Predicting Human Performance:
1. Estimating The Prohability of Visual Detection

Warren H. Teichner

& Marjorie J. Krehs

N716796

Technical Report 1

NOVEMBER 1970

Hi

.
-
11T
T3 17
) a0 S

R
LL 12

11 X1

T1 11
1L
1.

LI 13 171 1

| 'This documsnt hao Boog “fpooved
or podlis vclon and scdey Mg
A LG i alingad,

/

ONR Sontract NODO14-70.C.0125

xxxxx duced b «vyt m ) i o
NATIONAL TECHNICAL |usestGl Uk Work Unit NR 196.096
INFORMATION SERVICE ,

Sonniheid Va 12181 — E/

AMERICAN INSTITUTES FOR RESEARCH

WASHINGTON OFFICE
Addrass: 8535 Sixtoenth Strest, Sliver Spring, Marylsnd #0910
Telephone: (301) 587-8201

Reproduction in whole or in part is permitted for any purpose of the U.S. Governmer.t R70'1 5
-

S,

i




EITER  Mrviein ® LTt g vy

N o

AMERICAN INSTITUTES FOR RESEARCH
WASHINGTON OFFICE .

EDWIN-A. FLEISHIIAN, PhD, DIRECTOR
-Arthur L. Korotkin, PhD, Assistant Director

INSTITUTE FOR COMMUNICATION RESEARCH
Gecrge H Jobnson, PhD, Director
Research on instructionai, communication, and information systems and their
effectiveness in meeting-individual and social heeds.
COMMUNICATION SKiLLS -RESEARCH-PROGRAM

Herbert L. Friedman, PhD. Director

EDUCATIONAL RESEARCH AND EVALUATION ‘PROGRAM

George H. Jehnson, PhD, Director

INFORMATION AND COMPUTER SCIENCES PROGRAM

Arttier L. Korotkin, PhD, Durector

NEEESS10K
‘ WITE SECHON
BUF SECTION [

INSTITUTE FOR RESEARCH ON ORGANIZATIONAL BEHAV!OR

Albert S, Ghekran, PhD, Director

search on individual, interpersonal, and group behavior as they relate to
apizational functioning and effectiveness of social systems.

WAANROEKCED
JUSTIEIGATION

............................. - HUMAN RESOURCES RESEARCH PROGRAM

H“ Clifford P. Hahn, M5, Director

bmrﬁzsmloi/'ﬂilﬁfllﬁy cooes
MANAGEMEMT RESEARCH PROGRAM

E'SL AVAIL. andyor SPECIAL Albert & Glhckman. PhD, Director
/ URBAN DEVELOPMENT RESEARCH PROGRAM
Robert H Fosen, PhD, Owector

INSTITUTE .-FOR ‘RESEARCH.IN..PSYCHOBIOLOGY

Warren H. Techner, PhD, Director
"Human and animal-psychophysioidgicdi-and behaviorai-research related to the
areas of performance theory, stress, and technological systems.

ANIMAL RESEARCH LABORATORY
BIOTECHNOLGGY RESEARCH LABORATORY
. HUMAN  PERFORMANCE RESEARCH LABORATORY

lN'!"F,RNATIONAL RESEARCH INSTITUTE

Paul Spector, PhC, Director
Henry P, David, PhD, Associate Director
Stanley Lichtenstein, PhD, Director of Studies

Research on the development of human resources in developing countries;
problems of working effectively abroad; evaluation of action programs in the
underdeveloped coluntries; role of attitudes and values in social change and
economic development; and research on family planning and population.

INTER-CULTURAL RESEARCH PROGRAM

Robert L. Humphrey, MA, LLB, Director

e wmrva




TS T O Y

A S = A vt b v

0y
» -

YL I R P T

> < T T
e e e .|

[ —

AIR-881-11/70-TR-1

PREDICTING ilUMAN PERFORMANCE:
1. ESTIMATING THE PROBABILITY
OF VISUAL DETECTION

Warren H. Teichner

Marjorie J. Krebs

TECHNICAL REPORT NUMBLR 1

Prepared under Contract for

Engineering Psychology Programs
- Office of Naval Research
Arlington, Virginia 22217

Principal Investigator: Warren H. Teichner

Contract No: NQ0014-70-C-0125
WorK Unit NR 196-096

Reproduction in whole or in part is permitted for
any purpose of the United States Government

American Institutes for Research
Washington Office
Institute for Research in Psychobiology

November 1970

vy

e

S A S

S e e

Py IR

ST Yed e Fatyr




Pt e anarmug i ity

ST AT Aams tpn vy

ACKNOWLEDGEMENTS

The work reported here was supported by the Department of
the Navy, Engineering Psychology Programs, Office of Naval Rescuarch,
Arlington, Virginia 22217; under ONR contract number N00014-70-C-
0125, work unit number NR 196-096.

P

e Sanat

e

w e

LS

PR T




SUMMARY

As a first -step toward the development of a system for predicting human
performance, the literature on the absolute threshold for seeing and .on the
contrast threshold was examined and within each- data were collated across
studies. .In each case, Crozier's Law for the relation ‘between the standard
deviation and the threshold of a psychophysical function was found to hold,
and an appropriate -constant was- developed. It is possible and practical,
therefore; to cstimate the probability of detection for both given only a
threshold value as information.

The availability of extensive parametric studies-of contrast allow for
the prediction of that threshold with fair confidence. Such:i'studies are not
available for the absolute threshold.

Thé literature was used, therefore, to develop a basis for predicting
the luminance threshold as a function .of target size and duration. The result
is useful at least as a first approximation and, -along with the above, may

serve (1) as a direct aid in solving applied problems requiring a predictien

- of the probability of visual detection or .the design of a visual signal, and

" (2) as an aid to the development of methods for predicting more complex kinds

of perfcrmance.

