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SUMMARY

Research was performed to (1) identify the e¢ssential elements and
pertinent parameters for a visual model for surveillance of camouflaged
per<sonnel in varions terraing, weathers, and combat environments, and
(2) develop the mathematics and logic of the visual model. The research
included a search and study of the available periinent literature and
discussions with many of the recognized experts in vision research and
countersurveillance,

A moudel was developed to account for the effects of luminance and
color contrasts in the detection process, It accounts for intrinsic
luminance and color contrasts at the target and the effects of the
atmosphere and range between the observer and the object.

The state of knowledge concerning the cffects of movement and form
di:crimination was found to bhe fairly primitive despite the extensive
researcii that has been performed. It was not possible to develop a
sufficiently detailed analytical model for the effects ~f either of
these importanl parameters.

Since it is considered necessuary to include a human's judgment in
modeling the process of recognizing military objects, empirical data
derived {rom human observers' performance of form receognition, in
conjunction with a classifica  ~n system for backgrounds, «v¢ required
for developing a realistic empirical model of form discrimination,

1t
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FOREWORD '

E The rescarch reported in ihis memorandum has been performed under
5 Contract DACA76-69-6:0003 for the United States Army Mobility Equipment
Research and Dcvclgbment Ceiiter (USAMERDC), Project support has been
provided by Mr, John Hopkins, USAMERDC, Authorized Representative of
the Contracting Officer, and Mr. Kemper Flint, USAMERDC,

This interim report documents the research performed on Phase I of
the task to develop models that can bhe used in determining requirements
for and measuring the effectiveness of camouflage rfystems for personnel.
As the work continues on Phases II and 1II, the results discussed in
this interim report may be modified for presentation in the final report.
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I INTRODUCTION

The goal of the research has been to develop an objective measure-

ment method for determining requirements for and measuring the effective-

ness of camouflage systems for personnel.

The method of approach for attaining the goal has been to (1) coun-
duct a search of the applicable literature, (2) visit personnel and
agencies that are recognized for their work in areas significant to
passive countersurveillance, (3) determine the most important essential
elements and pertinent parameters to be considered, (4) examine avail-
able models for useful submodels and logic, (5) identify measures of
effectiveness, (6) develop and exercise models describing the detection-
concealment process for personnel in various environments, and (7) de-
sign a field experiment to test the output of the above models in
satisfying the study objective.

The research required in this method of approach has been divided
into three phasas:

Phase I: Visual Systems

. Perform the literature search and make the back-
ground visits

L] Determine the essential elements and pertinent
parameters for the visual model for surveillance
of camouflaged personnel in various terrains,
weathers, and combat environments

L Devolop the logic and mathematics for the visual
models

Phase II: Nonvisual Systems
® Determine the essential elements and pertinent
parameters for nonvisuazl systems such as optical,

infrared, and radar

® Develop the logic and mathematics for the nonvisual
models,

L L e m———




Phase III: Model Integration and Field Experinent Design
® Program the visual and nonvisual system models
® Incorporate the visual and nonvisual system models
into the SRI Countersurveillance-Reconngigsance
Effectiveness Evaluation (SCREEN) model '

® Exercise the computer models

® Develop the preliminary design for a field experi-
ment to test results of the model study

This document reports the research conducted during Phase I of the
study effort.

*The refevences are listed at the end of the main body of the report .
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II INVESTIGATIONS

A. Literature Search

The library resources of SRI, Stanford University, Defense
Documentation Center, RECON Central, Medlars, and the Reconnaissance
Data Base at Rome Air Development Center were searched, Special
collections of documents related to countersurveillance and surveillance,
target acquisition and night observation (STANO), located at the U,S.
Army Natick Laboratories, Project MASSTER, and the Combat Developments
Command Institute of Systems Analyses, were referenced as well as the
personal libraries of some of the experts consulted during background
visits, The publications obtained from these sources supplemented the
literature study that had been conducted for the earlier tasks of this
contract involved with (1) the identification of measures of effective-
ness for countersurveillance for tactical units and their equipment,
(2) a method of classification of targets for countersurveillance
purposes, and (3) the development of SCREEN.

Reports studied had varied orientations, including mathematics,
physics, chemistry, electronic and electrical engineering, psychology,
physiology, ophthalmology, military sciences, military operations,
history, surveillance technology, and countersurveillance methodology.
They included textbooks, journal reports, technical reports, profes-
sional magazine articles, battle action reports, notes, and field and
training manuals. They were written as early as 1802 and as late as
1970,

Although the literature search was extensive, most of the time
allocated to studying the collected documents was dedicated to the
relatively few documents that were of particular importance in the
development of a visual model for studying the effects of camouflage
for personnel. The fact that the majnrity of the documents appear to
be of marginal value for our research can be better appreciated after
reading the discussion in the next section of the multiplicity of
parameters and the rather primitive state of the understanding of the
interrelations among them.




B ikt

s m agm g T L T e e

e e

e A 1 i

Discussions were held with the persons listed below and with co-
Discussing with these experts the work
that has been done by them and their organizations provided an oppor-
tunity to obtain (1) their latest ideas on the aspects of countersur-
veillance for personnel that are of most interest to each of them, and
(2) their perspectives on the important parameters and how they are

workers at their organizations,

related.

Person Visited

Dr. Leon Williams

Mr. Ray Schaefer

Dr. H. Richard Blackwell
Dr. Wilson Tanner

Mr. Richard LeGeault

Mr. Frank Rizzo
Dr. Walter Lawson

Mr. John Hopkins
Mr. Arthur Stein
Dr. McAdams

Dr. Robert Boynton

Mr., Art VWoods
Mr. Ray Attarian

MGen. William Fulton
Dr, Siebert Duntley

The Symposium on Tactical Reconnaissance jointly sponsored by the
Office of Director of Defense Research and Engineering, DOD, and

Electronics Industries Association on 13-15 April 1971 was also attended.

Organization

Honeywell, Inc.
Honeywell, Inc.

Ohio State University,

Institute for Research in Vision
University of Michigan,

Institute of Science and Technology
University of Michigan,

Institute of Science and Technology

Natick Laboratories

Night Vision Laboratory,

Fort Belvoir

U,S. Army Mobility Equipment Research
and Development Center

Cornell Aeronautical Laboratories
Kodak Research Laboratories
University of Rochester,

Institute for Vision Research

Project MASSTER, Fort Hood

Combat Developments Command Institute

for Systems Analyses
STANSM/ACSFOR

Scripps Institute of Oceanography,

Visibility Laboratory

C. Essentiao]l Elements and Pertinent Parameters

The devising of a method of stating quantitative requirements for
wmeasuring the effectiveness of camouflage for personnel requires not only

4
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a logical, quantitative understanding of how the sensor systems work but
also of the way that various camouflage techniques might degrade the

value of the conclusions that are in part derived from information ob-
tained from the sensor systems, The essential elements to be considered
should therefore include the basic passive countersurveillance methodology,
the characteristics and signatures of the personnel using the camouflage,
the background and environment containing the personnel, the atmosphere
between the personnel and the sensor system, the sensor, the data pro-
cessing, and the intelligence synthesis processes.

These various essential elements are most properly studied from
differing viewpoints, The expertise of the military specialist is
needed to identify the deployment parameters of the personnel and sensors
in the environment and military situation of interest, the countersur-
veillance specialist to identify the parameters of known camouflage
methods and techniques, the physicist to identify the parameters for
describing the energy flow from source to camouflaged personnel to
sensor, the physicist and engineer or physiologist to identify signal
processing parameters within the sensor system, the engineer and/or
psychologist to identify parameters for display and data extraction,
the psychologist and intelligence specialist to identify features of
the intelligence synthesis process, and the operations/systems analyst
to identify a logical structure for integrating the parameters identified
by the preceding specialists.

Discussions with and reports by specialists of the above types that
have been concerned with the visual process have led to the identification
of a myriad of parameters pertinent to the present model development
task. These discussions and reports also indicated the areas where
research has had some success in relating various parameters, qualita-
tively and quantitatively, and the areas where only qualitative or vague
connections between parameters have beengidentified, even after a con-
siderable amount of research effort. The state of knowledge is particu-
larly primitive on such questions as how humans recognize complex forms
(such as other humans) in complex backgrounds (such as in military
situations), and how intelligence is synthesized from extracted data.

Broadly stated, the purpose of camouflage is to hide, blend. dis-
guise, or deceive., Depending on the particular purpose a particular
~amouflage technique is designed to achieve, emphasis is put on trying
to defeat Lhe enemy sensor and intelligence systems at a number of dif-
{fereat places, If the basic purpose is to hide or blend, then primary
emphasis (s likely to be ajmud at denying detection and/or recognition
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by the sensor system, with secondary emphasis on confusing the data ex~-
traction and intelligence synthesis processes, However., 1if the basic
purpose of the camouflage is to disguise or deceive, then primary

emphasis is placed on causing the data extraction and intelligence syn-
thesis processes to produce erroneous or untimely output. The current
knowledge of these processes suggests that for the foreseeablc future,
experienced men should be useg Xo account for the output of these processes
in models incorporating them, '

It was therefore decided that this operations analysis research
would probably be most beneficial if it were restricted and directed
primarily to the task of modeling the physics and psychophysics involved
in the visual detection and recognition of personnel camouflaged for the
purpose of hiding and/or blending. With this restricted scope, the
primary measures of effectiveness are functions of the probabilities of
detection and recognition of personnel. Thus the most pertinent
parameters are those that significantly affect the visual detection and
recognition processes.

The study was consequently directed toward modeling the effects on
the detection and recognition processes of (1) luminous and color con-
trasts between the camouflaged person and his background, (2) movement,
and (3) shape and form. A discussion of these caiegories of parameters,
and the relationships among them, is contained in Section III.

A guantitative model developed to describe the way luminance and
color contrasts contribute to the detection process is presented in the
appendix.

Only qualitative discussiogseof the effects of movement, shape and
form are possible at this time. ' The inability to produce meaningful
quantitative models in these areas is primarily due to the primitive
state of understanding of how people perceive motion; and to the fact
that most of the extensive research on shape and form has concerned
itself with simple geometric shapes on noncomplex backgrounds, which is
not readily gxtrapolated to complex forms in three dimensional complex
backgrounds.




111 PERTINENT PARAMETERS FOR VISUAL DISCRIMINATION
OF CAMOUF1AGED PERSONNEL

To visually detect and recognize an object (e.g., a camouflaged
soldier) an observer’s eye must receive a signal from the object and/or
cue objects that is sufficiently strong to be noticeable by the observer,
and sufficiently different from the signals from the surround of the ob-
ject that the observer can distinguish the object sufficiently well to
classify it. The perception of the signal and the realization that the
signal is from a potentially interesting object (i.e., detection) depends
directly on a sufficiently strong signal-to-noise ratio at the retina of
the observer's eye, and the state of awareness of the observer.

A, Major Pertinent Parameters--for Detection

The human eye is a remarkably sensitive sensor.* However, certain
conditions have to exist before a signal from an object can be detected
as a potentially interesting signal (interesting in terms of discerning
camouflaged personnel) . For objects that do not contain a light source
there must be a source of illumination incident on the object, some kind
of contrast between the object and its surround, and line-of-sight between
the object and observer.

Given these conditions a description of the detection and recognition
processes depends on a number of pertinent parameters, many of which have
large permissible ranges.

1. Illumination

The source of illumination influences the detection process
primarily as a function of the brilliance or intensity of the illumina-
tion. Bright sources such as direct sunlight enable the eye to perceive

‘In 1942, Hecht, Schlaer, and Pirennc performed an experiment basic to
much of the psychological work concerned with vision and perception.
The results of the experiment show that under optimum conditions a
normal human observer will report a flash 60 percent of the time when
only about 9 or 10 guanta from the flash are absorbed by the visual pig-
ment in the retina. or comparison, a typical lighted flashlight bhulb
radiatns about 2 x 10 quanta per millisecond.

7
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color, cause shadonws, contribute to good resolution, and permit the

use of filters if desired. If the light source is diffuse (e.g.,
daylight on cloudy days, starlight) then shadows do not occur. As the
light level is decreased a point is reached after which color cannot be
discerned, and foveal vision becomes of minor value so that the reso-
lution capability is reduced. Artificial illumination can be used in
low ambient light conditions, but the penalty is often noise from
backscattered light.

2. Contrast

Contrast is a result of the object (or a part of the object)
and its surround having different luminous flux in the direction of the
observer, or different colors, or both. )

a. Luminance

Differences in luminous flux are contributed to by
differences in reflectances of the materials in the object and back-
ground, the textures, the orientations to the illuminant and observer,
and shadows. The reflectance of a material is a function of wavelength,
the composition of the material, its texture, and the angles of incident
illuminant and observer with the material. For certain angles and
textures, a specular reflecticn of the illumination source (e.g., sun)
may occur in the direction of the observer. This specular reflection,
or shine, can make objects easily detectable, even if the area of the
object is below the resolution limit of the eye for nonspecular reflec-
tance of the illuminant. Shine is a function of the distance from
which the material is viewed. For example, burlap is a nearly perfect
diffuse reflector when viewed at short ranges; however, at long ranges
it can appear to be bright when viewed from certain directions.

b. Color

Differences in color are primarily attributable to dif-
ferent reflectance versus wavelength characteristics for the object and
its surround. However, the apparent colors and textures vary as a func-
tion of the distance and resolution detail obtained at the time of obser-
vation. Materials that appear multicolored when viewed in detail may
appear as a single color when viewed under poor resolution conditions
and the apparent color may change as the distance is varied (sce the
Appendix) .
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3. Line-of-Sight

If there is no opaque material on the straight line between
the object and observer, then line-of-sight is said to exist, However, |
the atmosphere may contain smoke, fog, and/or rain, and there may be g
vegetation along the path, Thus the amount of light signal leeving the ;
object toward the observer may combine with light from these intervening
sources so that the signal is hard or impossible to detect. This degra-
dation also causes a loss in effective resolution.

