "scattering' coefficient", . .

2 deteruination was based or the assumption that absorption is
negligible at certain spectral puints away from intense absorption
bands, and that in these 'windows' the measured attenuation couid be
F completely attributed to scattering." Samples were taken at the
wavelengths of 0.55, 0.60, 0.70¢ 0.8¢, 0.90, 1.04, 1.26, 1.67, 2.17,

A — L

3.5, 4.0 and 4.7 micrometers with the data at 4.7 micrometers

judged to be questionable becruse of the presence of weak absorption
bands. In this appendix, only the bands longer than 0.90 micrometers
are considered in vrder to avoid the effects of Rayleigh scattering

by atmospheric molecules,
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The reference number of Figu:es 60 and 61 refers to Table VI in
Section 1.1.3. The Y & T number is the '"run number'" of the original

data. Reference samples 3 and 6 are for the same date, 19 June 1956.

The estimated extinction cce”ficients are selected by estimating
spectral extinction coefficient curves at the indicated relative
h.umidity and at several cuntinentsl/continenta!l plus maritime

condensation nucleus distributjon ratios and selecting che ratio

that best fits the slope of ~he measured data beyond 2,0 micrometers,

(The two curves for the same day show very dif{ferent slopes!)

I.1.7 COMPARISON OF MEASUKED AND ESTIMATED BAND ATTENUATION

—

; Using the estimated condensation particle distributicn ratius

r determined in Section I.1.6 above, average band attenuations are
estimated in the ceveral selected wavelength bands using the meteor-
ological and range parameter values reported by Yates and Taylor.

é Unfortunately, the meas:red spectral transmission curves wlich were
2 transcribed to the earlier computer program for easy integration are
L not completely coincident with the data for which "scattering"
coefficients are reported: Only four curves can be compared in the
3 to 5 micrometer waueliength band and 3 curves in the 8 to 14

micrometer band.

Table VIi gives the results of the comparisun. The estimat2s at low

relative humidity are in excellent agreemeat with the measured data.

The 3 to 5 micrometer band attenuation estimates tend to be high
while the 8 t2 14 micrometer band attenuation estimates tend to be
low. It seems remarkable, however, tat the estirates for both
; bands are so goud considering that the distribution of c¢ondensation
nuclei consistea of iwo simple distributions whose ratio is judged

by the slope of measured data 2 tv 4 micrometers. A small discrepancy

in the actual and assumed nucleation particle density distributions
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can lead to large discrepancies in rhe shape of the spectral extinction
coefficient functions. The differences betweea measured and estimatud
transmission for reference samples 2, 3 and 6 are almost all within

the experimental error of the original measured data. The lest

column of Table VII is relative discrepancy in the estimate of total

atmospheric absorption.

One possible reason for discrepancy in the results may be the water
vapor normalization used by AltshulerBO. He used Yates and Taylor
run 70 data (reierence sample 3 in this appendix) to normalize the
-ater vapor absorption curves 9.1 to 15 micrometers. He removed the
aerosol contribution to absorption in the data by a=sumfug a uniform
"scattering" coefficient of 0.(3/km. Figure 60 indicates that the
actual) extiunction coefficicat is definitely sloping downward as a
functioa of wavelength, The estimating techniques in this paper
would {ndicate a normalizing excinction coefficient of 0.0i5/km
might be a bettuer estimate. Haud an extinction coefficieat of
0.015/km been used, then tle discrepancies shown for the longer

wavelength bands in the last column of Table VII would be smaller.

The data for 1eference samples 3 and 6 were measured on the same
day, ,et, two wicely differe st nucleation distribution ratios are
indicat«d. This implies that the distributicn of condensation
nuclei can change radicaliy over short dJdistances in time and space.
The combined fit for 1 . , wicrometer band data vs. 8 to 14
micrometer band data for reforence samples 3 and 6 conld have been
improved by abandoning the extinction coet ficient siope criterion of
Section 1.1.6 and increasing the nucieation distribution ratio above
0.60 for reference sample 3 and reducing it bel w 0.05 for reference

sample 6.
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The largest difference in measured and estimated attenuation is in
the high humidity, 16.25 km path sample. This discrepancy is
unfortunate since this is the case of especial interest. Very
little data is available for this tyne of circumstance and aot all

which has been reported in the literature has been reduced for eauy

comparison.

Thiere are many possible causes for the discrepancies in Table VII.

The assumed nucleation particle distribution may be incorrect, there
may have been measurement errors in the original data due to the

high attenuation in the path, or the assumed particle growth rate

water accretion with increasing relative humidity may be incorrect, etc.

Additional comparison with field data would be required to indicate
the correct answer.

1.1.8 COMPOSITION OF THE ESTIMATE

The relative importance of each component of the total transals:ion
estimate is ziven in Table VI1i. The table shews clear air absorption
for cach sample and band limit based oﬁihltshuler's method., The
aerosol extinctfon assumes th;t there {. no gas or water vapor
absorption, i.e., it is pure aerosol exiinction, Aerosol absorption
indfcates the fraction of the incident energy on the aerosol particles
in the path which is directly ahsorbed by the liquid water in the
particle. The ratio is serosol absorption to total aerorol extinction
mev be obtained by dividing aerosol abscrption given in Table VILI

by the corresponding aerosol extinction. Fue the two long path cases,
the portion of iLhe total transmission represented by aervsol extinction
iv quite large, particularly in refereace siapie 7 where the relative

humidit . is nigh.
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TABLE VIII

COMPOSITION OF ESTIMATED AVERAGE ATTENUATION

ESTIMATED ALTSHUL™R
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I.1.9 CONCLUSIONS

This Appendix hes compared atmospher‘c attenuation estimates computed
by relatively unsophisticated t«chniques with fiel< measured data and
found remarkably good agreement. Th: agreement is sufficicatly good
to provide a bate for estimating infrared equipmen. performance under
adverse environmental conditions -- but without ‘og -- through
approximately horizontal paths near sea level. The results have also
tended tov confirm Barnhardt and S$t._eete's contentica that most
nucleation particle density distributions can be rhought of as a
combination of two limiting distributions, a continental distribution
and 4 maritime distribution, The nigh aerosol absorption near

10 micrometers emphasizes Carlon's thesis that this contributor to
signal energy loss is undetr-ated by mcst workers in infrored.