In addition, the analysis made supports the general conclusion about the
absolute threshold that for small visual areas and up to a critical duration,
there is a reciprocity between duration and luminance and that the critical
duration decreases with increasing area. The analysis did not support a
similar reciprocity between luminance and area, a2 finding in disagreement
with the generally-held understanding. The latter result has implications
for visual theory and for the deéign of quantum-type experiments which are

noted briefly. It is pointed out that the data can be explained by assuming
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that the threshold .depends on excitation of some minimum number of receptors

if -statistical variation of sensitivity is assumed.
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INTRODUCTION

This report is the first in a series intended to develpf methods or
models which maximize the use of the scientific literature as a basis for
predicting human performance. By attempting this we hope not only to verify
already established relationships and -possibly to extract new ones, but also
we hope to do this so as to predict absolute measures of performance. TlLat
is to say, by collating and comparing studies within a class of performance
we are placing a great deal of faith in the absolute values of dependent
measures as reported by investigators.

The general approach has been described by Teichner and Olson (1969).
They classified human performance as failing into a few simple classes
defined primarily oy the various. dependent measures which are commonly used.
In- these térms ‘the probability of detection, p(D), the reaction time, number
correct, efc., are each part of the definition of a unique class of per-
formance. The assumption was made that certain classes- of performance
depend upon other, more simple or temporally primary omes. It was hypothe-
sized, for example, that the speed of response to a signal depends upon the
probability of detecting the signal; the greater the detection probability,
the faster the speed of response. For such hypotheses; a function was
assumed and a tentative method developed for actually predicting the de-
pendent measure. For the most part, however, the functions which were
assuned were developed with little empirical justification. At that time,
vhe intent was to consider what kinds of assumptions might be important

rather than to- test or develop them. This report presents a similar

1




development, but on an empirical basis. That is, we were concerned heré with
sensory performance defined in.Cerms of the p(D) of a flash of light: The
basis for developing predictions of p(D) was the empirical and theoretiéal
literature. Where the literature is lacking as a basis for developing
appropriate functions, our intent was to propose assumed functions. Doing
this has the advantage of suggesting organization for an area of inquiry, of
identifying critical gaps in knowledge, and to a greater exteut than is now
possible of providing data and predictive methods of value to engineering
psychology. -

Whether or not a target is detected depends on its visibility, i.e., or
the degree to which target energy parameters exceed the energy require-~
ments of the human eye. For the most part, research on visibility has been
concerned with the threshold energy level, i.e., that level which is visible
50% of the time. Later interests in non-sensory performance will require
that it be possible to state p(D) for any stimulus condition. Moreover,
that knowledge is required as a data base for a variety of applied problems.
It was the major purpose of this study, therefore, to attempt to establish
a means for estimating p(D) for a flash of light and, since, generally only
the threshold value is reported in the literature, to do this knowing just
that datum.

The visibility of a target depends upon its contrast, luminance, size,
duration of exposure, wavelength, shape, and the sensitivity of the retina.
The latter depends upon conditions or exposure prior to appearance of the
target and position on the retina. It was not our aim to develop an
exhaustive model for estimacing p(D) given all of those factors, but rather

to make progress toward such an accomplishment by developing a more limited




AR S L et e e a4
i

predictive system. Part I of this report is restricted to the detection of

a target light having zero background luminance; the relevant literature coancerns

the absolute threshold for seeing. Part II concerns the centrast threshold.

Both are restricted primarily to exposure duration, size cf target, and for
contrast, to background luminance as independent variables. Other variables
have been considered only to the extent that they involve critical inter-
actions or that the literature has demanded an analysis in terms of them in
order to- extract the effects of the primary variables. For example, originally,
we had intended to restrict our inquiry to binocular detection of white light
for the dark-adapted eyes. As-will be seen, although the last restriction
was maintained, the literature describing the absclute threshold for foveal
and white light conditions is so small that we had to consider peripheral de-
tection and mcnochromatic signals in order to have enough data with which to
establish. trends.

Originally Teichner and Olson (1969) had proposed that probability functions
be developed for the effects of target size and duration. Those probabilities
were then to be employed in a simple model describing the probability of detec-
tion of the target based on detecting at least one of its characteristics.

The model proposed rested very importantly on the assumption of mutually
exclusive, independent evenc=. In terms of vision this implies that the
detectability of a target based upon any one target characteristic does not
depend on the value of any other characteristic. This assumption was not
considered to be highly valid, but it was hoped that a useful first approxi-
mation could be extracted from the literature which might serve as an early
working model. While we still think that such a probability approach could

be valuable, we have not used it here due to a lack of data with which to




test it. Instead we have attempted to develop a means for estimating a

single probability function in the -conventional manner.

I. DETECTION OF LUMINANCE

The Absclute Threshold: Status of the Literature

The older literature concerned with the -absolute threshold is the
source for most of today's generalizations about the effects on human de-
tection of such variables as retinal position, exposure time, target size,
etc. Of the many studies of the threshold available, this review was
limited primarily to those which have reported p(D) data cr which have
provided a measure of variability of individual measures around the threshold
(i.e., the mean) which either was or could be transformed to a standard
deviation. A total of seven such studies were found of which. one was

concerned with day-to~day variations rather than variations associated with

different values of independent factors. That study (Jackson, 1965) is

summarized in Figures 1 and 2 which show respectively the variations of the

threshold and of the standard deviation (OL) over 50 days of successive

rea Ao sors

measurement on each of six female subjects. Each daily value was based on

s A

50 threshold determinations. The figures are meant only to illustrate the

e

rather wide variation in daily individual values and to serve as a caution

against the uncritical acceptance of average data when making predictions

T e R

about the individual. On the other hand, as will be revealed by the con-

sistencies below, average data are fairly reliable even when based on as

TR

few as two subjects 1f the subjects are very highly practiced, as was the

case for all of the data to be presented.
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In the real world as well as for other than psychophysical questions
of human rcsponse tc a signal light, signals -are not always presented for
peripheral stimulation. In fact, the large majority of experimental work
in regard to other kinds of performancé has involved foveal viewing. For
this reason, as noted above, our original intention was to restrict this
analysis to data obtained from studies of central vision. As it has turned
out, most of the psychophysical studies have used peripheral stimulationm.
Thus, we have had to face the question of how to generalize such -data to the
fovea. 1In addition, as was also noted earlier, our search was concerned
primarily with -studies providing measures of variability. It was only after
completing that search and realizing that further data were needed to amswer
critical questions, that we allowed oursélves to make use of selected other

papets. Even so, we cannot report ‘that this is a rich literature source nor

do we believe that we have overloocked studies relevant to our particular

quéstions which also provide information in addition to that to be presented.