J
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4. Movement

If illumination, contrast, and line-of-sight conditions are
such that a signal from the object exists at the observer, then move-
ment is likely to enhance the probability of dgtection. However, it
is not understood what causes this phenomenon, despite the research
that g Tgmber of psychologists have conducted over a long period of
time. Their research has demonstrated that the contribution of
motion to the detection process is a function of (1) direction of motion-~-
the chance of detection being best when movement is lateral, and worst
when radial to the observer, (2) speed, (3) extent of moverent, (4)
region of retina that the image is on, and (5) the state of eye adapta-
tion. Motion appears to he perceived either by noting that (1) differ-
ent adjacent receptors in the retina are receiving the image as time
passes, or (2) the object is occupying different positions as time

passes. Whatever the mechanism is, the human observer is very sensitive
to the perception of motion,

S. Search Process

From the viewpoint of countersurveillance, it is desiru.le to
know the observer's search procedures, his familiarity with his arer of
responsibility, his expectations of {indin: enemy elements, and his
alertness., Knowledge of the observers coverage of the area as & func-
tion of time would enable a countersurveillance plan to be worked out
that would expose the personnel for the shortest expected time, and
perhaps when the observer is fatigued or not particularly expecting to
detect his enemy. Although it is known that observers tend to search

.In the preface to his book, "Visual Perception.” T.N, Cornswret writes,
"I have cxcluded many topics ... and others because I do not know enough

about theg to explain them plausibly ({or example, the perception of
motion) .’
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-first thoge areas they consider most likely to be occupied by the enemy,

it i= not known how they select the next place ig look, nor how they
become aware of more detail as time progresses, An observer's know-
ledge of the size of the things for which he is searching limits him

to the speed with which he can search an area. For example, an airborne
observer must search a smaller swath width from the ajircraft track when
searching for personnel than when searching for armored vehicles or
buildings.

6. Clues

An observer rarely searches for his enemy with his eyes only
and without some knowledge of his enemy. His ears or nose may alert
him to look in specific directions, especially at night. Other intel-
ligence sources may have alerted him to expect enemy personnel at a
particular place at a particular time. Or he may observe animals or
detect spoor that indicate personnel have recently been or may even still
be at the place he is observing.

B. Additional Major Pertinent Parameters--for Recognition

Recognition is a classification process that basically requires
the observer to relate the things he is observing to things he has
learned in the past. This may be a direct matching such as matching an
outline of a helmet and shoulders to his recollection of what a soldier
looks like in the open, or it may be a complex combination of matching
and deductive reascning. All the parameters discussed above for detec-
tion, except the search process, remsin pertinent for the recognition
process., Additionally, to classify a detected anomaly of potential
interest parameters such as the following can be of major importance:
size, resolution, form, clutter, and context as well as the knowledge,
training, and motivation of the observer, and any time constraints
under which he may be operating

1. Size
The sizs of & detected anomaly cnables the observer to rule
out quickly those anomslies that are much too large or small. The size

is also a uljor factor in couputtng the -xi-un distance at which an
object can be recogntzed.

10
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The resolution capability of an observer looking at a detected ¢
object is a function of his visual acuity, the light level, the sjze of
the object, the contrast, and the intervening atmosphere., Counter-
surveillance can possibly affect several of these parameters to reduce
the effective resolution capability of the observer. For recognition,
the object must effeutixgly subtend four to six or more resolvable {
elements at the sensor. ?

8 Yt AR e

3. Foru

In 1957, Dr. H. R. Blackwell, at the symposium on "Form Dis-
crimination as Related to Military Problems,” sponsored by the Armed
Forces-~NRC Committee on Vision, stated "...we don't know enough
to solve a single milita:y problem in the field of form discriminaticn.”
Discussions with hgm. Dr. Duntley, and Dr. Harris this year, and study
of K, S. Fu's book indicate the concerted opinion that it probably
will still be a long time before sufficient progress is made to model
the functions a human observer performs when he recognizes the features
of an object of interest imbedded in a cluttered background. Most of
the progress made in the fields of form discrimination and feature
extraction has been on the basis of relatively simple two-dimensional
geometric objects on simple backgrounds, with or without clutter.

However, form and features are at the heart of the recognition
problem and work continues in this area in diverse ways. Image inter-
preters develop keys that are designed to help them recognize and
classify features of forms that may be partially hidden in complex sur-
roundings. A great deal of effort is being expended by the computer
industry to produce reliable optical character readers (OCRs) that can
tolerate wore degrees of freedom than the early OCRs allowed. Research
groups are working to improve automatons that can "sce” and distinguish
simple three-dimensional geometric shapes. And others are working
directly on the problem of machine recognition of military objects in
real backgrounds. However, the state of the art must still be considered
inadequate for the purposes of delineating the process of recognizing
military objects in relatively simple backgrounds from different per-
spectives, scales, light conditions, and so on, and is certainly insde-
quate for recognizing camouflaged military objecti. Thus is is not
expected that models which take form fnto account can be built until
more data are developed on targets and the eavironment in which they are
found. A recommendation on a direction to pursuc in this area is found

11




in Section IV~D. Until more work is accomplished, it probably will be
necessary to incorporate the judgment of a human into those parts of
models of the visual process that account for the effect of form,

4, Clutter

Clutter is important to the countersurveillance planner because
he can use and control it relative to the form of the personnel he is
trying to protect. He can reduce the probabilities of detection and
recognition by increasing the clutter so that, in effect, the signal
to noise ratio is reduced. Clutter can be used instead of direct con-
cealment as a means of making the personnel harder for the observer to
detect and recognize. In practice, detection (this term implies poten-
tial interest) and recognition occur almost simultaneously when an ob-
server is viewing a cluttered field of view., The amount of time it takes
to detect a form or pattern in a cluttered field of view varies with the
amount of clutter, the size of the clements causing clutter relative to
the size of the objects being sought, and the geowetric distribution of
the clutter elements. This time can probably be shortened for a parti-
cular observer by training and experience.

3. Context

The trained observer uses his training and prior knowledge of
the enemy scene and environment to aid in searching for the enemy and
for clues that may lead to the enemy. The clues he may observe and
cues that he may receive f{rom other sensors direct his search to areas
that he is willing to spend more time examining in detail than other
areas within his field of view. Prior estimates (correct or false) of
the enemy's strength and intentions can cause varying amounts of motiva-
tion and alertness in the observer.

6, Knosledge and Training

Action reports indicate that soldiers vho sere raised in the
country are significantly better observers in the jungle and countryside
than are the soldiers who grew up in the city., However. it appears that
this basic difference can be compensated for by thorough training on
target signatures, clues., and search techniques. A thorough understanding
of the possible countersurvellilance techniques the enemy may usce wi1l) be
of help to the ohserver, especlally agsinst disguise and deception.
Stmtlarly. a cammiflaged person’s knowledge of the encmy's sensor systems
and training to defeat them afds in maintaining good camouflage discipline.

12
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7. Motivation

; Very little of an observer's time is actually spent detecting
and recognizing enemy soldiers, Fatigue and boredom are certainly factors
to be considered in an observer's performance. Experiments have been
done to evaluate the effects of artificial rewards and punishments on :
the performance of observers, but no quantitative data are available to
indicate the effect of motivation deriving from battlefield pressures
and the rewards and punishments of lif2 and death., Motivation varies
with time on duty, with the observer's assessment of the likelihood of
finding anything, and the potential consequences if he does or does not. ‘
Thus, if a sufficient light signal for detection and recognition arrives 4
at the observer from the c.mouflaged soldier, the probability of the ob-~ ]
server detecting the soldier is dependent on the observer's motivation
and consequent alertness. Although this is a major area of uncertainty,
very little data exisi to indicate the distribution of the probability ;
of detection as a function of motivation or alertness, !

8. Time

An airborne observer usually constrains the area that he searches
because of the time that any one area is within his line-of-sight. The
width of the area he can cover depends upon the size of the objects for
which he is searching, the amount of clutter, the aircraft speed, and the
cockpit geometry. Because of time constraints he may elect to search a
given wider area less thoroughly, relying on cues and knowledge of the
enemy to make such a decision quickly. For example, he may spend most
of his time searching areas that are immediately adjacent to suspected
enemy lines of communication, while only cursorily looking at the large
areas a short distance away and within his line-of-sight.

The ground observer in an observation post is likely to have
sufficient time to search his area of responsibility in the detail he
feels is adequate to detect soldiers. However, his search process is
likely to vary with time, as is his efficiency. Observers on patrol
and moving will often have to sacrifice searching in sufficient detail
to find enemy soldiers within their line-of-sight. Thus the efficiency
of their search process is likely to be reduced when they are moving
through a cluttered area. On the other hand, movement ana time allow
the patroul to view detected anomalies from different aspects to aid in
the recognition process.

i i i o
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On clear days the shadows change with time. The resulting
change in the form of the shadows gives the aerial observers optimal
times for flight to take advantage of the shadow for both detection and .
recognition. The changing shadow patterns must also be considered
seriously by the soldier employing countersurveillance discipline to
take advantage of shadows of natural objects and to minimize the value
of his own shadow to any observer,
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IV MODELING EFFORTS

A. General

The desire has been to develop a model of the visual process that
would correctly relate the parameters described in Section III to permit
the calculation of the probabilities of detection and recognition of
camouflaged personnel in military situations. It has become increasingly
evident that an adequate cause and effect model cannot be developed at
this time since the theory explaining the relationships among many of
the parameters is not well developed, nor is likely to be in the near
future. Although much of the theory for the physics of light as used in
this application is understood, and applicable data have been generated
and collated, little theory or useful data exist for modeling the effects
of the psychologically oriented parameters., This deficiency is particu-
larly grave because the degree of success of camouflage techniques for
personnel is critically dependent on the human observer's ability to
recognize forms or patterns related to camouflaged personnel and to
synthesize the pieces of data he perceives into intelligence.

Much of the germane research done by psychologists has been aimed
at describing and quantifying the variability of specific parameters
from observer to observer and even with the same observer at different
times. For example, experiments have been performed to determine the pro-
bability distributions on such parameters as:

(1) The minimum light intensity threshold of the eye6

(2) The minimum luminance contrast required {8 recognize
simple shapes on homogeneous backgrounds 17

(3) The minimum differences in color that can be detﬁcted

(4) The minimum detectable motion of a light source.

Most of the experiments have necessarily been tightly constrained to try
to evaluate the variability of the parameter of interest as a function
of another parameter or two. Thus the experiments are sterile insofar
as each attacks only one aspect of the many faceted problem of a soldier
in the field trying to dotect and recognize a camouflaged enemy soldier.

The data and theory thot have resulted from previous research and
modeling efforts indicate that luminenco contrast, color contrast, move-
ment, and form are basic clements in the visual process of detecting

15




and identifying a camouflaged soldier, An attempt was made fo develop . {"
models for the effects of each of these basic elements and their asso-
ciated pertinent parameters, with the intent of then integrating the
resulting models into a single model that would be useful in studying
the visual detection, recognition, and concealment processes for per-
sonnel in various environments.

B. Luminance and Color Contrasts

A model for the determination of the effects of luminance and color
contrasts on target detection was developed and it presented as the
appendix of this report so that it can be used as an independent docu-
ment, The appendix presents theory on color contrasts and luminance
contrasts separately and then combines them to yield a model of their
combined effects on target detection, The appendix constitutes the
main analytical contribution of this research effort to the community's
tools and understanding of the visual process.

C. Movement

The attempts to account realistically for the effects of movement
were frustrating and unsuccessful from the point of view of being able -
to develop a model that combines the factors important to the perception
of motion in a deterministic or probabilistic manner. Neither were
sufficient data identified to permit the development of an empirical model.
The basic reason for not being successful in this effort is probably
the relatively primitive state of knowledge of the perception of motion,
as pointed out earlier. A contributing reason is that the detection of
movement of an object with respect to its background is dependent on a
luminance or color contrast existing, so that basic experiments are
somevhat harder to design.

D, Form Discrimination

Similarly, the primitive state of knowledge about shape, form, or
pattern discrimination precludes the development of a sophisticeted sub-
model for that part of the visual process. Since form discrimination
is the key to the recognition of camouflaged personnel, it is important
that an adequate model be developed. As also indicated earlier, a great
deal of research is being conducted in this basic area for a variety of
applications. However, not enough data have yet been developed about
military target forms in relation to the eavironwment in which such
targets are found. .

16
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It does not appear feasible to develop a cause and effect model
of form discrimination in the near future., To develop an empirical model
for this process, whether or not a human is involved in exercising the
model, an empirical data base to use in classifying targets and target
backgrounds is needed. A method for classifyinqsmilitary targets is
‘presented in an earlier report of this project, but a method of

"classifying backgrounds--or more properly, surrounds of the targets--is
needed.

Although the exact nature and number of the backgro' nd parameters
that affect the visual perception process are not well known, it would
appear that a complete set of such parameters, at a minimum, would
include qualitative and quantitative indices for the following factors:

Nature of the elements within a background

Size distributions of elements within a background

Extent of the background that is viewed bv the observer

Relative mix of elements within the background

Degree of order or disorder of elements, both with

respect to individual form and grouping

® Color and luminance contrasts within the observer's field
of view

® Illumination level

Unfortunately, the present state of knowledge does not permit such
detailed indexing to be performed. The result is that the basic research
efforts to classify backgrounds should be designed around the subjective
abilities in background classification of individuals experienced and
knowledgeable in visual observation.

To develop the basic research data, a group of such individuals
would be required to select a set of representative visual backgrounds
that are of military interest. The visual backgrounds might be pre-
sented in the form of large photographic prints. The group would then
be asked on an individual basis to separate the photographs into a
finite number of sets cf similar scenes and to state the characteristics
of the scenes that governed the selections. 1In this phase of the exper-
iment, care would have to he exerted to ensure that different views of
the same scene were included.