The results show that retative numidity is as imnortant as absolute

humidity for estimating infrarcd transmission,

The shapes of the spectral extinction rurves have been very instructive.
They indicate that aerosol extinction at 2 micrometers and 10 micromaters
can be equal -- or very g [ferent. They also indicate that aerosol
extinction at about 10 micrometers under “clear" conditions is little

affectrd by the particle distribution.

The very steep increase in aerovsul extinction 3t wavelergrths longar

than approximateiy li micrometerz may explain why che spectral bard-limit
optimization predictions based va field measured da.a tend to be near

9 to !l micrometers while those based on gas and water vapor absoiption

only tend tu have a "soft” lonpg wavelength limit,

The rosults also indicate the need, direction and technical requirements

for future field measurvments of atmospheric attenuation over harizontal,

near sea level paths,

2™
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1.1.10 EQUATIONS FOR ESTIMATING AEROSOL EXTIMCTION AND ABSORPTION
1. Equa.ion of nucleation particle distrilation (Ref. 34)

0.8 Ry 1.7850 (1 - Ry) ,~C.7721,
N _( = .
NpTo) P - (133)

r o}
o

=4
L]
~
Lo ]
o
Nt
n

the total number of particles in an interval dro at a
particle radius rj, ecm ~ - um'l.

r = nucleation particle radius, micrometers

Fraction of particles from continental distribution

N Fraction of particles from continental distr.butica +

(1 - fraction continental) particle in maratime
distribution

2. Growth factor due to relative humidity (Ref. 34)

F o= 1-0.9 in{1 - R’ 134
= - 0. nK " 100, (134)
where
F = particle growth factor due to accretion of water
R.H. = relative humidity, percent
3. Particle index of refraction (Refs. 34, 36, 18)
n(A) = 1.5 +n (A) 1n(1 + B (135)
' w 100 .
4 ¢
a0 = ol

B
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where

n(\)
a,O)
1.5%
n’(\)
ns ()

A

real index of particle at wavelength A
real index of water at wavelength A

assumed real index of nucleation particle
imaginary index of particle at wavelength A
imaginary index of water at wavelength A

wavelength of radiant energy, micrometers

Spectral extinction, absorption, and scattering coefficients

(Ref. 36)
ro-r2
o () = 107 N.(r) C ) d
ext T ext (r, 3) dr (136e)
L
r T,
o, (A} = 107 N.(r) € (r, \) d
abs' ’ T abs ‘T* r (136b)
To 11
r = roF; dr = droF
n " 0.1 micromcter; r, = 20 micrometer
Tpcatd) = o () - A
2 ' ext cubs( )
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where
O ., 0 and o = extinction, absorption, and scattering
t =
e 2 geat coefficients, respectively, km
c (r, \) and C (r, \) = effective extinction and absorption cross
ext abs q
sections, respectively, to radiation of
wavelength A of a partici~ of radius r, pm
10-3 = factor to convert units of g to xm-l;
-1 -3 -1 2 -3
km = em -~ e pum  xpum X ymx 10

5. Extinction and absorption cross section approximations (Ref. 36)

Cevt {(r, \) = nrz {2 o o0 c>s(B) sin(p - B)/pP (137a)

+ [Cos(B)/P,]2 [°°5(25) - cos(p - 2B) e-Z] }

Caps (F+ ) = mr (137b)

2 fl e-ZZ . ig-ZZ - 1)}
{ z 222

p = ‘-’;—E[n(x) - 1]
YA = p -—E:LLZ———
(n(d) - 1]

?
aray S
Und) - 13

w
U]




1’ 6. Corrections to cross section approximations (Refs. 35, 37)

a. p < 5(n-1) no correction necessary

Cexta (r, M) = C, (r, M) (138a)

oA

3 C. (r,A) = C._ (r, A\) (138b)

abs abs
a

b. 5(n-1)<ps4.08

{ Cextb (c, \) » [1+ (1 - 1/n)0/4.08] Cmu:e (r, A)  (138¢)
; % cabsb (r, \) = [1+ (1 - 1/n)p/4.08] cabsa (r, \)  (138d)
c. p> 4.08
g ; cextc (r, \) = [1+ (1 - 1/n) 4.08/p)] Cext‘ (r, \) (138e)
i
| % c.bsc (e, AY = [1+ {1 - 1/n) 4.08/p] c‘bs‘ (=, ) (138f)

7. Attenuation due to extinction, scattering or absorption.

LY
A = 1- exp.(R f\ o(A) d\) (139)
AL

; § where

= fraction of initial signal attenuated

= range, km

Ay Az = wavelength bandlimits, micrometers
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APPENDIX II

COMMENTS ON RESOLUTION

IT.1 INTRODUCTION

The fcllowing paragraphs discuss the concept of resolution and show how

resolution is treated analytically.