Finally, by way of general criticism, although the data are surprisingly
consistent from study to study, they are invariably based on very few
subjects, usually the authors themselves, often just two. No studies are
available which might be thought of as parameter—estimating.

Other problems confronted us in our attempt to develop empirical rela-
tionships using the available data. For one thing, in spite of the fact
that the field of research has been quite rigorous in its demands for
physical control and description, we have been required to reject some
studies for lack of reporting such critical information as the exposure
time of -the stimulus. Other studies have been reported in arbitrary units

or relative measures without a reference which would permit conversions to

ch L e e gt e -




absolute units. The experimental designs of some studies have been too
badly confcunded for use and, finally, the measures reported are in a variety
of photometric and radiometric units, thereby requiring conversion to. a
common scale for comparison.* In addition, the measureé were based upon a
variety of psychophysical methods. We have chosen to ignore the differences
in psychophysical mechod and wherever possible to accept data since we have
had so little from which to select.

We have also had to make a variety of methodological decisions. In
particular we have decided that the best way to -express p(D) is in terms of
‘the cumulative percentile curve. Other options. available are the normalized
ogive and the Poisson curve. This decision was based in‘'part on the fact that
most of the data available are amengble to description in these terms and
on Blackwell's (1953) extensive study of psychophysical methodology from
which he found that a simple cumulative curve was most frequently a good fit
to the data and that where the others were also good fits, the simple prob-

ability curve was at least as good.

Laws of the Absolute Threshold

A number of excellent reviews of the topic are avallable, e.g.. Graham,
1965; Hecht, 1934; LeGrande, 1957; Pirenne, 1962, Of particular interest

to this discussion is that studies of the effects of exposure time (t) have

*A1]1 of the studies used were converted to luminance in millilamberts (ml),
visual angle in degrees of arc, and exposure time in seconds. All data
to be reported are presented in these units except the data of Figures 1

and 2.
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found that with small retinal areas, the amount of energy required at

threshold is a constant .up to some critical duration, tc. That is,

LSOt = C t < tc (1)

where L., 1s the threshold, i.e., that luminance detectable 507 of

50

the time.
This is the Bunsen-Roscoe law of photochemistry. As applied to vision, it
igs often called Bloch's Law. For values of t>t ., LSOt increases to some
value after which t has no further effect and'LS0 is constant.

Similar relationships have been reported for the effect of target size
expressed as retinal area (A). These relationships have been expressed in
terms .of the product of L50 and some index of A such as the visual angle
subtended by a target radius or the solid angle subtended. The exact nature
of the relationship has bean concluded to depend upon retinal position and,
for short exposure times, to hold up to some critical area, Ac' Expressing

this relationship in terms of L., and the solid angle,

50
Ly = C/u" (2)

For visual angles less than 30 minutes of arc K varies between 0.9 at
7° and K = 1.00 at 30° (Weinstein and Arnulf, 1946). For visual targets
between 1.0 and 5.0 degrees of arc, K varies from between K = 0.6 at
15° to K = 0.7 at 25° (Wald, 1938). At the fovea for visual angles less than
1.0 degree of arc, K = .33 according to Piéron and for targets greater than
10 degrees of arc, LSO is constant anywhere on the retina (Defay and Schwegler,
1930; LeGrand, 1957).

Although these and other time and area relationships have been proposed,

and have tended to be in agreement with analogous data obtained from neuro-

physiological preparations, each relationship has been descriptrive of the

E——
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range to which it was first applied. The area function, as such, is not

presently established although there is no question that the luminance threshold

decreases within limits as retinal area increases. To resolve both the area
and duration questions, extensive factorial experimental designs are needed
to provide .estimates of the Axt interaction. Only one factovrial study
(Graham and Margaria, 1935) appears to be available and, therefore, we have
made much use of its data in our analysis. 1In any case, to a considerable

degree, our efforts in this study have been 'a re-evaluation of the .exposure

time and area laws.

The Probability of Detection, p(D)

Assuming an underlying normal distribution, the familiar cumulative
probability curve (ogive) has .a mean at p(D) = .50 and ¢ which is equal to
one~half of the range between p(D) = .84 and p(D) = .16. When put into the
form of z-scores, z = 0 at the mean and z = 1.00 at one ¢ above the mean.
Thus, a knowledge of the mean and standard deviation is all that is needed
to generate the expected ogive. Unfortunately, although the threshold or
mean value is always reported, other values of the ogive, including the
standard deviation, are rarely reported. Of the six studies found which

did either provide o, or provided a basis for deriving or estimating it

L

under a variety of experimental conditions, only one (Brown, 1947) reported

that OL was constant (except for non-systematic fluctuations)* with varia-

tions in the threshold. The remaining five studies were plotted as in

*A Rho correlation for Brown's 12 YL-— o pairs was found to be ~.407,

(cont'd next page)
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Figure 3 and a line drawn by eye to represent them. As may be seen the

line is d1inear; increasing, and ptrovides a reasonable fit across the five

experiments. 1t may also be seen that the experiments vary widely in ex-

perimental conditions and that while Brown's ‘data, which werée not used to

develop the line, are somewhat deviant from expectation, they do fall within

the -general features of the trend. :
The- equation for the line shown in Figure 3 is of great interest because

it provides substantiation of Crozier's Law for the relationship between

the mean and o. The same slope constant has also been reported by several

individual authors in the past, as reviewed by LeGrande (1957). Figure 3,

then, shows that Crozier's Law holds not only for within-experiment data,

but also for between-experiment data for the absolute threshold. Thus,

pp A g

e

for situations for which only the mean or threshold value is available, a

probability curve can be constructed by using a value of one~half of the

Rt g e

threshold as oL. In view of the demonstrated consistency of this result,
it would seem to have validity for general use.