On the basis of an analysis of the group classifications, a pre-
liminary set of characteristics would then be chosen. In this step,
attempts would be made to relate the characteristics defined by the
group to the factors listed previously and to other factors unknown at
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present. When enough characteristics have been defined, sufficient
data will exist for the conduct of the subsequent experiment of placing
one or more targets within such backgrounds and determining the ability
of visual observers to recognize such targets, The second experiment

would be designed to discover the significance and interactions among
the parameters.

Until such experiments fill the present void of data on the charac-
terization of tavrget backgrounds, little can be done to construct
analytical visual models that incorporate the effect of shape, form,
or pattern.

18
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V  CONCLUSIONS AND RECOMMENDATIONS

There is inadequate theory and data to formulate analytic models
for assessing quantitatively the contributions of movement and form on
the process of visual detection and recognition of camouflaged personnel,

Provisions for enhancing the probability of detection to account
for some of the effects of target motion can be incorporated when the
model developed for color and luminance effects is incorporated into
SCREEN, However, the magnitude of the enhancement will have to be
determined on the basis of empirical data that do not yet exist,

It will probably be necessary (and to some extent desirable) to use
human judgment in models that account for form discrimination in suffi-

‘cient detail to recognize camouflaged personnel,

It will also be necessary to use men to perform the intelligence
synthesis function and hence to a large extent the evaluation of decep-
tion techniques.

The model developed to account for the effects of color and luminance
contrasts is of potential use in application areas such as the analysis
of

(1) Uniform colors

(2) Camouflage colors and patterns

(3) The value of visual filter systems

(4) The effect of visual screening systems

(5) The use of colored signal systems

To provide the possibility of modeling the effects of movement
and form discrimination data should be developed on the basis of a
classification system, with empirical daiLa on representative elements
in each category of the classification system, In particular, data
should be generated and used in developing a classification system for
backgrounds in environments likely to be encountered in military con-
flicts. Both Dr. Blackwell of Ohio State University and Dr. Duntley of
Scripps Institute of Oceanography are working on methods of quantifying
an observer's performance of a visual task. Once a classification
system is doveloped, their wethods could perhaps be used to obtain the
empirical inputs needed for a mode] of form discirimination. Note thaut
in both of their approaches a human is used to perform the visual task

snd recognition judgments.
19




RN R

A e P e T

Y

g
gz
g
&
i
k)

e Ao s o w3y S ey e s Sl

i

*FRICEDTIC PAGS BLANK.JOT FILMED®,

1,

10.

LITERATURE CITED

J. R. Payne, "A Classification System, Measures of Effectiveness,
and Model for Countersurveillance (U)," Stanford Research Institute,
Menlo Park, California (not yet published), CONFIDENTIAL,

A, E, laurence, J, R, Payne, "SCREEN-SRI Countersurveillance,
Reconnaissance Effectiveness Evaluation Model (U),”" Stanford
Research Institute, Menlo Park, California (not yet published),
CONFIDENTIAL.,

Conversation with Dr. H., R. Blackwell, Ohio State University,
Institute for Research in Vision,

Conversation with Dr. S. Q. Duntley, Scripps Institute of Ocean-
ography, Visibility Laboratory.

K., 8, Fu, Sequential Methods in Pattern Recognition and Machine
Learning, Academic Press, New York, New York, 1968,

T. N. Cornsweet, Visual Perception, Academic Press, New York,
New York, 1870,

H. R. Blackwell in Proceedings of a Symposium, "Form Discrimination
as Related to Military Problems,” J. W, Wulfeck and J. H. Taylor,

Editors, Pub, 561, National Academy of Sciences, Na’'ional Research

Council, Washington, D, C., 1937.

W. T. Pollock, "The Visibility of a Target as a Function of Its
Speed of Movement,” Journal of Experimental Psychology, Vel. 45,
1953, pp. 119-154.

E. J. ludvigh, "Visual Acuity While One is Viewing a Moving Object.”
Archives of Ophthalmology, Val. 42, 1949, pp. 14-22,

H. W. Leihowitz, "'The Relation between the Rate of Threshold for
the Perception of Movement and Luminance for Various Durations of
Exposure,” Journal of Experimental Psychology, Vol, 49, 1953,
pp. 209-214,

21




| 4
.

11.

12,

13.

14.

15.

16.

17.

18.

- i s s e e e it o S AR 80 it s

F. N. Low, "The Peripheral Motion Acuity of 50 Subjects,” Journal
of Optical Society of America, July 1946, pp. 124-133.

J. W, Miller, "Study of Visual Acuity During the Ocular Pursuit of
Moving Test Objects, II Effects of Direction of Movement, Relative
Movement, and Illumination,” Journal of Optical Society ot America,
Vol. 48, No. 11, November 1958, pp. 803-808,

W, S, Neff, "A Critical Investigation of the Visual Apprehension
of Movement,” The American Journal of Psychology, Vol. XLVIII,
No. 1, January 1936, pp. 1-42.

Conversation with Dr, Leon Williams, Honeywell, Inc., Minneapolis,
Minnesota.

T. E. Stanley, E. C. Hanks, Jr., "Tactical Reconnaissance in the
1972-1977 Time Period,"” Stanford Research Institute, Menlo Park,
California (May 1966) , SECRET.

‘H. R, Blackwell in Vigibility Studies and Some Applications in the

Field of Camouflage, National Defense Research Committee, Washington,
D. C., 1946, '

D. L. MacAdam, "Visual Sensitivities to Color Differences in
Daylight,"” Journal of the Optical Society of America, Vol. 32,
p. 247 (1942) .

J. R. Payne, et al., "A Classification System and Measures of
Effectiveness for Countersurveillance (U)," Stanford Research
Institute, Menlo Park, California, CONFIDENTIAL (1971).

22




L)

R

%1

s

Appendix

A MODEL FOR THE DETERMINATION OF THL EFFECTS
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Appendix

A MODEL FOR THE DETERMINATION OF THE EFFECTS
OF COLOR AND LUMINANCE ON TARGET DETECTION

1. Introduction

The ability of a visual chserver to detect objects at a distance
depends on a number of factors, included anong which are luminance and
color contrast. For many years, technologists active in the area of
visual surveillance and surveillance-system courtermeasures have tended
to avoid the guantitative physical and psychological (psychophysical)
aspects of cistant color discrimination, justifying their actions by
the statcment that color differences tend to disappear rapidly as the
ranges between an observer and sets of objects increase. Despite this
lack of attention to the more fundamental aspects of color discrimination
color research of an empirical nature continues within agencies and
organizations concerned with photography and camouflage. This research
probably could be materially assisted by basic ‘anformation on the impact
of color on the detection prccess. Moreover, there is reason to believe
that, out to 3 few kilometers--ranges that encompass almost the total
ca;ability of a visual observer in typica! tactical environments--color
differences can have significant effects on the detection process.

In Octoder 1970, SRI was requested bv the U,S, Army Mobility Equip-
ment Rusearch and Development Command (USAMERDC), as part of the rescarch
activity under Contract Xo. DACA-76-69-C-0003, to develop a detailed
model for the visual discrimination of camouflaged personnel. In partial
response to that request, designated as Task 6 of the contract, a detailed
visual model iacorporating both color and luminance contrast factors has
been developed,

This Appendix describes the work that was performed and the models

* that were developed., Section 2 summarizes the historical background of

luminance and color discrimination, and discusses the derivations of
color mixture cquations, Quantitative relationships {or the atmospheric
degradation of luminance and color contrast sre developed tn Section 3,
Sectinn 4 summarizes the rosults of some sample computations done w=ith
the models {n Sections 2 and 3. The Appendix ix concluded sith tswo
anpexes: Annex A contains color coordinate and spectral reflectance
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data for selected objects; and Annex B describes methods tur the
determination of atmospheric extinction coefficients,

2, The Characterization of Color and Luminance

a. General

In 1802, Young postulated that human color vision might be
explained by the existence of individual retinal receptors composed
of a number of fibers, each of which was sensitive to a s;ecific color.
To illustrate his hypothesis, he discussed a receptor consisting of 3
three fibers, each of which was sensitive to one of the primary colors, 1
Fifty ycars later, Helmholtz pointed out that it was unnecessary to
postulate three types of fibers, provided that a singie fiber could
transmit three different color messages to the brain., Five years later,
in 1857, J. C. Maxwell provided an experimental foundation for the
trichromatic nature of human color vision by demonstrating that a
monochromatic light could be simiated to a human observer by a com-
bination of two other monochromatic lights and a white light., These
measurements were extremely significant in that they provided a set
of quantitative facts that ultimately permitted the development of
quantitative color scales.

Since Maxwell, much has been learned in the field of human
color vision. The physics and photochemistry of the eye and its com-
ponent parts have been more or less clearly elucidated, and theories
describing the visual mechanisms of the retina and the basic nature of
human psychological]l responses to color have been classified., Most im-
portant, howeve. methads for the quantitative characterization of colar .
in terms of a "standard” human observer have been developed. The exis- ,
tence of these color "metii=s,” as complex and as imperfect as they are
has permitted much to be done in standardizing color snd light sources,
and in determining the effects of vnvironmental factors on human color
vistion,

Below are described some of the relationships that are signi-
ficant in the determination of calor and luminance differen gs among
objects. Thozlethods used éollov the treatments of Graham. Judd
and Wyszecki, and LeGrand. _ . *

[ ]
References for this Appendix arc shown 8t its ond,
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b. The Basic Relationship

1) Monochromatic Radiation

let L., L, and L_ be the luminance of a selected set of
monochromatic light sources S_, , and S , and let L he the luminance
of a white light source, S . By adjustment of luminagce levels, it can
be shown that with respect to a human observer, the color obtained by
the illumination of a perfectly diffusing reflector by two of the mono-
chromatic lights can be matched, both in color and luminance, by the
other monochromatic source and the white light. Mathematically, the
relationship can be written

L.+ L, L, + L , (1)

*

where the symbol = implies both color and luminance match, The wave-~
length of the source, S _, is called the dominant wavelength of the
color mixture S1 + Sz.

The terms in Eq. (1) can be treated as algebraic quanti-
ties, and a generalized expression for monochromatic color mixtures can
be written as:

L +L +L =L . 2)
p q r w
A negative luminance value for a monochromatic source, which has no
physical meaning, implies that the source so represented is the one

that must be mixed with the white light to obtain the desired color
mixture match.

*
It should be noted that a luminance match can exist without a color

3 + = + i :
match, i.e., L1 Lz L3 L4. and vice versa,
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Let a set of light sources be selected su that

% ' L’ +1L’+L =1L . (3)
: p q r w -

Since the choice of wavelengths is somewhat arbitrary, the white refer-
ence source, in theory, can be matched by another set of lights,

L"+L"+ L =1L . (4)
p q A w
2 Subtraction of Eq. (4) from Eq. (3) and rearranging yields the general
law of color mixtures,
L +L +L =1L R (5)
p q r A
where
. =L’ -1L1" . (6)
P P P
and
L. =L’~1L" . (7)
q a q

The law states that with respect to a human observer, any monochromatic
light source can be considered to be the sum of three nther monochromatic
light sources.

2) Multichromatic Radiation

Let a set of three monochromatic sources illuminate a
screen. By Eq. (5), we have, '

L

L]
o
+
-
13
[

17" 7p qQ r

L, =L +L +L \, (8)

Summsing cach column, there obtains

- 1 . 3 ( \
L+ Ly Ly (Lp SRR R PR A O N (R TR MR €
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But by Eq. (5) it is true that

k=l + L =L
p s v a
+ + =
Lq Lt Lw = Lb , (10)
L +L +L =1L
r u x c
and thus,
+ = + +
L1 L2 + L3 = La Lb Lc . (11)

Equation (11) can be generalized and for any set of n monochromatic
lights it can be shown that

1=

= = +
L = Li L + LF L , (12)

where L represents the color and luminance of the mixture of the n
lights, and Sa, SP' and SY are some selected set of monochromatic sources,

3) The Primary Sources

In the development of Eq. (5) it was stated that § could
be replaced by S. and a match could be obtained by a suitable adjﬁstment
of the luminance’levels of the other two sources, S and S . This state-
ment is true only if none of the individual sources? S , Sq, or S can
be matched by a combination of the other two., Thus, tRe salectioﬁ of the
reference light system is arbitrary, subject to the constraint listed,
and any light source can be matched by a proper selection of the lumi-
nance levels of the three monochromatic reference sources. The reference
sources so selected are referred to as primaries,’

4) Changes in Primaries

Equation (12) can be represented as 8 vector equation of
the following form:
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= = *
X=Xy xpd, v x dy Z"kik ' (13)

where x represents the luminance and color of the source, i, is a unit
luminance along the kth primary color'axis, and x) i, is the luminance
level of the kP primary, Define a new set of primaries for which the
unit luminunce along each of the new color axes is:

ii=ap 3, v 91 a5,

! = +
dp =45 3y tay, 1, oy, 150,

= +
i3 =95, 1) *ag; 1y *+ 955 iy
or
3
’ - -
_1k >, 9, 3r , (=1, 2, 3) . (14)
r=1

in terms of the o0ld color axes. In the new primary system, the color
vector X becomes

- ’ ’ ’ ’ +
X=xp 1) x 3, 4 x5 1,
3
o (15)
x= ) xo i
k=1

»
Since the discussion that {cllows deals primarily with both color and
luminance, the symbol = has heen dropped for simplicity in favor of

the equal sign. Where only luminance is indicated, specific statements

will be made in the iext.
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Substituting Eq. (14) into (15), there obtains

3 3
= ) /
x E }_ xk qkr -1-1‘ (16)
k=1 r=1
3 3
= ¥ ’
S B FR an)
r=1 k=1
so that
3
_ ’
x. ) Y% X, . (18)
k=1

Thus, the relationship between the coefficient in each primary system
may be determined from the vector equation

T

xX=Q x (19)
95 92 93
Q =
92 92 932 (20)

93 923 9433
and Q is the coefficient matrix of Eq. (14)
N1 Y2 Y3

Q = {921 922 %23 (21)

93y %32 Y3

Since the unit vectors of the new primaries arc linesrly
independent (i.e., one primary {s not o mixture of the other two, an




inverse matrix, (QT)-I, exists and

X' = (Q"')’l x . (22)

By these arguments, it can be seen that the specification
of color and luminance of a color mix can be made in terms of sets of
three linearly independent monochromatic primaries, all of which can be
related to one another.