Historically (Rayleigh) resolution implies the ability to separate two
ciosely spaced point target.. High resolution means they can be sep-
arated when close tcgether and the resolution number (e. g., 0.25 mrad)
is meant to indicate how far apart two poini sources must be to be iden-
tified as two separate targets. This type of definition had some mean-
ing when viewing bright sources with the eye aided only by optics and as
people began using optics for imaging, high resolution became synonymous
with good image quality. (Image quality is the subjective measure that
a picture looks good.)

As systems become more in.cived using film, image tubes, and electronics,
the limitations in dynamic range and the ability to arbitrarily adjust
clipping level, etc., made this definition lose value., In truth, {f two
point sources of low intensity (nonsaturating) had been used with the
system and adjusted for good unclipped noise, a meaningful measure of noise
limited resolution probably would have evolved. Instead, early resolution
measurements were made to make ejuipment look good and used high intensity
sources. Apparently, as a result, it was decided that for the early IR
imaging systems, where it “as easy to build optics so good that the detec-
tor aperture iimited the resolution, the resolution should be the detec-
tor size. While two-point sources, one detector width apart, can never
be resolved, this would be a theoretical !'imit. /s the system began to
have higher per formance demands, the optics, electronics, and display

began to have more effect than the detector, but the detector size was
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still the accepted defiuition, In this case, the detector subtense had
little to do with image quality, abi'ity to detect, or resolution by old
defirnitions, but it still persisted.

The film people, meanwrile, had gone away from point sources for practi-
cal reasons and were concentrating on the AF standard three-bar chart;

measuring resolution as the bar spacing for the smallest bars that could
be resolved by an observer. Some experimenters (Ref. 39) were measuring
limiting resolution for different input signal strengths (contrast) and
thereby obtaining a measure of required siyna! for resolution versus bar

size or spatial frequency.

As part of the TV/film effort, O. Schade war developing a complete theory
cf analysis, prediction, and measuremenrt based upon operation in the
spatia)l frequency domain., He defined & function which reluted the input/
output amplitude response as a function of frequency (normalizeld to low
frequencies) as the sine wave response function. This since has been
defined as the modulus of the Fourier transform of the line spread func-

tion and called the modulation transfer function(MTF).

Schade discussed spatial integration, ncise in the image, and signal
response; rigorously showing how "limiting resolution" could be predicted

for different target stirengths and different systems.

11.2 DEFINITION OF RESOLUTION

As an outgrowth of his analysis and experimentation, Schade (Ref. 4)
defined for the National Bureau of Standards & summary number to indi-
cated image quality and therefore resolution. This was defined as the

3

equivalent (noise) bandwidth (Ne' of the (optical) system; N, =

2 f (HTF)zdf. Resolution was then defined as IINe.

T AR meapaap b aw. ey b



A number of parameters sxist with potential for defining the resolution
of a complete ;ystem. Some are defined for the space domain and others
in terms of the blur function or an equivalent aperture (diameter) for
the blur function, If the complete function is not used, then repre-
sentative values such as the 90 percent point or 50 percent point on the
point or line spread functinn or the one sigma radius of an approximate
Gaugsian spnt are considered. In the spatial frequency domain, w. have
the MIF curve and derivatives.

The space domain parameters have the advantage that they have intuitive
meaning (impulse response function). By just looking at - spread func-
tion, most engineers have a feel for the resolution (r) image quality of
the device. Unfortunately, the analysis which predicts blur is not as
easy as the equivalent frequency analysis. In addition, when the opera-
70r was used as the measuring device, he was more accurate at determining
the highest frequency he could resolve than estimating biur diameters.
With the increased availability >f good microphotometers, the measure-
ment of the line spread function is so standard it makes one ask: 'Why
not use {t as the primary measure?"

The frequency domain parameters all stem from the MTF which is an ex-
tremely convenient analytical tool, has been measured by many (contro-
versial) techniques relating system relative response to various input
(spatial) frequencies, and is analogous to the frequency resgonse trans-

fer functions used in electrical engineering for years.

The parameter mort often used is one point on the MIF curve; the limiting
resolution (this point {s about the S <o 10 percent point). No one point
on an MTF curve is meaningful unless comparing curves of the same shape,
and then any unique point is an i{ndicator. For example, the fact that

one MTF curve has a zero point at a single frequency while another is 10

percent, docs not in itself indicate that the response of either system
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to a single small target corresponding to that frequency would be better

or worse. The response to a line scurce is the iuverse Fourier trans-

ety

form of the MIF (actually OTF) and depends mostly on the characteris-

Lo

tics of that nuort of the MIF curve which approacnes unity. If the MIF

S

drops sharply at low frequencies and then maintains scme level -

renormalizing may be called for.

e

DRSS

Fink (Ref. 40) recommends that for the limiting resolution you choose

A MW LS . it

the frequency vhere tne observer first starts to see a loss in response,
not the point he can just see under some conditions. Fink's suggestion,

as well as the 70 peccent point tend tc measure the size of the flat ?

L

region of tne MIF or the bandwidth of the svstem. No one would consider

specifying electronic amplifiers by the 10 percent response, but the

; bandwidth or 3 db (70 percent voltage) point is common. The area under
the MTF curve ancd the area between the MIF and eye demand function have
been recommended as summary numbers similar to bandwidth. Schade (Refs.

40 and 41) recommends the equivalent noise bandwidth (Ne) which is the

’“Tw':m’-'i' P JERPCI
uoumadl ¥y

integral of the square of the MIF. The equivalent aperture or the

—
.

reciprocal of N, (in number of lines) is the definition of resolution
coauthor R.L.S* has accepted when a single number is needed to describe

the resolution of a well bchaved system.