Applying Crozier's Law to the absolute threshold for the estimation of

ot b

p(D) for luminances above or below threshold requires only a knowledge of
threshold luminance for the conditions of interest. Assuming the dark-

adapted eye, we shall attempt to develop a procedure for estimating the

(rza iy o b ads gt ca 3

(cont'd from previous page) p ».05. In addition, six of the GL'S were larger

5
than the mean, the largest of those differences being by a factor of 10 .

PR i e

In all other studies obtained, without exception o. was always smaller

L

than the mean. In spite of this, the 12 means were exactly in line with

pa~iE it irra-tly ARG

the general form of related studies (cf Figure 4).

T T TRV AT

T

RT3

R

P




r e 3 g T Y EO g ST R I Rt T L e S L P IR L O TENN e A e T T e

LRSI a3 § ST R a T I i K Sk n...am.?«.

“»

, ;Oma puB Ao udsM3aq UOT2RTSH ¢ axnZ8Td
(1w °7 901

0 1 z 3 & < ’ 4
3 3 2 -3 3, S A i -9
o -2
—
-2
051 m.IAU .M.

0L + 957 90T = o 901

(1w) o 907

4

Y311 23Ty
ﬁkueamﬁuma ‘olT® ‘%00°=31 ‘-douom ‘gygT “auusargd

"

‘ *3Y3TT 23TYA
‘Teiaydraad ¢ /T° “$00°=1 ¢°D0UTq ‘gHeT ‘ouuUaI}g

dw o7¢ ¢fezoudriaad ¢ _/97*
‘I00°=3 ‘°douom ‘zyEY ‘duuaarg ¥ ‘aseIUS “IYoay

I~N

nm QS “XFJ OU .Gy ‘G=3 “°D0UTq ‘HGCET ‘Puusi}d § uousq

fa 01¢ ‘yexaydjiad ¢4 ‘Q0T°=3 ‘-douvw ‘ygEY ‘UUdITJ § PAOIMEID @

IYBTT 237ym ‘Teasudraad €,/0z7°  ‘TT0°=3 ‘oouow ‘/4ET ‘umoig g

It

T R T T R T T L




RO SO 4 RTINS AN TI N A e T .

TR AM P TEE MR TN AT PR ST AT 4T ke oA e 4 1 Nt 4 AR e . B
B . AR TATEETATV AR IA S Y QR D W DA N T TR T T TS TR T I e 7

. e R A b e R P T e e orC] Y BT ey HPFETY

*SUOTLTPUOD TsruswIIsdxs Jo £22r1d8r e JICI 338 +C UoT3ouMI ¢ se om4 odi, ‘& 2an%rJ
10T T § 9anITd

(s2>69p) 379NV IvnSIA 907

\ o L

Ty X . 9 B 1 ‘ 2 1 .

'lN

*29s Q ‘Ie3no03 ‘r-ooutrq ‘/yeT ‘TIomoeld @

13

(oS°T€)
Teasydiaad e

(6£6T) ®30K 3 ‘umoag ‘weyeid, -2

!ltl:llolmml:o 122403 o

8TI6T ‘S2n293Y x
(LS6T) pueap =] woay . G
(oZT) 9H6T ©JIINUIY 2 UTIISUIIM o

*09s TT0° ‘,0€- ¢-oouow “3y8Ty 23TY4 ‘ H6T ‘umoag v

GIOHS3NHL 907

o
£ =
= 4
2=
5
a
< m
-~
3
-
S
51 _

-Q

- ¢

i S e S e e Y




RO Sid LY

e AR T FEET Ao BT ven O R M A TN R AT AL

LI ARTAO TS

T'“

14

threshold for combinations of size and exposure time for the peripheral
and central cetina. It should be emphasized that the result will neces-
sarily be tentative and require experimental test and further development
or alteration. Nevertheless, in the absence of any other basis for making
a prediction. of the luminance threshold, even a rough guide may have con-

siderable value.

Area, Retinal Position, and the L50

Plotted in Figure 4 are six sets of data based on five experimental
investigations of khe effect of retinal area (target size at the eye) on
the luminance threshold. The lines, drawn by eye, are attempts to follow
the linearly decreasing trends of each data set as far as possibie. An
exception is provided by the data of Blackwell (1947) for which no line
was drawn.

The studies presented in Figure 4 represent a variety of experimental
conditions. In spite of this they provide a set of essentially parallel lines
from their smallest areas to the end of the linear trends. Of these various
studies, exposure time information is available only for the data of Brown
(1939) and of Blackwell (1947). The stimulus duration used by Graham,