It can also be shown by a sequential application of
Eq. (13) that the primaries need not be monochromatic. 1In such
instances, as in the monochromatic case, a negative primary luminance
coefficient identifies the source that is mixed with the white source,
However, in the multichromatic case, the negative luminance value can
also imply a requirement for filtering.

c. Tristimulus Value and Chromaticity Coordinates

1) Tristimulus Value

*
Let P; be the radiant flux from a source, Si'
Accordingly, the luminous flux, Fy, is given by

F. =K V. P, ’ (23)

where
V1 = Ki/km = relative luminous efficiency of Si,
l(1 = luminous efficiency of Si' and
Km = maximum luminous efficiency (680 lumens/watt).

In colorimetry, it is often convenient to use units of
different magnitudes for different primaries, Thus, let a tristimulus
value he defined as: I

pi
C, = = . (2%)

i ¢

-

»
See Annex A for unit definitions (in Tables A-13 to A-1D).
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where e, 1s the unit of radiant flux for the source. Substituting back
into Eq. (23), the tristimulus value becomes:

Fi
C, =5 (25)
{ li
{ where li is the luminous unit of the source and is equal to
li = Km vi e1 . (26)

e
L TR

2) Relation between Tristimulus Value and Luminous Flux

The luminous flux, F , of any source, S, can be expressed
as the sum of the luminous fluxes o? the primary components that match
the luminance and color of the source, i.e.,

F o=F +F, +F,

and (27)
C1 + C2 + C

a
1]

3 ’

and C_ are

P where F_, F_, and F_ are the luminous fluxes and C_, C 3

’
the tristimulus values of the primaries, It follo%s tﬁat

P Fs =01 Gy v I Gt 130 . (28)

It should be noted that thesc relationships are developed in terms of
a human observer., Thus, a color and luminance match does not imply an

. + .
equality of e, Cl e2 C2 + e3 C3 with the radiant flux of the source.

3) Chromaticity Coordinates

In many problems, only the color variasbles are of
interest and only reclative values of the tristimulus values are
required. To treat such problems, the term chromaticity coordinate
has been defined as:

(2]

C .
c. = A 2=t
’ +

i C‘ + C2 C3 Cs

(29)

A A

J ' . ' a 44
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where

ey t e, tey = 1 . (30)
and
Fs 4
y5=-é—;=glcl+pzcz+ 3C3 . (31)

The term fs is called the trichromatic unit of the source, S, and is a
function only of the color of the source,

It follows from the definition of the chrometicity
coordinate that a two-dimensional grid system, with two of the coordi~-
nates comprising the axes, could provide a geometrical representation
for a color system, Figure 1 illustrates a chromaticity diagram
developed by Wright in 1929, based on a monochromatic red-green-blue
primary system in which the units of the red and blue primaries are
chosen so that equal tristimulus values of each with a small negative
blue component produce visual stimulation equivalent to yellow radiation
of wavelength 582 m,, and equal tristimulus values of the blue and green
primaries with appreciable negative red components produce visual stimula-
tion equivalent to 494 mi. The curve on the figure, called the spectrum
locus encompasses all of the visible wavelengths. The equienergy source

depicted is a source that emits equal energies at all wavelengths.

As can be seen from the diagrar, Wright's system required
that certain colors below 530 my and above 650 my; be defined in terms
of negstive chromaticity coordinates, a situstion that was unsatisfactory
to the workers at that time. There is also some difficulty in defining
the source colors and primaries in an unambiguous manner,

4) The Distribution Coefficients

To make color comparisons, it is sometimes necessary to
compute tristimulus values from source energy distribution curves,
Consider a source, S, and the radiation from that sourcc in a finite
waveband A),. The radiant flux from the source in the waveband is
El AXJ- Since the tristimulus values are additive, this energy flux

corresponds to a tristimulus valuce of ACX for the waveband, By

definition, the chromaticity coordinates of the waveband are

4

o - 4
Liil‘ &c1 . (32)

KR
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Similarly, for the total emission from the source, we have

-

aC , (33)

AC = c
ikj taxj XJ

a
i
w1

3

where the summation is done over all wavelengths in the source, the
luminous flux corresponding to the radiant flux is

) (34)

and if lk is the luminous unit for wavelength ), then

F X v E
A ' n Aj xj AXJ
AC. = = (35)
J A, 21

C, = Kn ! : (36)

Y
- i, 2.
::-—J—--J (37)
15xi £
) K
Substituting Eq. (37) into (36) viclds
(t z hm “ix, }‘1 LT . (3n8)

a relationship that permits the relatively simple computation of tristie-
mulus volucs and chromaticity coordinates fram wabile: of source distri-
bution cocfficients and radiant encrgy dastributions. From Eqs, (3K)
and (31), it can be teen that

a6
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3
v. = Y ‘1.‘.’ , (39)

and

(40)
1 B

d. The XYZ System

*
In 1931, the CIE proposed that the XYZ primary system be
adopted as an international refercnce system, The system is based on

the use of a set of hypothetical primaries with the following charecter-
istics:

(1) The points representing the primaries X and Z
were assumcd to have no luminance characteristics,
permitting the total luminous flux of the color
to be represented by the value of the Y primery,
the luminous unit of which was chosen arbitrarily
to be unity.

(2) The sides XZ and YZ of the triangle formed by the
primaries are tangent to the spectrum locus, thus
ensuring positive values for all chrometicity
coordinates,

{3) An equienergy source is cquidistant from both the
XZ and YZ axes,

From the characteristics of the primaries, i,c.,

(41)

*
Comntission Internationale de 1'Eclairage.
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and Eq. (37), distribution coefficients in the XYZ system become

2 mid , ; =V , 7 s — . (42)
A kj 3 y

Curves of the distribution coefficients for the visible wavelengths in
the XYZ system are shown in Figure 2, and the spectrum locus for the
visible wavelengths is shown in Figure 3. Numerical values for the
distribution coefficients of the visible wavelengths of selected souices
are given in Annex A,

e, The Determination of Tristimulus and Coordinate Values
in the XYZ System

In the XYZ system, the tristimulus values of any source,

S, are:
X = ; A
] Kln R -.)\ L‘)‘]
} B
VoE K oy By \ (13)
o (
R
2 =K 2. E. AY.
s m A, % J
B
! /

where Y, is equal to the lumipance of the source,  Thus, the trict . ulus
values and chromaticity coordinates can be compared directiyv tron abses
fute radiant energy data, Houwever, in most instsnces, publi<hed radiant
energy data are relative, Thux, it is necessary toe convert kg, (13)
into a form that «i1} handle relative energy distrobution values t-
computer chromatiecity coordinates,

All radiant caergy distribution tables are of a form such that

£ LI
X t 5 $
-—.;:——— —-J———-—— » (313
T ) ‘%
K L]
¥
?
mn

e s b
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where Rp is the total emitted radiation of the source, Wx_, AxJ, is the

table entry for the wavelength interval ij, and T Wl ij is the sum of

all table entries, Substituting Eq. {44) into (43), ;earranging, and

dividing by K L]
B by K, TW, )

/RT. there is obtained a set of relative tristi-
J

3

mulus values

X'= S % W A
s )‘J )‘J h}
J
v/ = Sy W 45
s y)\ A m‘J (45)
3 J 73

which can be used to compute chromaticity coordinates and compare unit
luminosities., Values of W for Standard illuminants A and C are
summarized in Table A-5 of J Annex A.

f. Detectable Chromaticity Differences

Studies of detectable differences in chromaticity have been
made by MacAdam,“"6 Brown, 7 and others.8 Of these efforts, the most
significant is the work of MacAdam6 in which he conpared the ability of
visual observers to detect chromaticity differences for 3' and 4.2° fields
of view, Figure 4 summarizes the result of his studies, For the smaller
fields of view, which correspond to a man at a range of approximately 2
kilometers from an observer, colors having chromaticity-coordinate dif-
ferences of the order of 10-2 units are differentiable by the average
observer; for larger fields of view, differentiable differences are of
the order of 1073 chromaticity coordinate units,

It is interesting that the apparent color of an object is a
function of the field of view subtended by the object at the observer's
position, Middleton quotes Wright, who found that by the time a field
has been reduced to 15' of arc, the mixture data (chromaticity coordinates)
had changed markedly from the actual color mixture data.? Middleton and
Holms1O showed that when observers identified colored test patches sub-
tending ficlds of view of 2' of arc, the coordinates ot the patches
called by the observers were offset from the actual values, with the

1
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yellow, green, and yellow-greens being called more blue than they ac-
tually were; the blues, violets, and crimsons being called less blue
than they were; and the reds, oranges, and blue-greens being called
essentially the same as the actual colors. In general, the color-mixture
data called by the observers for the small patches were offset from the
actual coordinates along a line roughly parallel to the y coordinate axis
toward a line intersecting the monochromatic locus at approximately 490
and 600 mu, 1In all instances, the change in color was dependent on

the observer and varied significantly with specific individuals. However,
despite these apparent changes in color data with object size, the
observers maintained an ability to detect relatively small chromatic
differences.

3. The Color and Luminance of Distant Objects

a. General

The apparent luminance of an object in a specific wavelength
irterval at a distance is determined by two concurrent processes: light
emanating from the object is attenuated by scattering and absorption in
the atmosphere over the »ath distance, and atmospheric or "air light”
is scattered into the line of sight of the observer {rom other regions
of the atmosphere all along the path of sight. The sum of radiation
striking the observer's retina determines the apparent luminance of the
object at the observer's position.

The atmosphere can be regarded as 2 material that diffiuses
ligiit and is illuminated throughout by natural sources, such as the
sun or moon, Many models have_been developed concerned with the reduct ina
of luminance by the atmosphere and the detection of military targets. '
However, only limited treatments have been g&vcn to the effect of the
atmnsphere on the c¢olors of distani objects, Described below are some
of the effects the atmosphere has on color and luminance.

b. The Reduction of Luminance by the Atmosphere

With reference to Figure 5, let an extended source at 0
having a luminance, LK(O)' in the wavelength interval, AA, in the
direction, 3, bhe observed by an observer at P. The path of sight, OP,
can be divided into a large n mber of infinitesimally small slabs of -
atmospherc, whose faces are 1 rmal to the line of sight. At a distance, ;
r. from the source, the luminance, Lx(r). is diminished by scattering i
and absorption i{n passing through thickness, dr, the magnitude of the

43
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change being proportional to the luminous flux, At the same time,

the flux s augmented in the lamina of atmosphere by air light, 3 (r),
and by backscattering from the flux, s, moving in the direction toward
the source. The total change in flux becomes

dL)(r)

o = :K(r) Lk(r) + ll(r) + bk(r)sx . (48)

where 8 (r) is the atmispheric extinction coefficient {see Annex B),
and hk(r $ 1s the backscattered energy from the flux,
A

The term £ (r) is a function ¢f the luminous density of the atmos-
phere, and the ﬁackscattering trom the flux, h)(r)s}, makes a negligible
contribution to the luminous aensity of the lamina. except fnr backscat-
tered energy arising from objects that are very much brighter than the
air light. Accordingly, the sum £ (r) + b _(r)s can be replaced by
yh(r)qk(r), where 7)(r) is the sca{tcring coetticient und q)(r) is the
luminous density of the atmosphere. Substituting into Eq. (46),
there results

dlL . ( l')
A

- 2 AL (r) + . (r)q (1) . (47)
dr * » ’ 3

For a homogeneous atmosphere that is uniformly illuminated.
3(r)., v (r)y, and q (r) are constant, and the integrated form of the
) A A
equation over the distance R becomes

L](R) de(r) R
-z i , 4
-8 (ML (r) + a, ar (48)
5 » )
L. (0) ‘ ” o
which vields
”.;AR ‘E;R v)q)‘
L (R) =1 (0) e « 1 - e —_— (49)
. 3 o




(3 )

At large values of R, the equation reduces approximately to

YAQA

2
A

L)(R) = = L'(m) , (50)

*
where LA(m) is the luminance of the attenuating atmosphere, Equation
(49) then bezcomes
-3 R / —EAR
LR = L(O) e © - [1-e¢ L, (m) . (1)

\

[N Luminance and Color Contrast

1) Luminance Contrast

Let L. (R) and L:(R) bue the apparent luminance ol an object
and 1ts background at range R, und let L)(O) and L'(0) bLe the inherent
3
contrast of the object and its background at range O, Detine the n-

herent contrast of the object against its background as

z : [x.‘ () - L' ()
) - '

}

c(ny ()
. '
5 )
] Ri
and the apbarent contrast at range Roas
z : LR - L' (n)]
3 ) '
: (33)

iz

~

1

~r

1
-
>
-
=
ot

-

*For most situations, the luminance of the attenuating atmosphere s
the luminance of the horizon sky., However, in somc military situations,
L. smoke xopeens, and ugder owhittons ol Lo qndv-xa:. the opse
grneral term "attenuating atuosphere 3. applioable,”
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Substituting Eqs. (51) and (52) into (53), there obtains

-B.}\ (R)

' h|
ZL)\ 0) e

cr) = c(o) | -L—2 , (54)

ZL.’ (R)
wd A

J J

which 18 a ygeneral law for the reduction of contrast by an attenuating
atmosphere., When the background is the horizon and the atwmosphere is
uniform, we have

and

CMR) = CO) ¢« ) X (55)

2) The Ideal White Surtiace

For many situations, the incorporation of the contrast of
a white surlface against its background permits a major reduction of
computational c¢ffort. Acceordingly., consider a perfectly diffusing
and reflecting white surtface, Define the inherent contrast of the white
surface against tts atmospheric background at wavelength 2 as