There are many reasons for choosing Ne and -+ = r, First, Schade and

Ne
other references (Ref. 42) indicate that for noise-free pictures, Ne
correlates with image quality so long as the total MIF curve is monoton-

ically nonincreasing or at least well-behaved (smoothly incressing or

RS e i e

decreasing).

P. G. Roetling (Ref. 43) preved that Ne i+ the frequency domain equi-
valent of acutance which the optical pcople have claimed correlates with

i
§
E image quality for ¢ number of years (Ref. 44). Many references (19-20)

*onuthor F.A.R. refuses to accept a single number for an indication .
of resolution under any circumstance.

e a



L IR G A . e

PP D X

have shown that image quality correlates with the ability of interpre-
ters to find targets, i.e., probability of recognition. The coauthor,

R.L.S., showed (Ref. 11) that the probatility of detection is a func-
tion of Ne'

As a tie to the past (and a heuristically pleasing fact) for an JR system
with only the square dctector limiting the MIF, r equals the detector
sngular subtense. In addition, it will be shown that r = 1/N is a con-

venient analytical tool.

Also, it has intuitive meaning by its relationship to correlation or
dependence area (length). If a random scene is input to an imaging
systen., the system filters the scene and close points are correlated.
The degree of correlution is predicted by the autocorrelation function
of the filtered random scene and is equal to the inverse Fourier irans-
form of the square of the system OTF. This can often be characterized

by 1/Ne which is about the 50 percent correlation width.
I1.3 RESOLUTION AS AN ANALYSIS TOOL
Schade (Ref. 5) indicated that the equivalent bandwidth (in lines/mrad

(N) rather than cycles/mrad (f)) and equivalent aperture (resolution of

a component of a system was calculated by

N, = J oty ax = 2 onry? ar (140)

and

L l/Nec (141)

vhere the subscript c implies component., Furthermore, the system band-
width and resolution would be calculated in a similar manner. If a sys-

tem is composed of cascading components which are linear, and space
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invariant, then Fourier analysis applies and the OTF of the system is
the product of the component OTFs. While this is the correct method
of treating resoclution, a convenient approximation is suggested and dis-

cussed by Schade. He shows that for well-behaved functions

2 2

1

(“Ne :o:.l) a*'Z‘anu (N )
ec

or

{.rsys)z = anl c (rc)2

where

Ne total = the total system bandwidth
Nec = component bandwidth

r = total system resolution
8ys

L = component resolution
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APPENDIX III

COMMENTS ON SPATIAL FREQUENCY, FOURIER TRANSFORMS AND MTF

III.1 INTRODUCTION

The concept of spatial frequency is « useful concept but can be confus-
ing when first encountered. This is complicated by the fact that authors
switch units at their slightest whim. This appendix will try to clarify
the coucept of spatial frequency and indicate why different units are

used.
I11.2 DEFINITION

If any characteristic such as exitance varies in a repeticive manner
over a surface, it is said to have a spatial frequency. If it is vary-
ing in only one direction and is varying sinusoidally with the distance
in that direction, it i{s said to be a one dimensional sinusoidal pattern
of » particular spatial frequenc). Similar comments cau be said for bar

charts in terms of square waves of a parvticular spatial frequency.
III.3 FOURIER TRANSFORMS AND MTF

By a rather beautifui analysis Fourier showed t"at any function can be
uniquely described either by its value as a function of the independent
variable (say x) or by a sum of sinusoide! variations of different fra-
quency (k) and phase. Given a function r(x) the equivalent frequency

represcentation would be its Fourier transform R(k).

In the perfect imaging sensor, a point object has a point image on the
display; in short, all images are transmitted through the sensor with

perfect fidelity. In real sensors, the images at the display may be
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distorted in amplitude, shape, or phase (position), or all three.
These distortions are due to finite imaging apertures such as the
objective lens, any fiber-optic faceplates, geometrical defocusing,
electron scanning beams, finite detector aperture, electrical band-
width limitations, etc. The effect of these apertures is to smear
image detajl in a manuer snalogous to the filtering of electrical
signals by electrical filter networks. This analogy can be put to

good use.

To {llustrate the effect of apertures, consider iLiie point source object
of Figure 62. Due to diffraction, chromatic and geometric aberrations,
and imperfect focusing, the point will be imaged by the lens as a blur.
Similarly, a line source is imaged as a line-spread functioa as shown
in Figure 62. The line-spread case corresponds rost directly to the
case most commonly encountered in communications systems, wherein the
signals vary only in amplitude and time. Where an image is very long
in one dimension compared to the other, it can usually be considered a
one-dimensional image, varying only in intensity in a single spatial

dimension.

In any event, we will, for the moment, consider an aperture to be analog-
ous to a linear electrical filter, except that it may be two-dimensional.
Where two dimensions are involved, we will in{tially assume that the twn
dimensions are either independent (so that they can be treated separ-
ately) or that they possess radial .ymmetry (so that they become essen-
tially one-dimensional in character). Many of the apertures thet appesr
in nature ave tound to have a response to several input stimuli acting
simultancously that is identical to the sum of the responses that each
stimulus would produce individually. A system of this type i» a linear
system. The property of linearity leads to an enormous simplification in
mathematical description of such phenomena. In particular, it becomes
possible :o decompore complicated input signals to simpler cignals for

wvhica the system rosponse {8 known and then, to find the total resporse
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by summing the individual responses in linear combination. Furthermore,
we can then use Fourier analysis in which ~igngls are decomposed tc sine

and cosine waves.