Brown, and Mote (1939) is indeterminate due to the nature of the experimental
procedure and those of Weinstein and Arnulf (1946) and of Reeves (1918) are
not known to us. It is possible that if the exposure times were known, the

large discrepancies between the absolute values of data collected at the

same retinal position might be explainable. Regardless, all of these studies are

consistent in demonstrating a linear area-luminance relationship up to some .critical

size. All of the peripheral data and che binocular, :oveal data of Blackwell
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agree in suggesting that the critical area is approximately 1.0°. The
foveal data of Graham, Brown, and Mote suggest a critical area of a little
larger than .07°. After the critical area, however, the data still suggest
a linear relationship, but with a different slope up to perhaps 10° of arc
for peripheral conditions and 0.5° for foveal, monocular viewing. These
suggestions are not in complete accord with the general conclusions summarized
earlier, nor in fact with the conclusions of the authors from the same data.
One result provided in Figure 4 is a comparison of foveal and peripheral
(31.5°) sensitivity at nine points under the same experimental conditionms.
Figure 5 presents a plot of the differences between these points. The smooth
line, drawn by eye, is not meant to have any theoretical significance, but
only to provide an aid in estimating the difference for areas which might
be interpolated between those which were studied. The dashed line extra-
polates that curve to 1,0°. At that point the difference is 0.60 log units.
Inspection of the standard relative luminosity curve suggests that the
largest difference between maximum foveal sensitivity and maximwn peripheral
sensitivity for the one area used is about 0.35 log units. The cuive drawn
and extrapolated, therefore, does provide a rough guide to the differences
and we shall use it for correcting peripherally-obtained luminance thresholds
for white light to foveal ones recognizing that the error could be even
larger. For monochromatic light, the standard relative luminosity coef-
ficients may be used directly, or more recent scotopic and photopic rela-
tive luminosity functions may be used. Bartlett (1965) provides an excel~
lent summary of the available data. Of more direct value would be systematic
data for increasing distances from the fovea for constant values of size,

exposure time, and wavelength. But although in a sense relative sensitivities
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may be inferred from rod-cone distributions or from the relative luminosity
function, no quantitative data appear to be available which describe the
luminance threshold at more than a few positions and those data are con~
founded by such other variables as wavelength, exposure time, etc.; none

deal with white light.

Temporal Relationship and the Combined. Effect of Area and Time

Figure 6 presents the relationship between the threshold energy per
unit area and the duration of exposure of the stimulus. The uppermost
line describes the data of Karn (1936); the remaining data are those of
Graham and Margaria (1935). The latter study appears to be the only sys-
tematic study available which provides -a factorial arrangement of conditions
and thereby dllows for inspection of the Axt interaction. There is suggested
a constant energy requirement up to a critical value, at least for stimuli
of up to 3.0° of arc, After tc for all areas, the energy requirement in-
creases, Figure 6 also shows that tc’ indicated by the break in the hori-
zontal lines, decreases as A increases. The diagonal line in the figure
will be explained below.

Flgure 7 presents the peripheral luminance threshold as a function of

exposure time. For the moment consider only the lines with data points,

3 i.e., the lines for 2', 16', 1.0°, and 3.0°. The points were calculated

from Table 1 of Graham and Margaria (1935) and, therefore, are related to

b

i the previous figure. It may be seen that the luminance threshold decreases
; linearly as a function of duration up to a value of £, which decreases with
i increasing area. The lines were drawn through the points by inspection.

: The curved lines were drawn independently and are not extensions of the
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straight lines. On the contrary, we have assumed that a different function
is involved and that a good estimate of tc may be obtained as the point at
which the straight line and curved line intersect. The solid, diagonal
line of Figure 6 is drawn through the four intersections.

The general indication of the figure is that for values of t>tc, L50
decreases to a constant level. The data suggest that this may happen
almost immediately with very small areas and that the exposure time at which
LSO becomes constant decreases systematically with increased area.

The intersections with which we defined t. in Figure 7 are plotted as
points in Figure 8 along with their associated luminance thresholds. The
abscissa is the visual angle. A straight line appears to represent the
findings for both €. and LSO' The latter decreases more rapidly. Assuming
that the lines shown in this figure are reasonable descriptions, and in view
of the fact that the data shown in Figure 7 provide a family of parallel
lines, t. and an associated L., can be obtained from the lines of Figure 8

50

for any area over the range of values covered. The t, can then be entered

into Figure 7 and a line constructed to the ordinate parallel to the original

data. A second, curved line can also be drawn consistent with the trends of
the curved lines already present. This has been done for 1', 9', and 30'.
For these values the derived t. is shown as a single point; the lines drawn
from it are dashed.

To the extent that the original data of Graham and Margaria (1935) are
representative, Figure 7, taken as a whole, provides a basis for estimating
the luminance threshold for any combination of exposure time and area at
least up to 3° and down to almost .0001 sec. With the values obtained for

L50 and with the aid of Crozier's Law, p(D) can be estimated for any of
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these combinations of conditions. If the viewing condition is foveal rather

than peripheral, L50 can be increased by the value indicated in Figure 5

The value of 6. in that case should be one-

for the size of target involved. L

half of the increased value. A straight line through the two points, L50 and
(LSO + oL) when plotted on arithmetic probability paper will then provide the
desired probability function. That line, in turn, may be used to determine
the estimated p(D) of any luminance for the combination of conditions or,
conversely, of selecting a luminance for that set of conditions in accordance
with a desired p(D). The function may also be used to establish trade-offs

within the ranges of constant energy per unit area for a given area of stimu-

lation.

Area and the Energy Requirement

As noted earlier, a variety of laws have been proposed which are in-
tended to describe the summation of energy and area. As shown in Figure 6,
the data of Graham and Margaria (1935) and of Karn (1936) indicate that up
to at least 1.0° of visual angle the threshold energy per unit area decreases
as the area increases. Perfect rummation of area would be indicated by a

reciprocity between L50 and A or between (LSOt) and A. Thus, summation for

the data of Figure 6 would be indicated by the finaing that the total znergy
(LSOCA) is constant with increases in area. Similarly, for a single value
of exposure time, the product, LSOA’ or quxf(A) should be constant for

increases in A. It has been generally concluded that such summation occurs

within limits.

This expectation has been one of the assumptions incorporated into

experimental approaches designed to determine the minimum amount of energy
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required for seeing (for example, cf Pirenne, 1962). It has also been -one
of the zrguments used to provide a2 similarity between the functions of the
single cell and the human visual response (e.g., Graham and Margaria, 1935).