L7(W) - L. (m)
) [\

c. ) (56)

1., (m)
3

whe e L (W) is the snherent luminance of the white surface. Defining

L, (0)
5, n . (7
Li(w)

17




and summing over all wavelength lLands, Eq. (51) becomes

-5 R -8
Iy A
LT=ZL)\(R)=Z a)\ CX(W)*IL)(m)e ) +L>(m)l-e J
KRN 3 b I 3 3
. where is the toial luminance of the body at the obscrver's positinn,
M For nonself-luminance bodies illuminated by some source, ¥ is e¢gual
to the spectral reflectance, )

3) Chromaticity Coordinates und Kkange

Combining Eys. (57) and (51) vields

.’r)Li(\\') - R

L‘(R) = L/(m) 1 -m— -1]e . (59)

The quantity in the parentheses can be written in the form

’I'IA‘ (“) - LR(H)

!“\(r) (61)

which, upon adding and subtracting a L (m) 1n the steegator,  beooms
I

3L - L) AL W) - s LR AL ) 1 ()
L (m : L (m L Lw)
_’(-.(u) L . {=1)

Substituting bick into Eqg. (39) vie jddn

LW L. . ( C ooy . - x) “ . TS
. » » . » 4

(58)
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But

L(m) =K V E 2\ , (63)
A m A A

where E; LA ts the spectral radiation of the air light. Thus, the
fuminance of the object at range R 1s

L) =K V E 2 |1+ (aC,(h’) v - 1)« A . (64
’ m A A \ 3 A A ’

From Eq, (13), the lum:inance ot the object 1n terms of chromaticity
coordinate, ¥, is K ¥ E ‘4. Remembering that y = \"f we have
i s ’ A d

-§n
K v E ‘~-K v E |- (nc_(u) vy - 1)" 1L e
m moor noA ,
and
. -t R
R M I ‘-),c W - 2 - 1) ¢ X (66)

suhstituting 1n Eq. (33) and using the same methads that were used to
develop Eg. {13) 0 the relative traistimulus values bevome

- R
xS _Zw’_ i e € ) - 5 - 1) e "; .
1 H H ¥ ¥ ‘! ’3
-5
E 4
¥ Zu " v, TN N ) BT K ! e (67)
. R vy ! 1
-5 R
1.’«‘23.';,. 1 - :-( v} < 4 1 I ! L
[ o “ '

shore B ooy 15 the pelaive onergy distribution of the atwospheric
* 1

L . .
light fa savelength band ‘ For an ;aeal ashite syviace 3t can be
Ansumed that i

b e FLI I
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C,®=c M=cw
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and the equations for the relative tristimulus values can be written

-5 R
f *
' o= ) 3 .
x' = " X ‘1 + CMW) + » =-1})e n_Aj
3 3 ) j 3 ‘
A -= R
v’ - E wF e e a ca)e =
3 vl L) 3 '
r ‘:A R
z’_i 27 ho s cowy - 2 -1}e
3 1 gt 1 ) '

IHluminant € 1n Table A-5 o Annex A resembies aty light
ol 4 bright ovoercast du
directly trom By, (vim),

(un)

The chromaticity coordinates can be computed

d, The Probabtlity of Dotecting a Color and laminance Intference

Lo tween Two Objeets

Lot 8 AK) and b (R) ¢ the probabilitics of deteeting a
C i
chromatic and luminance contrast dirfierence betwioen two objects at

range R, The probability of detecting cither o coaromatic or luminunoe

Gitference betseen the obrect= 0t ranpe B og-

PARY P (R - P (R - (R)
i ‘ ! i

shere 1 () o5 the probuliility of deferting both o chromat e and
L}
luminanc» contras? spltane sis v, Since hr"ﬁ‘

it
tndepoendent o fuminamee Contras T gt ferrnces wi

By e

Py o { . (m] .
2 4 €

.

2

it ference - yr

(+:44)

K1

(3413

P (R)
L4

P AR)

r F AR) [ P cl}}
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The determination ot P (R) is made possible by the work of
MacAdams , If it is assumed tha% MacAdams' color ellipses can be
approximated by circles, the value of PC(R) can be determined from

=1.0:d 20,02, $<15'; d 20,002, ¢>15'

P (R) , (72)
¢ :+d <0,02, $<15'; d <0,002, &> 15"

[}
(o=}

where

2 2 }
d = [xz(R) - xl(R)] + [yz(R) - yl(R)] (73)

¢ = angle subtended by the smallest object at range R, and
x (R), y (R) = chromatic coordinates of the i  object at range R.
i i

The detection of luminapce contrast is somewhat more involved.
Blackwell and his coworkers have shown that changing the stimulus
contrast by a factor of four corresponds to a change in probability of
detecting a luminous contrast difference from 10 to 95 percent.

This experimental finding permits the probability of detecting
a luminance contrast ditference to be determined, if the detection
probability is known at one value of stimulus contrast. The result
of Blackwell's research is shown in Figure 6, in which the detection
probability is plotted as a function of relative contrast, i.e,, the
ratio of the stimulus contrast to the contrast at the 30-percent detection
level. The results of tests to determine threshold (50-percent detection
level) contrasts for circular stimuli of various sizes and background
luminance relations are shown in Figure A-1 of Annex A, Although the
values shown in that figure were determined for stimulus arcas brighter
than the background, subsequent expecriments showed that they were also
valid for stimulus arcas darker than the background, except for large
arcas at low luminance levels, for which the values shown are 20 percent
too high. The dashed portion of Lhe curves are cxtrapnigtcd values for
situatjons normally encountered in mtlitary operations, Also shown
in Annex A are the angular subtenses of selected military targets
(Figure A-2) and the luminance Jovels of the sKky under various cloud
conditions and times of day (Table A-6) .,
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1, Sample Computations

The computation of chromatic and luminance contrasts and the re-
sulting probabilities of detection follow directly from an application
of the relationships that have been developed. The use of these equations
is illustrated below.

2, The Computational Model

1) The Color Equations

a) Tristimulus Values

The tristimulus values are given by:

-3 R
’
X = E W% (1+Qe 7 lan
od ) ) Jj J
JoJ
-2 R
- 5 ]
Y = 2 w5 l1+qe I |m (74)
. )\. )". .j E J
b3 3
-2 R
. A
Z = E Wz 1+Qe J AN
d A J J
R BN
where
Q=19 CW) + » -1 (75)
. )\ A
T 3

Values of W\ \&3 are obtained from tablex of spectral cnergy distributions

(Table »\-5).J:md values for 3;\ . :\:X , and Z_  arc obtajned from tables

Ly

of 11lainant distribution coﬂfftcfcnts (Tn%lcs A-2, A-=3, and A-4),
For nonseli-lumjinous badies, values for 3, are abtained {rom spectral
reflectance tables (Tables A=7 through A-12). For sclf-luminous bodies,
the values of 3‘ must be determined {rom the ratio of the luminance of
the body to that of a perfectly white diffusing rurface, The value of
C(X) must be extimatoed.
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The values for the atmospheric attenuation coefficient, 8,
can be determined in two ways. For situations in which the meteorolog-
ical visibility, V_, is known, i.e., the range at which the contrast of
a black hody against the horizon is 0.02, the value of B is given by

i
]

. (76)

For situations in which the meteorological visibility is not known, the
attenuation is given by

3w
g = — {homogeneous aerosols) (77)
m dp
or
... 3w i -
o= — - (heterogeneous aerosols) (78)
moe T4

where W and p are the weight concentration and density of the aerosol
material, d is the di ter of the homogeneous aerosol particle, d 1is
the diameter of the 1 particle in the heterogeneous aerosol, and!w
is the weight fraction of the particle having a diamgter of d .

- e - i

b) Chromaticity Loordinates

The chromaticity coordinates arc computed directly from
the tristimilus values

X = X
X + ¥+ 2

¥y = ¥ Y . {(79)
X+ Y27

2=z 1 = (x+¥)

kT ]
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2) Luminance and Chromatic Contrast

a) Luminance Contrast

The relative luminances of an object, 1, and its
background, j, are equal to the Y tristimulus values, Thus, for object
i against background j, the inherent contrast is

Y (0) - Y)(O)
Y (0
3 )

c (0) = , (R = 0) . (80)
ij

For object i against the horizon, we have

Y (0)

1
C (0) =
t .,
vy,
AR RSN |

-,(R =0 . (81)

For contrast at a range R from the observer, the contrast equations

become
(Y (n)
Cij(R) = c (o) Y (R)) , (82)
and
c.® :c o R . (83)
1

1) Chromatic Contrast

The chromitic contrast between tao bodies, | and ),
is defined as the absolute difference hetween the chromaticity coordi-
nates of the bodies. Thus, the chromaticity contragt 1% given by

i
2 -
. -x Y oy -y i N
Py [(“t ‘j) (’t ‘j) J | (uh)




3) gﬁobabilities of Detection

a) fuminance Contrast

The probability of detecting a luminance contrast
between an object and a background is a function of the angle subtended
by the object, and the luminance level of the environment. The angle
subtended by the object is determined from the range and longest division
of the body (Figure A-2). The liminal (threshold) contrast value for a
50-percent detection probability is then determined {rom relationships
among liminal contrast, stimulus angle, and adaptation brightness values
(Figure A-1). The probability of detecting a luminance difference, Pi,
between the body and jts background is then determined from the ratio
of the computed contrast to the liminal contrast for that size body
(Figure 6).

b) Chromatic Contrast

Owing to the limited experimental data that are
available, the probabilitics of detecting a chromatic difference between

an object and its background must be treated as a step function,
Accordingly,the probabilities can be determined {rom

1.0: b =>0.02,¢ 15
D 20.002, ¢d> 15
PR = . (85
c 3)
0: b 0,02 &3

D < 0,002, 4> 15

»
shered is the angle subtended by the object at range R,

v) Prabability of Detecting an Object

The prabability of detecting an object §s given by
P (R) = I (R) « i (R) (l - P (R)) . (n5)
d c i \ IS

R




4) Chromatic Combination

When the color pattern making up an object's surface is
too small to be resolved by the human eye, the color observed by a hurar
observer will appear as a weighted mix of the colors comprising the
pattern. For equal pattern areas of two colors, the chromaticity coordi-
nates of the resulting mix can be determined from

X + X H
X = 1 J \ §
Titj X +X +Y +Y +7Z +2 g
i J 1 J i J
Y +Y .
- i J
Yiey X + X + Y +Y +2 +2 ? (87)
i h] i J i 3

z 1 ~-fx +
i+ ( i+ yi+j)

The probabilitics of detecting such an ohject against its background can
be determined from the previous equations using the combined values of
the tristimilus values and coordinates for the object.

b. Sample Computations

1) Example Cascs

A number of sample computations were made to illustrate
the use of the model. All calculations wcﬁc made assgming clear, bright,
daylight conditions (Type C Illuminant, 10 candles/m ), a contrast,
C{(w), of a white surface against the horizon of 0.5, and spectral flec-
tivities as defined in Air Force Avionics Laboratory computations,

The specific spectral reflectivity data used arc summarized in Tables
A-7 through A-12 in Annex A. Computations were done for the following
targets and backgrounds:

Target (man) Background
Fatiguc uniform Mcadow in bloom
Fatiguc uniform Fresh snow
Olive drab uniform Fresh snow
Fatigue uniform Men in olive drab uniforms

International orange clothes Meadow in bloom

* :
In cases where the background of the object is another obJec1,¢ is the

angle subtended by the smallest object.

"=
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All computations were made using the total visible wave-
bard (380 mu - 780 my). Two additional computations were made assuming
an observer using filters: the first was made for the man in fatigue
uniform against a meadow background using a filter that limited ob-
servable radiation to the region of 500-600 my; the second was made for
a wan in international orange cluthes against a meadow background using
a filter that limited observable radiation to the region of 600-70" mu.

The results of the cumputations are shown in Figures 7
through 13 for meteorological visibilities of 5 kilometers and in Figure
14 for one case at a meteorological visibility of 18 Kilometers. It is
interesting that with the exception of the man in fatigues against a
meadow background, color diiterences werce evident in all cases, In this
one case, color differences become significant as the meteorological
visibility increased.

It is also interesting to note the cifects of the filtered
versus the unfiltered views., In the case of the man in fatigues against

the meadow background (Figures 7 and 12), the use of filters cnhances

the color difierences but not the probability of detecting a chromatic

or luminance difference. However, in the case of the man in international
orange against a mcadow (Figures 11 and 13), the [ilters degrade the
chromatic differences but enhance the overall probability of detecting

2 chromatic or luminance contrast,

One of the most surprising results of the computations was
the slight differences in detectivity between the man in fatigues and the
san in olive drab uniform. Figures B and 9 -~Low the chromatic range and
probabilitics of detection of these targets against [resh snow back-
grounds. Yhen the man 1n fatigues is viewed against a background of
oltve drad uniforms, the results are those shosn 1n Figure 10, Thus.
it can be concluded that under the visibility condations specificd.
small differences in uniform coalor appes. to produce small but signi-
{icant changcs in detectability,

The apparent change in clomaticity coordinates Jor the
various targeis and backgrounds arc shosn in Fieure 15, Inoluded
that figure ix the color resulving frvnm _lv X of an taternstional
nrange target and a oeadov backpround.  Range marks for 0, 1 and 0 ke
have boen rdded,
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5. Limitations and Potential Applications of the Model

a, Model Limitations

The model that has been developed is designed for use in the
analytical rather than the military planning process, and is based on
relatively limited empiricdl data. Accordingly, any particularly
intefesting and potentially usable results obtained from the application
of the model will require some form of field test evaluatioms, Since
the chromatic treatment stems from theoretical work concerned with color

matching, hue, and saturation, some caution must be exercised in appli~-
cation.