The statement of linearity implies that the system respo..se to any sti-
mulus can be described by the solution to some appropriate set of simul-
taneous linear differential equations. The restriction to constant coef-
ficients rules out consideration of linear svstems with time or space-
varying parameters, but it permits us to apply the principle of super-

porition,

in general, the linear systems we will deal with ure considered to be
space and time invariant (sometimes called i{soplaratic). By this, it is
meant that the system impulse response LA (xl, Yy € ii ) depends only on

the discances (xl-?). (yl =T in which case
T - ( -F -T 2
To X ¥y & £y Gty =T (142)

In the case of an imaging system, it is said to be space invariant {f
the image of a point source changes only in position, but not in func-
tional form, as the image moves about the image plane. In a televi-
sion sensor, this would imply that corner resolution is the same as
center resolution, lhis is seidom tiie case, but Jor analytical purposes,
ve can divide the image piane into small areas (or isoplanatic patches)
within whicn the system is spatially invariant. The assumptior of line-

arity results in many simplifications.

To proceed, we have observed that image signals in passing through a

sensor may be distorted by the various optical! elements and reimaging
steps involved. Depending on the degree and nature of the distortion,
signal ~trength may be degraded. To analyze these sighal effects, we

azsume that the sensory system is linear in the interval of interest.
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Further, as we previously noted, we assume that both the input signal
f(x, y) ard the evstem impulse response ro(x, y) are functions of inde-
pendent variables x and y and are separable. In this case, we can draw
the block diagram of Figure 63 to represent the signal processes. As
we have previously observed, the assumption of separability permits us

to write the arbitrary functions g(x, y) as
gx, y) = gy(x) * g, (¥) (143)

and its Fourier transform as

F{gx,y)) = F (860} Fy {g(y)} (144)

Therefore, the transform is separable into a product of two factors,
one a function of f(x) only, and the seconc, a function of f(y) ouly.
Thus, the process of two-dimensional transformation simplifiers to a
succession of more readily calculated and manipulated one-dimensional

transforms.

In Fourier analysis, it is convenient to employ a certain set of test
signals known as the singularity test functions. The mosu useful input
singularity function is the unit area (or volume) impulse already
described as a point image 5°\x, y). The system response for this input
is designated ro(x, y). The Fourier transform of the impulse response
is designated Ro(u&, u&) and is known as the complex steady-state fre-
quency response. The usefulness of Ro(u&, u&) is that for systems with
apertures that are independent in x and ,, the respouse can be measured
through use of sinewave image patterns as the input. The output signa!
amplitude is then measured, and a plot of these amplitudes (as the pai-
tern frequency is varied) represents the magnitude of Ro(u&) or Ro(u§)‘
This function is variously known as the sinewave response or the modula-

tion transfer function (MIF).
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The MTF or modulation transfer function is the primary method of des-

cribing the loss of resolving power due to finite sensor apertures.
(See Figure 64.) MTF, in the communications sense is synonomous with the

magnitude of the sensor's complex steady-state response Ro(w) where
R, () = [R (W) exp [ ] G(uD_I (145)

Tn the above, @(w) represents a phase or position shift and has been
d2signated by the international Commission for Optics (ICO) as the
phase transfer function. The ICO alsv refers to Ro(w), the complex
steady-state response &3 the optical transfer function which seems only
partially appropriate to sensors. The ICO racommends changing the word

function to curve when referring to curves representing the functionms.

Also, for specific values of the function at a given frequency, the
word function is replaced by factor; e. g., the modulation transfer

factor.

MIF is also synonymous with sine wave amplitude response. In the test-
ing of sensors, sine wave amplitude response can be directly measured

although the machinery required can be quite complex and costly. Thus,
in current : -actice, it is more usual to employ bar patterns in making

tests. The juantity measured is then the square wave amplitude response

]nSQ(w)I. If Ro(w) is known, then RSQ(w) can be determined directly

from

RSQ(w) = Sq(w}'Ro(W) (146)

where Sq(w) is the Fourier spectrum of a square wave wavetrain.
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III.4 UNITS OF SPATIAL FREQUENCY

I1f the spatial coordinates are length such as millimeters then the
natural units for spatial frequency are cycles per millimeter. His-
torically, people have preferred to think in terms of line pairs per
millimeter. In photography where the size of the film could be varied
and the fineness of the grain was of interest, lp/mm was indeed the 1l.gi-

cal uuit,

For optical lenses lp/mm at the focal plane is also a logical unit.
However, if a lens is used as a telescope then the interest is what
angular variations in object space can be resolved and cycles pcr mrad
or line pairs per mrad are the most useful. Of course, the focal length

of the lens quickly converts one spatial frequency unit to the other.

For IR image systems, which are treated like a total telescupe, cycles

per mrad were also chosen as the most natural.

For radiometry of distant scenes such as sky backgrounds and the like,

the only sensible unit was cyclc/angle, e. g., cycles per mrad.

For a photosurface, cycles per millimeter at first appears logical.
Since, however, there are guing to be many images in the system all

with different scale factors, e. g., an optical image on an intersifier
reimaged onto & diffe-ent sized vidicon a.d then displayed on a large
display, a confusion of units could get invelved. The answer has been

to introduce lines per picture height. Using picture height as the nor-
malizing factor, the effect of each component can immediately be compared
with all others and the comporont MIF's can be a chaiacteristic of the

component yet still directly multiplicative with all other component

MIF's. If you convert to angle, the numbers nnly relate tc that system.




It is recommended that f be used for temporal frequency (Hz) and k be
used for spatial frequency either lp/mm or lp/mrad, and that N be used
for spatial frequency in lines per picture height (or width shown by

subscript). N can be either for an angular picture height or a linear

picture height with equal success.