Figure 9 wag developed from the data shown in Figure 4. It provides
plots of LSOA for constant exposure durations as a function of area. There
is no evidence in this figure of summation; LSOA decreases systematically as
area increases over the entire range for all studies. Figure 10 shows what
happens to the total energy requirement as a function of area. These data
were obtained by calculation using those two studies of Figure 4 which
provided exposure time information (upper line) and by plotting tc as obtained
from Figure 7 (lower line). Figure 1l uses the data of Grrham and Margaria
(1935) to plot total energy as a function of duration and area.*

Both Figures 10 and 11 are very clear in showing that the total energy
requirement is not constant for small areas. In fact, it decreases with
increases in area. Hallet, Marriott, and Rodger (1962) reported a smaller
total threshold energy for a field of 5.64° diameter than for a field of
10' of arc in diameter with a .0026~second flash. The present analysis
provides very strong support for this finding.

From the above analysis, we must conclude that as area increases both
the threshold energy per unit area decreases and the threshold total :nergy
decreases. Therefore, the assumption of reciprocity with area is not sup-

ported for the human psychophysical response. The implications of this

*Graham and Margaria provide a similar figure which, unfortunately, is in

error, and which led them to conclude erroneously.




oA - m—— n en i, -

FEN S ol SANAS o s AN K PAL Dnk, sl Ot S it w o Minn an 4 [P R L R Y LRI Goeam ONAET s I M s Wi PR ke Gl e ek T o S ke b W g SN Sty gl a1 LT Ak 7,

*p aanBrj uT polxodax S8TPNIS Byl 103 Y Jo uoriouny g ge 0S
‘B2p) 319NV wnsIA 907
! . . L 0 [ z

o
. : . by - " - :

1 "6 9an3tg

8g
q
a

@ o

24

v V

6£61°230K 3 ‘unoag ‘weyring %
L%6T ‘Tianyderga v
8T6T “SoAdaYx

9%61 ‘3JTnuUIV B UT3IISUTINO

L%6T ‘unoig @

v 501

S A R I TR R R AT s

e Tt il ar TS Sa iyt g R4 s Bk ey i s



- o n—————_— e - o o . . —— s [ . . R [ -

"gaIe JOo uorldouny ' se A3xdue [eB303 proysaxyl ‘g 9InSId

(‘62p) 319NV 1vnsIA 901

4 | = o 92
-

25

(v3957) 509

2 3ugfapa
‘Teaaudraad o€ ‘9£6T ‘evaeBaey ¥ weyein o

"92s 110" “yeaeydrazd 0 ‘/%6T ‘umoxy o
935 9 ‘TEanoj ‘-Doutq ‘iv6T ‘Tremyoerg @




*x9j9uted B S8 BaI® YRTM UOTIBINP JO UOTFOUNI B S8 LBI9us Te302 LTOUSdIUL *TT sanSyJd
(93s) 3 HOI '
0 i Z £ 74
. - = o — 9
0
(]
s
-
ko
12
P
~ ”
*
o
Lo g .
> :
bt {
< |
L4 [ m 4
9e6T “uaey °,T1S0 e
0°€ m
Se6T .
‘eyaediel pue weyean jo «0°T a
BI2p woxj paielndie)d AN AR
ot0° @ 1




27

conclusion for threshold determi;ations of vision, especially as they are
used to evaluate quantum energy relationships must be carefully evaluated.
It would seem that some form of facilitation occurs with increasing area.
This might be accounted for by assuming: (1) A statistical variation of
receptor sensitivity over the retina, or (2) A statistical variation of
receptor sensitivity from moment-to-moment, (3) Both kinds of variation, and
(4) That the threshold for seeing depends primarily on the excitation of
some minimum number of receptors. The fourth assumption plus any selec-
tion of the others would account for the data. We are not prepared at
this time to discuss the implications of these assumptions to quantum
theory or to attempts to relate the neurophysiological data to the human
psychophysical response. It is clear, though, that if a model which uses
assumptions of this sort is required, some revision of the present quantum

model 1s required.

II. DETECTION OF A LUMINANCE DIFFERENCE

We were concerned above with the probability of detection of a light

in a lightless background. We shall now be concerned with the detection of

Barg v p ks s acy

a difference in luminance between a uniform field of light (L) and a test

area. The domain of research involves the luminance difference threshold

T

(ALSO) and the Weber ratio (ALSO/L). The latter is also called the contrast
sensitivity and it is this term that we shall use. As before, most of the

research has been concerned with the effects of stimulus parameters and

retinal factors on the threshold. We shall designate the threshold con-
trast as CSO’ thereby providing a terminology for other probability values

such as C8O’ etc.
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Unlike studies of the L50 which have been primarily peripheral, studies
of the CSO have been mainly foveai. This is in accord with the differential
sensitivity of the fovea and of the peripheral retina under conditions of
light and dark. Our particular interests in foveal vision are, therefore,
more easy to satisfy with the contrast literature. In fact, as will be
seen, there are available extensive data on binocular contrast sensitivity
and these data are especially relevant to questions of complex task per-
formance since such performance generally involves binocular viewing.

As before, we are concerned with two primary problems: (1) the esti-
mation of any p(D) given only C50 as information, and (2) the estimation of
C50 as a function of target size (retinal area of luminance change), ex-
posure duration of the target (i.e., the change), and not in common with the
LSO’ with the luminance of the adapting or background field (L). Otherwise
the approach is the same. We are assuming that the subject is adapted to the
pre~target luminance, and that the underlying distribution of psychophysical
responses is normal. If so, and if Crozier's Law holds with respect to the
CSO and O, @ linear (or ogival) probability function can be established
based upon any threshold and application made of the law to obtain the .-