One of the most significani limitations of the model is
concerned with the range over which the model is used. Since the model
is designed to estimate the capabilities of human observers over shart
ranges in atmospheres containing relatively large diameter scatterers,
only Mie scattering has been treated. No attenpt is made to treat the
scattering of radiation of wavelengths of the same order or larger -nan
the scattering particle diameter (Rayleigh scattering), nor is any

treatment of absorption of radiation by the attenuating atmosphLore
included. Most important, the mocel treats only homogenecus scattering
atmospheres. Accordingly. the use of the model should be restricted to
ranges up to 3-5 kilometers. ranges that encompass most of the capability
of a visual observer searching for individual soldiers and small vehicles,

b, Potential Applications

The model appears to provide a mechanism for the detcrmination
of chromatic and luminance differences betwcen a target and :ts back-
ground over portions or all of the visible spectrum. It also has the
capability to produce information on colors resulting from the mixing
of two or mourc different colors,

These capabilities imply a potential utility for the molel in
a4 number of activitics ranging from target detection to the examination
of visual countcrmeasure systems such as smoke scveening. Specifically,
some of the potential applications are:

(1)  Turget Detection. The determination of chromstic
and/or lumiionce differencos betwcen a target and
1ts background,




[ a——

(2) Analysis of Field Uniform Colors. The determina-
tion of the field uniform color(s) that pruvide
the greatest potential for concealmeny within a
specific combat environment,

(3) Camouf lage Patterns and Colors., The analysis of
camouflage colors and patterns {or determining
the implication of pattern size and colers (both
itndividually and as mixes) on object detectability
within the environment and as a function of range.

(4) Visual Filtering Systems., The analysis of
filtering systems that might aid visual ob-
servers in the detection of targets of mili-
tary interest, an application of potential
use in counter-countersurveillance,

(3) Visual Screening Studizs, In conjunction
with filter-system studies, the model offers
the capability to examine methods of con-
tending with visual screening syvstems such as
smoke systems,

(6) S5ignal System Studies. The use of colored
signal flags and colored distress and rescue
signals in combat environments is widespread,
The model offers the capability for the analysis
and determination of the colors of such devices
that provide the highest probabilities of being
seen within a specific environment,

The extension of scattering models to atmospheres containing varving
concentrations of scotterers, although resulting in a somewhat more
complox 850t of eqiuations Lran be acvemplished by relatively simple
algebraic manipulations. It was not belicved that this additional
detarl would add Lo the model utility, since the ringes over shich a
visual observer can see an individual soldier are vsually short enough
to be considorod ax containing a homogencous atmospheic,
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Annex A

TABLES OF DISTRIBUTION COEFFICIENTS AND CRROMATICITY COORDINATES,
RADIANT ENISSLON DATA FOR SELECTED SOURCES, AND PHOTOMETRIC TERMINOLOGY
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Table A-1

CHROMATICITY COORDINATES--VISIBLE WAVELENGTHS®

A X y z A X y z
:

380 | 0.1741 |0.0050 |0.8209 545 | 0.2658 | 0,7243 | 0,0099 :

385 | 0.17398 | 0,00495 | 0.82107 550 | 0.3016 | 0.6923 | 0,0061

390 [ 0.1738 | 0.0049 |0.8213 555 | 0.3373 | 0.6589 | 0,0038

395 | 0.17358 | 0,00484 | 0.82158 560 [ 0.3731 | 0.62448 | 0,00242

400 | 0.1733 | 0.0048 | 0.8219 565 | 0.4078 | 0.58968 | 0,00162
, 405 | 0.17299 { 0.00478 | 0.82223 570 | 0.4441 | 0,55470 | 0.00120

410 {0.1726 | 0.0048 | 0.8226 575 | 0.4788 | 0,52022 | 0.00098

415 {0.1721 ] 0.0048 |0.8231 580 | 0.5125 | 0,48664 | 0.00086

420 | 0.1714 |0.0051 | 0.8235 585 [ 0.5448 | 0.45445 | 0,00075 ?

425 | 0.1703 [ 0.0058 | 0.8239 590 [ 0.5752 | 0.42415 | 9.00065

430 | 0.1689 | 0.0069 | 0.8242 595 [ 0,6029 | 0.39655 [ 0.00055

435 | 0.1669 | 0.0086 | 0.8245 600 |{ 0.6270 | 0.37255 | 0.00045

440 | 0.1644 | 0.0109 |0.8247 605 | 0,6482 | 0.35145 | 0.00035

445 | 0.1611 |0.0138 | 0.8251 610 | 0.6658 | 0.33395 | 0.00025

450 {0.1566 [0,0177 | 0.8257 6151 0.6801 | 0.31970 { 0.00020

455 [ 0.1510 | 0.0227 | 0.8263 620 ] 0.6915 | 0.30834 | 0.00016

460 | 0.1440 | 0.0297 |0.8263 625 ] 0.7006 | 0.29927 | 0,00013

465 | 0.1355 | 0.0399 [ 0.8246 630 | 0.7079 | 0,29200 | 0.00010

470 | 0.1241 |0.0578 |0.8181 635 | 0.7140 | 0,28593 | 0.00007

475 1 0.1096 |0.0868 | 0.8306 640 | 0.7190 | 0.28095 | 0,00005

480 | 0.0913 |0.1327 | 0.7760 645 | 0.7230 | 0.27697 | 0.00003

485 | 0.0687 |0.2007 |0.7366 650 | 0.7260 | 0.27399 | 0,00001

490 | 0.0451 |0.2950 [0.6596 655 | 0.7283 | 0.2717

495 | 0.0235 |0.4127 10.5628 660 | 0.7300 | 0,2700

500 | 0.0082 |0.5384 |0.4534 665 0.7311 | 0,2689

505 | 0.0039 |0.6548 |0.3413 670 | 0.7320 | 0,2680

510 |0,0139 |0.7502 |0,2359 675 | 0.7327 | 0.2673

515 |0.0389 |0.8120 [0.1491 680 | 0.7334 | 0.2666

520 {0,0743 |0.8338 |0.0919 685 | 0,73397 | 0,26603

525 [0.1142 | 0.8262 {0,0596 690 | 0.7344 | 0.2656

530 [0.1547 | 0.8059 |0,0394 695 | 0.73461 | 0,26539

535 |0.1929 |0.7818 |0.0255 700 [ 0.73167 | 0,26333

540 | 0.2296 |0.7343 }0.0161 780 | 0,73467 | 0.26533
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DISTRIBUTION COEFFICIENTS OF THE EQUAL ENERGY SPECTRUM'

Table A-2

e x ¥y 7 /o % y Z

380 ] 0,00139 ] 0,00004 | 0,0066 580 0.9162 0.8700 ,001541
385 | 0,00226 )| 0.00006 | 0,0107 585 0.,9785 0.8163 0.00135
390 | 0.00426 | 0.060012 | 0,0201 590 1.0266 ¢.7570 0.00116
3951 0.0U0771 | 0.00022 | 0,0365 395 1.0566 0.6949 0.00096
400 | 0.0144 0, 00040 | 0,0685 600 1.0620 0.6310 0.00076
405 | 0.0233 0,00064 | 00,1105 605 1,0453 0.5668 0.00056
4101 0,0:182 0,00120 | 0,2056 610 1.0028 0.5030 0.00038
4151 0,0780 0,00218 | 0,3730 615 0.9387 0.4412 0.00028
4201 0,1344 0.00400 | 0.6459 620 0, 8515 0.381u 0.00020
425 10,2132 0.0073 1,0317 625 0.7515 0.3210 0.00014
430 | 0.2839 0.0116 1.3856 630 0,6424 0.2650 0.00009
433 | v. 3268 0.0168 1.6142 635 0.5419 0.2170 . 00005
440 | 0,3169 0.0230 1.7402 640 0.1479 0,1750 0.00003
44145 | 0. 3483 0.0298 1.7840 6415 0.3609 0,1382 0, 00002
450 ] 0.3362 0.,0380 1,7727 650 0.2835 0.1070

453 | 0, 3193 0.0480 1,7472 655 U.2186 0,0816

460 | 0. 2909 0.0600 1.6693 660 0.1649 0,0610

465 | 0.2509 0.0739 1.5268 665 0.1212 0.0446

470 | 0,1951 0.0910 1,2880 670 0.0874 0.0320

4753 10,1422 0.1126 1.0427 675 0,0637 0,0232

480 | 0,0956 0,1390 0.8128 680 00,0168 0.0170

485 | 00,0580 0, 1693 0.6163 685 0.0329 0,0119

490 1 0,0320 0. 2080 0.4651 690 0.0227 0.,0082

493 10,0117 0.2586 0,3532 695 0.0158 0.00572

500 | 0,0019 ¢,3230 0.2720 700 G,01135 0.00410

05 | 0,H021 0.41073 0,2123 703 0, 0UBLV6 0.00291

310 | 0,0093 £,5030 0.1582 710 0,00581 0,00210

315 | 0,0291 0,6082 0,117 715 v, 00111 0,00148

520 | 0,0633 0,7100 0,0783 720 0.00291 0,00105

325 | v, 1VY6 00,7932 00,0572 725 U, 00204 0, 00071

330 | 0,163 0, 8620 00,0421 730 U, 00111 0, 00032

I35 | 0, 2258 00,9149 0, 0299 735 0, 00100 0, 0 36

340 | ,.2904 .95 10 0,0204 710 0, 00069 0, 00025

3453 | 0.3597 | 0.9502 0.0134 745 0, U008 U, 00017

500§ 0,13485 0, 9950 0, 00877 750 0, 00033 0,000]2

353 | 00,0120 1. 0002 0,.00577 755 0,00023 0, DOOVOK

S660 | O,0H010 U, 9950 0.00386 760 (UMD Q, NG

263 1 O, 6783 1), 97H6 0, 06269 765 U 00012 0, 0000

570 10,7622 10,9520 ]0.00208 770 1 000008 | O,00003
5785 | 00,8425 0,9154 0,00172 sums | 21, 3681 21,3714 21,354
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Table A-3

. DISTRIBUTION COEFFICIENTS FOR STANDARD ILLUMINANT A%
(Equivalent to full radiation at 2854° K)

: " %, v, z, " %, v, z,
, 80 | v. o006 0.0030 580 4.8590] 4.6139] 0.0082
‘ ; 385 | 0,0012 0.0054 585| 5.3545| 4.4665| 0.0074
? ; 390 | 0,0024 0.0113 590 5.7910] 4.2703| 0,0065
395 | 0,0048] 0,0001| 0,0226 595| 6.1393| 4.0381| 0.0056
§ 400 | 0.0098| 06.0003| 0.0467 600 6.3504| 3.7733| 0.0045 !
L 405 | 0.0174| 0,0005| 0,0827 605| 6.4280| 3.4852| 0.0035 i
N 410 ] 0.0354] 0.0010} ©0.1685 610 6.3361) 3.1780| 0.0024 :
; 415 | 0.0697| 0.0020| 0,3334 615| 6.0894| 2.8625| 0.0018
i ) 420 | 01308 | 0,0039 | v.6286 620] 5.6868| 2.5357| 0.0013
?: 425 10,2252 0,00771 1.0895 625 5.1271 2.1901 0.0010 ,
b 430 | 0.3246 0.0133] 1.5841 630| 4.4904| 1.8523| 0.0006
¢ . 435 | 0.4034| 0.0208 | 1.9928 635| 3.8776| 1.5528 | 0.0004
. 440 | 0.4614| 0.0306 | 2.3145 640 | 3.2787| 1.2812| o0.0002
; 445 0.4980 | 0.0426 | 2.5504 645| 2.7011] 1.0347 | 0.0001
: 450 | 0.5155] 0.0583} 2.7183 650 | 2,1683) 0.8183
; 455 | 0.5230| 0.0788 | 2.8671 655 | 1.7072| 0.6369
: : 460 | 0.5098 | 0.1052| 2.9256 660 | 1.3143| 0.4861
i ¢ 465 | 0.4685 | 0,1380 2.8513 665 | 0.9847| 0.3622
' P 470 | 0.3882| 0.1808 | 2.5588 670| 0.7241| 0.2651
¢ 475 | 0.3000 0.2376 | 2.1995 675 | 0.5376| 0.1961
§ 480 | 0,2138 | 0,3108 | 1,8175 680 | 0,4019] 0.1461
* 485 | 0.1370| 0.4005| 1.4578 685 0.2875| 0.1042
490 [ 0.0800 | 0.5196 | 1.1619 690 | 0.2017] 0.0729
495 | 0.0388 | 0.6812 | 0.9306 695 | 0.1433] 0.0518
) 500 | 0.0136 | 0.8960 | 0.7545 700 | 0.1043| 0.0377
) 505 [ 0.0071| 1.1876 | 0.6190 705 | 0.0752| 0.0272
510 [ 0.0285 | 1.5398 | 0.4842 710 | 0.0551| 0.0199
) 515 0.0935 | 1.9519 | 0.3584 715| ©.0395| 0.0143
520 | 0.2126 | 2.3854 | 0. 2629 720 | o0.0284| o0.0102
I
4 525 | 0,3850 | 2.7858 | 0.2010 725 | o0.,0202| o0.0073
: 530 | v.6v6s | 3.1609 [ 0. 1545 730 | 0.0144| o0.0052
535 | 0.8635 | 3,4888 | 0, 1141 735 ] 0.0108| 0.0037
510 | 1, 1566 | 3.7998 | 0, 0811 70| o.0071| o0.0026
545 | 1.1905 | 1.0616 | 0.0555 715 | 0.0050 | 0.0018
5350 ) 1.86613 ] 1,280 ) 00,0378 750 00,0033 Q.0013
555 | 2.2884 | 4,4702 | 0, 0258 755 | 0.0025| 0.0008 -
560 | 2. 7548 | 1.6109 | 0,0179 760 | o.0018 [  0.0006
565 | 3.25657 | 1.6974 | 0,0129 765 | 0.0013 | v.0008
DTO | H.THH6 | 4, 7281 | 0, 0102 770 0,0009 0.0003
: 375 | 4.3209 | 4,7001 | 0, 0089 sums | 109, 8348 | 100,0000 | 35,5641
% ' 77
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(A tiltered version of Illuminant A corresponding to clearest daylight)