It is anticipated that the largest confusion results from the choice
of lines rather than line pairs. Part of the justification for lines
may have been a confusion or interest in TV (raster) lines rather than
discussing line pairs., In any case. TV people tend to work in TV lines
or just lines and an error of a factor of two is often the result when

they mix with other fields reporting in line pairs or conversely.
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APPENDIX IV

THE RELATIONSHIP BETWEEN AT AND AH
FOR AN IMAGING SYSTEM

IV.1 INTRODUCTION

The signar for an IR imaging system is caused by the variatiors in the
irradiance (4H) on the entrance aperture of the system. While these
variations may be caused by other phenomenon (reflections), it is con-
venient and historically meaningful to consider them to be caused by the
variations in temperature (AT) of blackbody sources. In the laboratory,
targets can be coastructed and used at short ranges so that analysis
based upon AT predicts the results. In the field, systems with the
same spectral response can be compared bascd upon relative AT per-
formance and indeed historically a feeling for the required AT per-
formance has become established although the apparent AT of the scene
objects varies from night to night, season to season, location to
location, and atmosphere to atmosphere. Since it appears that what
changes from time-to-time is AT (and indeed we know this is the driving
function by observing diurnal effects when many objects reverse their
temperature relative to ambient) we bccome tuned to good IR and bad 1R

nights based upon the atmospheric transmission and AT we would expect

from natural objects.

IV.2 ANALYSIS

For the no atmosphere condition the viewing a lambertian bla:kbody

(emissivity = 1) of temperature T, thc spectral irradiance at the system

aperture can be related to the spectral exitance of the blackbody.
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Let:

Parameter

Definition

Typical Units

A

W(A,T)

H(’\‘:T)

The wavelength of the
radiation

The temperature of the
blackhody

The spectral exitance
of a blackbody

The field-of-view over
which the systems is
collecting radiation
usually the small instan-
taneous field of view of
the sensor defined by the
detector

The area of the collecting
aperture

Range from the sensor to
the targerc

The spectral irradiance
on the aperture from

within a system ficld of
view of ¢

micrometers
Kelvin
2
watts/cm /micrometer

mrads

cim

2
watts/cm /micrometer

Assuming small angles for *, the area uf the blackbody contributing

photons is (R5)2 and the solid angle subtended by the system optics is

AN

ey

TR T L SR

o

HOL,T) = Nlﬁ;ll g2
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The signal to be jenerated is the result of varying the temperature
of the source from Tto T+ATor equivalently to viewing a separate
source of T + AT and noting the change in H(A,T), LH(\,T). Since
W(\,T) is a Continuous function of T given for a blackbody by the

Planck function

WO\, T) = —20 he (148)
1
XS(ehc/kkT-l)
where:
Parameter Definition Units
h Planck's Constant = watt/sec2
6.62 x 10°°°
c Velocity of Light = cm/sec
I x 1010
k Boltzman's Constant = watt/~-sec/K
1.38 x 10”23

The change in W(\,T), for a small change in T by assuming small incre-

mental values for the differential can be directly calculated. That is

M(,T)
3T

O, T) & awn,T) = 2T ge o1 (149)

or equivalently

MW (A,T) = W' (L, T)AT (150)

T T p——
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where
pouny = HOLD 2rhc? . b s
,I) =
oT 5 (ehc/AkT_l)Z AkTZ
hc /KT
e he
W'(X,T) = W(A,T)
2 2 ehC/(\kT‘ 1 \sz
which for values of interest near % = 104, T = 300°K is approximately
given by
W' (\,T) = W(,T) bcz
AKT
(152)
4
A
~ Q) gl
\T

IV.3 CONCLUSION

Accurate calculation of W'(.,7) is tediovs without a computer
therefore Figures 61 and 62 are considerced useful. Figure 65 presents
W'(:,T) vs wavelength for a 300K blackbody. Figure 66 presents
W'(10,T) (normalized to W'(l0,300)) vs temperaiare. From Figure 65,

it can be seen that W'( ,I) for a system vperating against a 300K
ambient and witn » spectral passband from 8.5 to 11,50 would be
viewing a source radiating approximately 3 x 10'5 watts/cm2~stradian
for each 1 K tempcrature difference near 300K, For a typical system
with an instantanecus field of visw (*) of | mrad, a zerv atmesphere

irradiance of
-11 2 ) .
AH(L,T) = 10 " watts/cem  per K (153)

wuuld occur.
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-fa
: It is interesting that if the ambient temperature changes 10K, AH(\,T)
per 1 K would only change by a factor of 10 percent. (See Figure 66).

1t is not known, however, how actual ATs of interest vary with ambient

temperature. Therefore, they may compensate for this condition or

aggravate it. However, it does not appear very aignificant.
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ATPENDIX V
PLIR SENSOR PERFORMANCE EQUATION DERIVATION

INDEPENDENT OF TV ANALYSIS

V.1 INTRODUCTION

A real-time infrared imaging sensor is an electro-optical system which
optically scans the instantaneous field of view of a detector array
over the total field of view of the sensor in order to generate video
information. While the detector elements are continuously detecting
the totsl radiation received in their fields of view ss the scene is
scanned, they asre ac coupled in the electronics and, therefore, only
veristions in the energy received are represented in the video signal
generated.

By synchronously controlling the luminance of a display with the
detector signals, a picture is generated where the variations in
luminance represent the varistions in received power. When scanned
at 15 to 30 frames s second, the variations provide s real time picture,

with essentially zero storage, which is similar to the daytime scene.