An extensive search of the literature was performed to find those
studies of contrast sensitivity which reported values of p(D) or a measure
of variability which could be transformed to a standard deviation. Of 14
such studies found, only 10 could be accepted as providing reliable informa-~
tion. In general, rejection was based upon the finding that the standard
deviation was larger than the mean (i.e., threshold). Such a state of af~

fairs must be viewed as having provided unreliable data even though the

trend of the mean values was reasonable.
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Table 1 lists the 10 studies which were accepted for further considera-
tion. The studies may be seen to vary widely in terms of the slope constant
obtained. Only five of the studies reported the number of observations made
per subject per single threshold. It may also be seen that the number of
subjects used is characteristically very small (usually the authors). Every
effort was made to find a parametric basis for the variation in the slope
constant, e.g., monocular vs. binocular, foveal vs. peripheral, white light
vs. monochromatic light, area, duration, etc. No systematic arrangement
appeared. We decided, therefore, to estimate the slope constant using only
those studies having the larger subject samples. Arbitrarily, we selected
those studies having five or more subjects for this purpose. Table 1 is
arranged with those studies as the first four listings. The median of the
six values presented for those four studies is 0.46. In view of the fact
that Blackwell's (1947) study provides the largest number of measures and
that Cobb and Moss, also having a large number of measures provided essentially
the same value as that of Blackwell two out of three times, and considering

that 0.50 held for the LSO’ the expression
0, = .47Cq, (3)

secems appropriate for general use. It may be said then that Crozier's Law
holds for both the LSO and the CSO using the coustants provided. It should
be noted too that Blackwell (1962) has developed applications of his data
(along with other of his data) to lighting design using this slope constant.

The present analysis verifies that procedure.

Estimating the Contrast Threshold

The contrast threshold has been studied with a variety of test methods.

All of them involve a comparison of a stande luminance with a test

r\q‘ ORI



Table 1. Mean slope constants (K) for oc = KC50, the number of observaticns
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per single threshold (n), and number of subjects (N) on which o

and Csp are based.*

Author

Blackwell, 1947
Cobb & Moss, 1928%%

Lamar, Hecht, Shlaer,
& Hendley, 1947

Vallerie & Link, 1968
Blackwell, 1953
Crozier & Holway, 1939
Heinz & Lippay, 1928
Herrick, 1970

Heolwey & Hurvich, 1938
Muller, 1951

0

—

320
220

not reported

not reported
200-320
120-180
not reported
260
not reported

approx. 160

.34
14
A1
.36
14
.08
.34

*All values of K were calculated from data provided by the authors except
All values

are means of the various individual estimates over all conditions except

that for Blackwell (1947) which was reported in that paper.

for Cobb and Moss.

*%Cobb and Moss published 'relative probable error" values.

20 mL, and 1.0 mL.

We assumed
that these were probable errors and transformed them to standard devia-
tions. The three values of K represent background luminances of 100 mL,
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luninance. Of the two really extensive studies, Blackwell (1947) used
white light in a circular field as a background and a smaller circuiar area
centered within it as a test patch. A comparison of test patch brighter
than the field with the test patch less bright than the field, but at the
same ratio of difference showed that when the difference between the two
is small compared to the larger field, sensitivity is the same. For larger
differences, the case of the dimmer test patch was about 15% more seasitive.
It should be noted that at values of contrast greater than the CSO’ the
difference is larger. As a guess, we recommend that the correction be
applied whenever a contrast of C;5 or greater is to be employed for condi-~
tions which approximate those used by Blackwell or, following LeGrande
(1957), whenever the diameter of the test patch is 1.0 degree of arc or
less. Figure 12 provides Blackwell's data for a 6-sec. e#posure for the
case of the brighter test field.

Cobb and Moss (1928) used two parallel dark bars on a light back-
ground as a test condition. This procedure also represents the case of
the brighter test patch and the same recommendations apply. Figure 13
shows their results for an exposure time of 0.17 sec. and varying size,
Figure 14 shows the effect of different exposure times. Although both
investigations provide functions of area, they do not provide them at
comparable exposure times. They should be used as separate data sources,
therefore.

The data of Figures 12-14 may be found in a variety of standard sources.
They are unquestionably the most reliable data available for what they
cover. Since our primary interest is in binocular viewing, monocular data

will not be presented. Such data may also be found in most standard
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e

Figure 12, Binocular contrast threshold as a function of size and background

luminance. Exposure duration = 6 sec.

1947,

Data from Blackwell,
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sources, e.g., the reviews listed earlier. In addition all of the studies

listed in Table 1 are detailed in our data base.

Retinal Position

The only systematic study of the contrast threshold at different retinal

positions for binocular viewing appears to be that of Vallerie and Link
(1968). The C50 for their three retinal positions calculated from their
data is shown in Figure 15. It is clear that up to the limit studied, the

relationship is linear. Figure 16 presents a plot of the increase in the

C50 at different angles of eccentricity relative to the fovea. The increase

is also linear and rapid.

Calculation of p(D)

Figures 12-14 should cover the range of viewing conditions of interest

to human task performance. These conditions are for binocular viewing with

straight-ahead fixation. For questions involving the detection of a lumi-
nance difference when the stimulus is at an angle with resper: to the line
of sight, Figure 16 may be used to correct the Cs0 obtained from Figures
12-14. Equation 3 should not be applied until all corrections have been

made.

Evaluation

OQur particular interest was in finding as reliable a way as possible
to estimate p(D) for binocular viewing. The method depended upon the
avallable literature and the results, therefore, cannot be more reliable

than the data in that literature. It is clear that information about the
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parameters of contrast sensitivity are much more acceptable than they are
for the absolute threshold. On the other hand, as we have tried to de-
monstrate, studies based upon the absolute threshold tend to have a fair
enovgh degree of similarity in their absolute values to provide at least
first estimates. Parametric studies similar to those for contrast are

badly needed, however, if what has been done here is to be improved.

REFERENCES

Bartlett, N. R. Thresholds as dependent on some energy relations and
characteristics of the subject, 154-184, In Vision and Visual Per-

ception. Graham, C. H. (Ed.), New York: Wiley, 1965.

Blackwell, H. R. Contrast thresholds of the human eye. Journal of the
Optical Society of America, 1947, 11, 624, 643.