Table A-4

DISTRIBUY ION COEFFICIENES FOR STANDARD 1LLUMINANT C°

g % Yo “ e Y 2
380 | U.0022 0,0101 580 4,2081 3.9958 0,007
385 | 0.0042 [ 0,0001 0.0200 585 4,3853 3.6580 0.0061
390 | 0,0095 | 0.0003 0.0448 590 14,4932 3,312 0.0051
395 1 0.0200 | 0,0006 0,0945 595 14,5261 2,970 0,0011
J00 10,0429 | 0,0012 0.2036 600 4,4730 2,6580 0, 0032
405 10,0781 § 00,0022 0,3727 605 1, 3600 2,0643 00,0043
410 ] 0, 1633 | 0,0046 0,7784 610 1,1632 2,088 0,0015
415 [ 0.3279 | 00,0091 1.5681 615 3.8875 1.8275 0,001
420 10,6193 | 0,.0184 2,9755 620 3,0351 1,5763 0, 0008
423 11,0595 | 0.0361 5,1268 625 3.1076 1,3275 [CPRVIVIVIS)
130 | 1,9989 | 0,0612 7.3138 630 | 2,6519 1,0952 0. 0004
d35 1 1.8070 10,0931 8.9263 630 2,2357 0,8951 0,0002
210 1,979 0, 1312 9,9292 610 1.8466 00,7216 U, 0001
45 12,0194 ] 0.1730 { 10,3124 645 1,1912 0,5713
450 11,9578 10,2213 | 10,3227 650 1.1744 0,4432
453 1 1.855L1]0.2786 | 10,1418 655 00,9056 00,3378
460 | 1.6818 | 0,3469 9.6501 660 0,6808 0,2518
465 41,4527 1 0,1278 8.8401 665 0,1963 0,1825
470 | 1. 1359 | 0.5291 7.4882 670 (,3542 0, 1297
475 | 0.8287 | 0.6363 6,0761 675 0,2552 0,0931
480 { 0.5563 | 0,8088 41,7295 680 U, 1845 0,0671
483 10,3316 | 00,9771 3.5578 685 0,1269 0, 0160
90 10,1815 1 1.1790 2,6361 690 00,0851 0,0309
493 | 00,0808 | 1.1195 1.9391 695 | 00,0382 0.0210
500 | 0.0259 | 1, 7001 1,1320 700 10,0007 0.0147
505 ) 0,0122 12,0460 1.0665 705 (,0281 0.0101
310 | 0,018 | 2,1165 0, 7599 710 0,0198 0,0071
315 10,1302 | 2,8224 U.5183 715 00,0136 0, 0019
320 | 0,2879 [ 3,2309 | 00,3561 720 10,0093 0,003
525 1 0, 1983 | 3,6030 | 0.2601 725} 0.0063 0,0023
530 ] 0,.7615 | 3.9671 0, 1910 730 | 60,0041 00,0016
335 | L 0598 | 41,2941 0,1401 735 0, 0030 00,0011
39000 13928 1 14,5712 0,0976 740 0, 0020 0, 0007
I | L7561 ) 1, TRH2Z 0, 0651 R 0,001 0, 600
350 ) 2, L4 | L9156 0,0433 750 i, OO0y O, 0003
333 | L.0el09 | 9636 | O,0286 7on ] 0,0006 [URS T
S60 | 2.9397 | 14,9200 | 00,0191 760 [ 0, 0000 0,000]
D65 | s, 8160 | 4, TRAT7 0,0131 765 0, 0003 O, 0001
370 ] 3.6616 1 1,5736 | 0,0009 770 | w0002 [T
ATa | 4,862 ] 1, 3002 0, 0081 stms | R 0330 1 OO, 0000 | 1IN, 1300
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Table A-5

B ,..y..,,.‘.»".‘m_‘mé‘

f
i
|
1
¢
¢

SPECTRAL ENERGY DISTRIBUTIONS OF THE TWO STANDARD ILLUMINANTS A AND C°

Kelative Relative
Wavelength Energy Wavelength Energy

(i) " C (my.) A C
380 9.79 33.00 580 114,44 {1 97.80
385 10,90 | 39.82 85 118,08 | 95,43
390 12.09 47,40 590 121,73 193,20
395 13.36 55.17 595 125,39 {1 91.22
400 14,71 63,30 600 129,04 | 89.70
105 16.15 71,81 605 132,70 | 88,83
410 17.68 80,60 610 136,34 | 88,40
115 19.29 89,53 615 139,99 | 88,19
420 21,00 94, 10 620 142,62 | 88,10
125 22,79 { 105,80 625 147,23 | 88,06
430 24,67 | 112,40 630 150,83 { 88,00
435 26,64 | 117,75 635 154,42 | 87,86
440 28.70 | 121,50 640 157.98 | 87.80
445 30.85 | 123.45 645 161.51 | 87,99
450 33.09 | 124,00 650 165,03 | 88,20
155 35.441 | 123,60 655 168.51 | 88,20
160 37.82 | 123,10 660 171.96 | 87.90
1635 40.30 | 123,30 665 175.38 | 87,22
470 42,87 | 123,80 670 178,77 | 86,30
475 45.52 1 124.09 675 182,12 | 85.30
480 48,25 | 123.90 680 185,43 ¢ 84,00
185 51,04 | 122,92 685 188,70 | 82,21
490 53.91 | 120,70 690 191,93 | 80,20
195 56.85 | 116,90 695 195,12 | 78,21
500 59.86 | 112,10 700 198,26 | 76,30
305 62,93 | 106,98 705 201,36 | 74,36
310 66.06 | 102,30 710 204,41 | 72,40
315 69,25 Y4 .81 715 207,41 | 70,40
320 72.50 96,90 720 210,36 | 68,30
RY-5) 75.79 w6, T8 723 213,26 | 66,30
a40 79,14 9%, 00 730 216.12 | 64,10
235 B2, 00 99,91 T35 218,92 | 62,80
540 3,853 | 102,10 70 221.66 | 61,50
NR X LI IR 103,95 IR Y 221,36 1 60,20

l Jo0 a2, 105, 20 00 227.00 [ 59,20
dad 96.-h1 1 100,67 7o 229,58 | o8, 50
H60 100,00 | 10H, 30 760 EN VU B AT
MUK 03,58 | 104,11 6o 204,08 | AR, 00
27 07,18 | 102, 30 770 247,01 | 58,20
YN FRTEIS TT0 I N1 TE I B T ER EL IR ¥ i RS B}
N1 AR RE] 97, N0 T80 291,67 | o, 10
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Table A-6
! -
LUMINANCE LEVELS OF SKY'?
; Luminance Lgvel
: $ky Condition (Candles/n°)
\ 1
Day, Clear 10
‘ 3
Day, Overcast 10
2
Day, Heavy Overcast 10
1
Sunsct, Heavy Overcast 10
, 0
Sunsct, Clear, 1/4 hour after 10
~1
Sunset, Clear, 1/2 hour after 10
Night, Clear, Bright Moon 10
. -3
Night, Clear, Moonless 10
. -4
Night, Ovcrcast, Moonless 10

RO

URU. ¥

B S R e S S T T B




RVUNRUOR RPN S

[ 2]

81

T _ |
H99 "N [ 3 }
129°0 cLs £29°0 uLL 9290 <9z LT 0se (14 Lz
Z289°0 (4155 SH9°V cveL LRYO (4] A 6890 GeL 16870 LH .
£69°0 czZL 969°0 [ R69°0 L ¥ 0oL’ o (13 P4 L0 U4 ,
cSoL 0 002 10170 <69 60L 0 069 cLLto UNG tre e rwés ,
91270 €19 812°0 (174 ] 1zL°o €99 £eLto 099 crLTn s
H
LZL°0 059 0E€L°0 ct9 ZeL’o or9 1o cLe 910 ot .
66L°0 SZ9 re'o 0%9 erLto €19 [ AN} 19 LI Coe w
0sL 0 009 eSL°o €6¢ teLto 06¢ acl’o cReC "EL 0y [ 0% M
09L°0 cLre 29L"0 oLe v9L°0 <9 eawr "0 0ac ®aL o v
0LL°0 0SS ZLL°0 Sve vLL'o ot¢ 9L:°0 cpe REZTO oge
o820 can 28i°0 02s ¥R/L°0 cic gueL "0 0re wRL coc
06L°0 00¢ Z6L70 S6b v6L°0 16t 96L 0 Ry ARL'n mt
008°0 SLy 2080 oLt roR"0 <ot 8080 oy HOR O cry
01870 ocy er|’o [ o 2 iR 0 ort 918" 0 k] & NIK'O (120
0Z8°0 R A 23RO ot 14 ) St YR a1y REX"O i
0ER"O oud cER'O <6t rERO 06t 9ER'0 CRi REs ey O}
Quadaad) ("w) (ruadaod) (Tw) (1uanrad) (“m) [REBENEL) [SEER) RCEEEELE [T
3d2uUe1321 5oy | LiBuaraaey | adueioariay | yr1duaroary | coueroariod | wifuagaavy | counioation | nifurtoang | ssuryoar g | urtuagoancy
wOUS HSALY
FONVLOTTATY "TVHIOALS
L-¥ arqey,
. .
. .
R S s R ARG 5 P S P A TR




F eaiynrn s

RENIS S

* i TSR
RRL°0 3 L Yy ERT 0 m § o ;
] ; B
¢L1%0 act Lty z [F2 ) o2 t (XS4 ' St '
f i .
29t piea 091 T ant X IS ey Cepta, : e ; et
i H :
OC1 "0 (V3 acE T Uie [ 550 SR [T )] 101 "y _ SIS ! P \
! i .
CLe e 0Ly NS cay rer o § o H SRR :
Y i
i 1
09 (S )] cro torto ora [ R 1 cun ; Crr iy
. £
R S <8 G ¥ c79 eg s 1) uze 9cto cre act o Qe _, Wt e :
ero 009 etto CHe 18 I 06¢ 1o : Tt :
RC[ "1} clc (15 I 0Le 610 cge (LTS SN cHfry e k
0a1 o [llny FLS ) cre | IR 3] (LIRS 19170 i ‘
.
53 2 V) cev Zrito ane GEL 0 cie [il 3 Bl PN e i
[ Gt Doy A 1] cet | R I [113] arTn NEL ey .
crt S1ro art [ ] <oy 9y e T \
W
(310 3 G0 o cLy AT o I IR
a0l 0 A% Mo 0o 0Gi o - il e e Ty H
§
(£ 18] ) o0t (U <Ky LT N6HE Y0 et e w
- + ————— S S
[GRUEBRET B {7y ciusesaad)y : (" ay [RLUB R K ST BY ) (it oy
BAIUVNYIT Y .-»J:.,.~.4,:os SIUE Y Aoy “ HEWIV IR RIS ROAK 'Y IR L Yy oy hx:.J_.a,:. L< R LR Y 3N .,IL
il St )

[ 14

(<ratys oanfu,eyy usy

ANYLITLATY IVHIDADS

H-Y 2rqvey

e

Arwl

[

LI |

4
:
4
w,
¥




raan o oo .

H

!

i

o T .

Seb "0 cLe k4.3 V] 0L 690 coL 99Ut ‘o [T
(118 )] 0L Lirto i 4 tot o 3134 [ ] vy
con o €ol FAN M 1] ol L ¥4 s
UL "0 (13 34 062 "0 tn9 Oh9 0LiTe NG

: weE o <19 [V S b} 0lg (1Al 99 e e e

ATy (AT aBY "0 Sha ORT O ore 13 B 1) by

: Qe o (113 St} %9 (138 1) L B4 [$he 1} $1 9

: 001 "0 Q09 a0t tQ LY 0ot T ony DO .
001 "0 clc Nt o [$FAN aor o cov whtlte R

3 000 0se 00t "o ere Qoo [1130 HOL TN vy

‘ o0t 0 LAy 9600 aze 1600 ci<c Inert ey 0y
RLOO 00¢ rZato cet KO0 "0 oGt tuo’n g

§ RCG O (53 3 €00 oLy cento cor P TRE) Ly
0osG™n [$1v) o 0o a ot auso o at! neeto LA |
0e0 "o [srd 4 0co ¢ oct agn°o STt ney e (118
oce "y [$11] GC0CC c6r neo 0 [17H "weoto N
(1uaaa ody (') i »:...;....‘“Q- ,.u—.,_;.....:: (B ERERE} ¢
aduerd 1oy | yiRuagaaey | avuviovr oy Poapitusroaany | cournianypoy | yiduagaarg fooourgaosgg i gy

[ LTS 1Y

S -
=
&
b3

R Cdy

oMl Tax

[E R

LT T]

PERTAE TNy

(St ) qUre] IAT{0) U,
AINVIITTAIN TVHI Al
4=y atavy

]

L]

e

J4

]




e

P

Tol o vl KD ul Ll vut
EY O GEL Lot A} ! ey AR (11 304
1
arzta e e ta i Gt " cre
|
vOn o [HR 4 uat ta 11 n
|23 B cra Cte W Ol Can
H
(1L TRt ava cry Rl oo
cLato SR tio'o (R o Cin
aGLata RST11N] tra‘o Cav (17N
060 "0 cro 600 oLy COTI ] o
aryta Qe Pt co [ BN ®IT 33 0
(113 Y M natta m o 0nitto Cjv
. . . ! .
[A1 {3 R3] O] atoto i )
{
IR cr a9%a o i nty LT cap
]
[31: AR [0 3 (1 Y M 11 LI L] SR
{
0o N (30 A 1) i ot nan vy
i
BT oo BCINE _ Cee NETIA Ve
U N .
Craaraady SRR _ FREET) f Car vty o

DRV EURY & SEH

LL

L.