The signal is, therefore, the result of variations in radiant emittance
of one ares of the scene compared to another which could be csused by
either differences in temperature or emissivity (assuming that low
emissivity objects reflect a different temperature ares, e.g., the sky).
1t is :onvenicnt and historically accepted to discuss the signal as
occurring due to temperature varistions only. Assuming blackbody radi-
stion and swall sigrals around an ambient (usually 300K) the change

in n?ecttal tadiant emittance is proportional to the change in
temperature.
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It should be recognized that two types of equations and parameters
exist: one set for analysis of an existing system and the other set
for showing tradeoffs and, therefore, aiding the synthesis of a system.
The following analysis is to develop an equation to aid synthesis; a
much more straightforward approach with interrelated parameters and
providing less insight would be used for analysis. An equation for

analysis with an abbreviated derivation is given in subsection V.5.

To this end, an equation will be derived between various parameters
of the IR sensor. Then the parameters will be grouped to show the
relationship between the performance of the sensor, the design adjust-
able parameters, the design efficiency parameters, and the parameters

which are affected by the choice of spectral region.

V.2 DEFINITION OF SYMBOLS

The following set of parameters will be used throughout this analysis.

A number of the parameters (shown below with an *) are slways a function
of either wavelength, A, or the spectral region, (A\). Spectral values
for these parameters will bSe used until the final equations and then
effective values over a A\ are used to avoid integrals in the final
result, Since it will also be obvious which is intended, no subscripts

are added and, therefore, the same symbol may represent either value.

= fijeld-of-view of the sensor in the direction of scan

B = field-of-view of the sensor normal to the direction of
scan

a = instantaneous field-of-view of a detector in the direc-
tion of scan

b = instantaneous field~of-view of a detector normal to the
direction of scan

ra = resolution of the sensor in the direction of scan

tb = resolution of the sensor normal to the direction of scan
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- T = tha average time between scanning points is the FOV
(including aver scan)

eyl ,
F = frame rate of the sensor equals T ~; not flicker rate

NET = sensor noise equivalent temperature. It is the temper-
ature difference between two large targets which gener-
—ate a pe+ frame, per detector size resolution element,
crignal-to-noise ratio »f unity at the detector output.
It is determined as the temperature difference between
two large targets which will provide an electrical peak
signal at tha detector output equal to the rms ncise in
a bandwidth corresponding to the detector size. This
bandwidth is normallv dc t» 1/2Td.

TR T R T QT e e e

T

T

T, = the detector dwell time, the time that an image point
spends on a detector

Af = noise bandwilth = 1/2Tdby definition

f = focal length of IR telescope

3 f/No. = f/number of IR telescope

d = diameter of the IR telescope entrance aperture

n = number of independent detector elements with field a x b

M. = resolution efficiency; the effective resolution of the
r sensor in relation to the dutector size

ﬂd = the ratio »f entrance pupil diameter to entrz2nce aperture
diameter, aperture efficiency

no = optical efficiency; includes both normal transmission
losscs and hlocking at the aperture ston

nsc = gcan efficiency; the (minimum) Jdwell time of the sensor
divided by the maximum dwell time possible, i.e., the
dwell time of a 100 percent duty cycle zero turn-around,
linear scan

N.. = cold shielding efficiency for background limited systems;
the degree on which the signal-to-noise ratio of the
sensor : ¢ optimized with regard to shielding agains: un-
H wanted packground photons

* 7. = quantum efficiency for background limited systems; the
effective quantum efficiency of a photodetector

* n. = atmospheric efficiency; the percent transmission over
the desired range

* D* = detector detectivity; with the final shielded detector
receiving radiatios as it would in che actual system
({/No. cone), D¥* i{s the per cycile (electricai bandwidth),
per unit ares signal-to-noise ratio for 1 watt input.
It is assumed that the S/N is inversely proportional o
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* D*% =
* W =
W' o=

T =

AT =

AW =

A =

V.3 ANALYSIS

The change in s

the square root of the detector area. D* is a function
of the electrical frequency of test as well as the optical
frequency of test (wavelength).

detector detectivity of a theoretically perfect detector
of unity quantum efficiency receiving 2m steradians of
background radiation.,

spectral radiant emittance of a blackbody of temperature, T

W/3T, the partial derivative with respect to temperature
of the spectral radiant emittance of a blackbody radiator

absolute temperature

a small change in temperature

a small change in spectral radiant emittgnce
wavelength of received radiation

senscr performance

number of azimuth scans of an individval detector element
per i‘rame in a rectangular raster system

pectral radiant emittance from one target to the next for

a AT between the targets is, for small signals, approximately

wo= &
o~

AT = W'AT (154)

Assuming that the targets are large area lambertian radiators, the change

in power oa the

n/ 4

ﬂ\(ﬁ 2

detector can be written as

L ﬁoj " (ab) T = & Power (155)

it is interesting that this is independent of range (R) except for na’

since the area

of the source (target)which is effective is asz and the

number of steradians of power collected is ndzlakz,
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Since the D*/(abft2 Af) is the signal-to-noise cut of the detector
for 1 watt input, we can write the signal-to-noise ratio genmercted by

scanning the above target as

(an)*

D* d i
S/N = e x AW N TN ab di (156)
I;A (abeZ Af)172 4 o a

and by setting this signal to noise to unity and substituting for AW,
we have the AT which corresponds to the NET

4fz (Af)l/2
NET = IM % ﬂd)z (ab)]"/z o dx (157)
from the earlier definition of NET:
Af = 1/2'1‘d (158)
Td can be determined by the scanning parameters anc is generally a

function of the position in the field as well as the type of scan,
The minimum time an element takes to scen a point in the image is then

nab

a " oF s (159)

Substituting Eq. 159 into 158 and Eyq. 158 into 157 provides Eq. 160

3 Q——& (o8P 11?2
NET = j‘

>
A\ (d nd)“ ab ﬂo na (n ﬁsc)

e dr (160;

1/2 D W'
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%3 In order to reduce the number of interrelated parameters and provide
! better insight, we continue. By definition
¥

= f/No., = f‘!_/d M4

!

3 § therefore,

< 1/2
B = (03:) 11/2 J
ﬂd dn iy

ZJF?/§/N0. a (161)
A1, a0 e,

i Although detector instantaneous field of view is an important parameter
' for determining NET, it is not a measure of the sensor spatiel resclu-
tion. Many potentiasl measures of resolution exist, however, for the
present, it is adequate to state thet it contributes to the total
system resolution and therefore affects the operatcr's ability to de-
tect and recognize targrts, Withouc further justification at this
time, r, will be defined in terms of the sensor modulation transfer

function (Ma) and spatial frequency, f, as

2 !
r = [z]‘u df:‘ (162)
8 a

Similarly,

1
2
r, = [2 "‘ M, df]. (162a)

when Hb is the sensor resolution normal to *he direction of scan.

Sensor resolution is related to the detector size by the resolution

efficiency, tt’
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(163)

The resolution efficiency, nr’ is a measure of how closely the sensor
resolution matches the detector size. In the ideal case, ﬂt = 1, the
detector size determines the resolution, with all other system compo-

nents designed such that they do not degrade the detector resolution.

While NET is a common parameter for defining sensor sensitivity because
it is relatively easy to objectively measure, it should never be con-
sidered independent of § or AA. It has been shown that because the

eye/brain w’1ll spatiaslly and temporally integrate, the system sensi-

1/2

tivity is proportional to NET/(F) It must always be remembered that

sensitivity Iin terms of temperature is a convenience that has meaning
only when considering the spectral response. We will now regroup the

NET equaticn pasrameters to show a more intuitively meaningful relationship.

1/2 /2 D* W' M dA

*.1/2 1 1 -
x T‘d no nsc nr x I;A 2 £/No.

dn
(oBF) S——— W e 164
£, Tp NET JT ( )

To be completely rigorous no or no(k)/ﬂo should be included in the inte-
grand but generallv an effective value for N can be determined.

Equarion 164 is the genersl equation specifying FLIR Sengsor performance
and it aspplies to background liinited as well as nonbackground limited

systems. For the case of BLIP operation

1/2
D* = pkx (2 £/No.) ﬂq ncs (165}




B - ke AT, Sack Siies=- 3 i 4

§ where D** is the detectivity of a theoretically perfect detector. For
4 BLIT operation, Eq. 165 can be substituted into 164 with the resulting

performance equation

?‘ TR

@h2 —L— = a2 /2 ql/2 g

r_r. NET (166)
a

o —_—
b sc q T IM N/

-

V.4 CONCLUSIONS

It has been shown that by a judicious selection and definition of
parameters the sensitivity equaticn for a real time thermal imaging

sensor can be presecnted so that Lhe real sensor tradeoffs are apparent.

All performance parameters have been g+ ped as a major parameter as

/?

e 1 1 .
P = (afF) T . NET (167) .
a 't
i this parameter indicates how resolution can be traded off with sensitivity ,!

and field of view.

All of the strongly wavelength dependent parameters are grouped in a

na jor parameter

r D W' T\il dn
R = J -'“——Tzfr—-—-

Ak

(168)

R R B W i

. that wavelength optimization car be systemstic. It must be remembered,

however, that for strongly diffraction limited systems, Wr is also a

function of wavelength and ?dd.
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The parameters which reflect design efficiency are grouped in a major

parameter

1/2 172 ’
E = My Mg Mee Mg M Ty (169)

In general, when this term is not maximized, it must be made up by a
larger system with more detectors. It requires resources to make up

for the inefficiency.

The design or complexity parameters are grouped in a major paraueter

C = Jnl/z (170)

This is to indicate that the only real freedom a desig.ier has after
he has chosen the wavelength and maximized the efficieucy is to vary
the aperture or add more detector channels., If more performance is

1. required, so is more complexity. That is,

p = CER (171)
V.5 EQUATION FOR ANALYSIS
For evaluating a specific design it is more meaningful to use equations

that have easily determincd (measurcd) parameters. For completeness,

such an equaticn is presented here with an abbreviated derivation,
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By definition, for a 1 watt input at wavelength A, the signal to noise

at the output is

(s/N) = -—-—23—-75 (172)

1
(Ad Af)

where

Ad = detector area (cm)

! Af = noise bandwidth of cest

3 then using the above plus Eqs. 154, 155 and the definition of NET as
r AT for S/N = 1, we have the desired result

4(A, ag)l/?

dx (173)

-

NET = [
AK 2 2 n syl
d ﬂd no ﬂa ab D~ W
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the spatial frequency of the object. In a similar manner, the contrast
required for resolution of a 3-bar object is used to define the minimum
resolvable contrast (MRC) as a function of spatial frequency for an ACTV
system. Analysis is provided to permit the prediction of these perform-
arce psrameters, and typical curves are provided., Finally, based upon
the snalysis,methods for comparing TV and IR systems in la:oratory/field
tescs are presented. Suggestions are presented on how tests starting
with controlled laboratory tests, then controlled field tests against
laboratory objects, then limited controlled field tests against tactical
type targets, and finally extensive semicontrolled field tests all using
two controlled sensors side-by-side could be used for comparison.