NN VAT JOE ot g

[ 1]

|

Cap ey e

Aty iy vy

Brag sy v ey

iy ge
T
e

PRI RN

WLTe o ahe 1)

WAL IVHE Ve

"t -

\

taey

FE S S
LT 2 +
o
ot
heSI T3

L)

osh Y

ot Ce

ks Sy

TN

[0 TE:
oy’
N ey
L IR

!
i

rater

BT

LRy

e
- £n
ERVSL I
.

L woe
ST
e e
. .

Hragl, T

st

[ T
g

LY S

=

x|




T T = ’ .

¢
m One o Nl W
w A SL2 €0s°0 oLL L1 9L - 061" 0 09l P Y L2 :
W SLE°O 0~ L9t 70 crL 09t-"0 oL L34 SV s 59/ 60t i i 2 ,
m. FRETO gl RCEQ 0zl £€L°0 sue R0L°0 ore [ A L] CoL
W 28270 0oL ceET’o S69 90z2°0 069 18170 N9 Lithe Ba) ) OH%9
.« 0ET "0 s29 [e25% 1) 0L9 e1r'o <99 1£1°0 099 ict’o Ly '
W ceT’o 0c9 F4 38 B ¢] SF9 ZET°0 019 CET°D JE9 E3% 98 S M 059 '
3 €E€T°0 €z9 BETLTO 09 FET 0 G119 FET'O 019 celtn 9 .
W SETT0 009 9e1 0 c6s 9€T "0 06¢ 9¢1°0 CHG 2810 N
w . 2E1°0 sre LETO ore 8E1°0 c9¢ RET"O 09¢ BETO cey -
W 6£1°0 0¢g 6E1°0 uPs 6E1°0 ove or1To CEe (3130 I} [y x
w FETTO cze LZro 0z¢ 1210 CIs cI1°0 01¢ 601°0 coc
w 01’0 00¢S 960°0 S6b 060°0 9153 4 060°0 CRI- Q600 ONY-
W 060°0 SLE 06070 oLy 060°0 cot 060°0 09t 066070 j €t
,m. 06070 0Gt 060°0 e 4 4 060°0 ot 06070 cer 0€0°0 ot
.rw <8070 otd o L2070 ozZv 0L0°0 <Ir £90°0 otE o0 oy m
w 000 [14] 4 £v0°0 <6t LEOTO 06¢ 0£0°0 CRE Lot o ORE

e w (ludoxady w) (1undaad) () (rusdand) (Cw) Quodand) () (iaouand) Ve -
w _ 203UTi231I0H ~ Yi13uaiaaey | ooue1daTIN | yi1Buoaraaey | couridoar oy [ yrduaroaey | oourydor oy | iSuatasey | A0uTINaTIOoN | UITUNTAAT Y b
M SATSTR( JO wWeold 1Uepunqy Yi1Is mopeoy

, m JONVIOTIATY TVUIIAAS
W
11-V 21qv.L
( .. .
'
. “ N - .. , . e . - I “ o e
0 ! .o

e i kit A G A 81 X




S »_ e

<90 CInto cpe CTATY Y]

[V Y] oiL 90 L9 0Lo’o ore Rt [ |

8970 coL acoto (14 CHotoe ot Lin’n (LA

0r9to o0 Ro(13° 2] R VY0 opy e H

vic o OR: [l V) THO Rt o (L] ceotoe w et ; (L]

LLcto v g0 069 LAV ATRE }] o9 0cH et ; 2inTi .

0RS 0 0L 9o cR9 09¢ 0 009 D vie O e ,
ERE°O [5: 52 2t9°0 0oR9 &'c’o Ly agato ©ie LA { e w
i H
IRCO 092 ata'a cLo 19ty [} (53 CLOO Cns W LS w

QRS0 cecL £19°0 029 arr'o CRC arNto 06T 06 i )
£6S°0 ocL £r9°0 €99 |89£°0 OR¢ aLnto it ‘e il _,
26C°0 <rL 1+9°0 099 0gs cLe 6401 (1) , e ATt} ey .
009" 0 ore FEDCO €c9 aLéto oLe RTO Y D vEnte “ et
€09 0 GeL c+9°Q 0c9 | R )] cou a0 n [IE 11 CE ! A :
a19°¢ (U4 19’0 <t9 921’0 (1318 6N’ o on [ AT LA ‘
L 4
Ss19°0 caL 2£9°0 or9 Ro10 cec HEO 0 0Lt taote s !
0290 (174 A% P cEn ORO O (11899 NZOT0 cat 1o’y ; e _
(ruaraasd) () (1uaaiad) (e raaad) () o wdy (SR [T LR N I ' ¥ ..s.lw
DIUETIDY Y :.u...—ﬁ,da;.aﬂ%, SIUVIIITTIONY —-win?dﬁ..aﬂﬁ. -.:—3-.«.4— | | :-I.:..—.«...-".ﬁ LA RIE LRSI T ..ﬂ.aﬂ_".lm‘\-’.)u.xu.t‘fv.'-ll-._n.‘.v vt . m::.: 5.%% oy “

AHUTAN (RUCSTITULES U

HINVIDTIAIY "IVHLDAdS

ar-v 2iael

N




wemm.,,,,, DR :

Table A-13

PHYSICAL (RADIOMETRIC) CONCEPTS

e b

ot S

i i ORI (B ST

c.g.5. Unit mk.s, Unit
Radiator (source of radiant energy)
Radiation (process)
Radiant encrgy erg jou]e'
Radiant density crg/'cm3 joule/ms
Radiant flux Yrg/s watt
Radisnt emittance erg/(s x em?) watt/m?
Radiant intensity erg/(s X w)* watt/o
' Radiance erg/(s x w X em?) | watt/(w X m2)
Irradiance erg/(s x cm?) watt/mé
. Spectral reflectance
Spectral transmittance
*
w = unit solid angle. The upit is normally the steradian,
Table A-14
PSYCHOFHYSICAL (PHOTOMETRIC) CONCEPTS
c.g.s. Unit m,k.s. Unit
Luminator (source of
' luminous energy)
‘ Lurination (process)
. Luminous energy lumerg talbot
Luminous density lumerg/cm3 talbot.*m3
Luminous flux lumerg's lumen
Luminous cmittance lumerg/ (s x cm?) lumen @?
Luminous intensity lumerg (s X ) lumen ‘& [candle)
Luminance lumerg (s x lumen (o X mz)
% X cm®) [candle ‘m2)
Illuminance lumerg (s X em?) lumen m? [ lux)
*Luminous reflectance
*Luminous transm ttance

L ]
The J.C. 1, has adopted the collective term luminance factor

for these,

w7
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Annex B

METHOD FOR THE DETERMINATION
OF ATMOSPHERIC EXTINCTION COEFFICIENTS
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Annex B

METHOD FOR THE DETERMINATION
OF ATMOSPHERIC EXTINCTION COEFFICIENTS

1. General

On passing through a medium, the energy contained in a beam of
radiation may be scattered and/or absorbed by the particles comprising
the medium. The quantity of erergy that remains in the beam is de-
pendent on _the size, composition, and couxcentration of particles in the
medium, apd the path length o: the radiation through the medium. Below
are described the factors that affect attenuation and some methods for
the determination of the degree of attenuations. The method that is
given follows the treatment of Ref. 12.

2. The Extinctionr: Coefficient and the Transmittance of Radiation

The change in the quintity of energy passing through a medium
containing a homogeneous distribution of scattering bodies is propor-
tional to the flux density of the radiation, and can be written

dE)\ = _OA Ek dr ’ (B’l)

where the scattering coefficient, o, is a proportionality constant and
r is the path length through the medium. Integration over the range,
R, yields

-3.R

1\
E\(R) = E,(0) e (8-2)

where E_(0) is the flux density at range zero. In the same manner, it

is possible to define the absorption coefficient, k\. in terms of

-k.R

A
= (1] -
xl(n) EA( ) e . (B-3)

91




If the medium contains both scattering and absorbing bodies, the two
equations can be combined to yleld

‘(ok + kA)R *BAR
E.(R) =E (0) e = E.(0) e ) (B-4)
A A A

where B is called the extinction coefficient. If the exponential is
written as

e =T , (B-5)

the symbol 7, is called the transmissivity, and the transmittance of the
medium is de%ined by

T, =7 . (B-6)

3. The Determination of Scattering Coefficients

a, The Scattering Function

Let an elementary volume, dv, of a medium containing a cross
section, ds, of absorbing and scattering bodies be illuminated by a beam
of energy of flux density E_. At an angle 9 with the direction of the
incident beam, the intensity of scattered radiation, I(9), is

IA(B) = E}‘b)\(e) ds ) (B-7)

where b (8) is an angularly dependent function called the scattering
function and is defined as the intensity of scattered radiation of wave-
length ) in the direction 8 per unit of flux incident on the medium.

Where no absorption occurs, the total flux scatiered into
space is equal to the indident flux, so that

4
41 s I\(B) sin 6 d9 = B)ds (B-8)

o
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where 2 sin 6 df is the solid angle subtended by an annular differential T
area at unit distance from the elementary volume, Substituting the value’
for I)\(G) from Eq. (B-7) yields

n
ar S b)\(e) gin 6 d6 = 1 (B-9)

o

b. The Volume Scattering Function

v
4

When the nature of the attenuating bodies in the medium is
unknown, it is expedient to define a volume scattering function,

; I~ -
; . IA(B) = E,b ®v (B-10)

N AR R R e

B

as the intensity of scattered radiation of wavelength X in the direction
68 per unit of flux incident on the volume, v, of medium, For a unit
thickness of medium, integration over all space yields

g
471'5 E)‘b'(e) sin 6 d8 = (1 -e )\)E) , (B-11)

(o]

PR S 1701 ST SN

o K S

where the right-hand term gives the diffsrence between the incident and
transmitted flux. Neglecting terms in o , and higher powers, and
dividing by E)\. the fraction of flux scattered is

T
4 =
17rj bx(B) sin 9 d§ o)\ . (B-12)

o]

c. The Determination of Scattering Coefficients
from the Scattering Function

let N be the number of attenuating particles per unit volume
of medium, and S’(8) the scuttering function per particle. The volume
scattering function is

’ ’
bk(e) = N8 )‘(9) ' (B-13)

93
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which upon substitution 1into Eq, (B-12) yields

1 . ; 4
5 = ‘mj NS/(8) sin 6 d8 . (B-14) -

[o]

Letting Uk/N equal p and expressing S '(0) as

L2
SO = 2= s"(9) | (B-15)
A 2 A
47
there obtains
em 22,
p = AT — 8)\(9) sin 6 d6 )
J 4
KZ plT
= = " : -16
- SK(G) sin 9 d6 , (B-16)
‘o

which can be thought of as the radiation scattered per particle per
unjt of radiation. Dividing by the cross-sectional area of the particle,

ma , yields

2o
K'= 75 S $,(9 sin 648 . (B-17)
T a

o]

The theories developing S;(S) include consideration of polar-
ization phenomena. Since it is normally not necgtsary to consider
polarization in the scattering of visible light, the half sum, §_(8)/2,
can be used, and a2 scattering area ratio, Kk’ can be defined as

2 m
KA' 02 g Sa(g) sin 9 d6 , {B-18)
o -
where
o = 2ma/\
SO(B) @ SA(G)IZ .

9
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Table B-1 summarizes the values S (9) for small water droplets (refractive
index = 1.33) for various values ¢f a. For small values of & these table
values can be used for the integration required in (B-18). From Egs.
(B-16) and (B-18), we have

2
o, = NK.ma . (B-19)

If it {s assumed that thers is no absorption, the extinction coefficient,
Sk. is also equal to Nwaa .

Equation (B-19) is valid only for homugeneous aerosols. For
mediums containing particles of different sizes, Eq. (B-19) must be
written

n

2
Ok = E Nil(”nai , (B-20)
i=1l

where, the subscript i refers to the particle having the ith radius. For
particle distributions that can bc described hy copiinuous functions,
such as the normal or Rosin-Rammler distributions, the summation may
be replaced by an integral sign, and the egquation becomes

a-max
2
GR = N f{(a) k(a)ra da , (B-21)
a-~-min
where ;(a) is the normalized distribution function, k(a) is the form of

K. as a function of a, and a-min and a-max are the smallest and largest
radii in the system.

Values of Kl have been determined b 6Haughton and Chalker15
for water droplets, and by LaMer and Sinclair for materials having
other reflective indices. Sowe of these values are summarized in
Figure B-1.

d. The Determination of the Extinction Coefiicient
For relatively short'rangvs (3-5 km), the absorption of radis-

tion (380-780 mu) by wost atmospheric contmsinants encountered on a
battlefield--water vapor and droplets, dust, and smoke-screen agents--

p: K
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FIGURE 8.t SCATTERING AREA RATION FOR VARIOUS MATELRIALS
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is small? and the extinction:coefficient, 3., can be set equal to the
scattering coefficient, o, Moreover, in the parficle size encountered
in natural water droplet hazes and fogs (10-80 yu) and in fog-oil smoke
screens (0.,6-0.7 w), the value of K , assuming that the Haughton and
Chalker data hold for values of ¢ between 100 and 1000, is approximately
equal to 2,0, Thus, if W and p are the total weight concentration and
density of the atmospheric contaminants, and ¥ is the fraction of the
weight of the contaminant with particle radius ai, Egs. (B-19) and
(B-20) can be rewritten for all A as

3w
g = —  (homogeneous aerosols) , (B-22)
m dp
3 Yi
B = ET = (heterogeneous aerosols) , (B-23)
m .

i i
where d is the diameter of the particle in the attenuating medium,

The value of the extinction coefficient may also be determined
from the meteorological visibility. Since the luminance of a black body
is zero, the inherent contrast of a black body against the horizon is
-1, If the meteorological visibility, V_, is defined as the range at
which the appavcnt contrast of a black body is -0.02, Eq. (52) yields

o R _ 0.02 (B-24)
and

(B-25)

or
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