Blackwell, H. R. Psychophysical thresholds. Experimental Studies oif Methods
of Measurement. University of Michigan Engineering Research Bulletin

No. 36, 1953.

Blackwell, H, R. Write-up on pages 2-22 to 2-29 in IES Lighting Handbook,
Third Edition, Illuminating Engineering Society, N. Y., 1962.

Brown, R. H. Minor studies from the psychological laboratory of Clark
University. XXXIV. Complete spatial summation in the peripheral
retina of the human eye. American Journal of Psychology, 1947, 60,

254-259.

Cobb, P. W. and Moss, F. K. Four fundamental factors in vision. Trans-
actions of the Illuminating Engineering Society, 1928, 23, 496-506.

Crawford, B. H. and Pirenne, M. H. Steep frequency-of-seeing curves.
Journal of Physiology, 1934, 126, 404-411.

Crozier, W. J. and Holway, A. H. Theory and measurement of visual mechan-~
ism. III. Journal of General Physiology, 1939, 23, 101-141.

Denton, E. J. and Pirenne, M. H. The absolute sensitivity and functional
stability of the human eye. Journal of Physiology, 1954, 123, 417-442.

Dufay, J. and Schwegler, R. La mesure visuelle des brillances trés faibles.
Rev. Opt. 1930, 9, 263-266.

S FL RIORIETE RN AR ORIV NP




m?‘{uﬂ""‘?}u-qﬂ"-\. M.;t’\»c’ L0 Sidst ¥y

1

B0 e e A

R el L i Ao

R AL LR Pt

Dok liapst s sRicbag

TITYET

Tt

PN

LS L 9
TS TR

39

Graham, (. H. Vision and Visual Perception. New York: Wiley, 1965.

Graham, C. H., Brown, R. H., and Mote, F. A. The relation of size of
stimulus and intensity in the human eye. I. Journal of Experimental

Psychology, 1939, 24, 555-573.

Graham, C. H. and Margaria, R. Area and the intensity time relation in the
peripheral retina. American Journal of Physiology, 1935, 113, 299-305.

Hallett, P. E., Marriott, F. H. C., and Rodger, F. C. The relationship of
visual threshold to retinal position and area. Journal of Physiology,
1962, 160, 364-373.

Hecht, S. Vision II. The nature of the photoreceptor process. Chapt. XIV.
In A Handbook of General Experimental Psychology, C. Murchison (Ed.),
Worcester: Clark University Press, 1934.

Hecht, S., Shlaer, S., and Pirenne, M. Energy, quanta, and vision. Journal
of General Physiology, 1942, 25, 819-840.

Heinz, M. and Lippay, F. Uber die beziechuagen zwischen der untershiedsemp-
findlichkeit und der zahl der erregten sinneselemente. Pfluegers
Archiv Gestante Physiologie, 1928, 218, 437-447,

Herrick, R. M. Psychophysical methodology ~ Deductions from the phi-gamma
hypothesis and related hypotheses. Perception and Psychophysics, 1970,
7, 73-78.

Holway, A. H. and Hurvich, L. M. Visual differential sensitivity and retinal
area. _American Journal of Psychology, 1938, 51, 687-695.

Jackson, J. M, Variability in visual thresholds. Journal of Psychology,
1965, 39, 17-28.

Karn, H. W. Area and the intensity-time relation in the fovea. Journal
of General Psychclogy, 1936, 14, 2, 360-369.

Lamar, E. 8., Hecht, S., Shlaer, S., and Hendley, C. D. Size, shape, and
contrast in detection of targets by daylight vision. 1. Data and
analytic description. Journal of the Optical Society of America,
1947, 37, 531-545.

LeGrand, Y. Light, Colour and Vision, New York: Wiley, 1957.

Mueller, C. G. Frequency of seeing functions for intensity discriminations
at various levels of adapting intensity. Journal of General Physiology,

1951, 34, 463-474,

Pirenne, M. H. Binocular and uniocular threshold of vision. Nature
(London), 1943, 152, 698-699.

Pirenne, M. H. TFart I. Chapt. 6, Absolute thresholds and quantum effects;
Chapt. 7, Quantum fluctuations at the absolute threshold. In The Eye,

et s mrm e o




40

Vol. 2, The Visual Process, Davson H. (Ed.), New York: Academic Press,
1962.

Reeves, P. The visibility of radiation. Transactions of the Illuminating
Engineering Scciety, 1918, 13, 101-108.

Teichner, W. H. and Olson, D. Predicting Human Performance in Space En-
vironments. NASA CR-1370, 1969. For sale by Clearinghouse for
Federal Scientific and Technical Information, Springfield, Virginia,
22151.

Vallerie, L. and Link, J. Visual detection probability of sonar targets
as a function of retinal position and brightness contrast. Human
Factors, 1968, 10, 403-411.

Wald, G. Area and visual threshold. Journal of General Physiology, 1938,
21, 269-287.

Weinstein, C. and Arnulf, A. Contribution 3 1l'étude des seuils de perception
de 1l'oeil. Comm. Inst. Opt., Paris, Tomt 2, Fasc. 1, 1-43, 1946.

o v —— X he e L

Aedeoaan

id

S RS A I e TS A 1y Ny

.o




Security Classification -

DOCUMENT CONTROL DATA-R&D

(Securlty clsasillcation ol title, body of abstract and indexing snnotation muat be entared when the overali report ls claasiliod)

1. ORIGINATING ACTIVITY (Corporate author)
American Institutes for Research
135 North Bellefield Avenue
Pittsburgh, Pennsylvania 15213

28, REPORT SECURITY CLASMPFICATION
Unclassified

2b. GROUP

3. REPORT TITLE

Predicting Human Performance I: Estimating the Probability of Visual Detection

4. OESCRIPTIVE NOTES (Type of report end inciusive datoa)

Final Report

8. AUTHORI(S) (Firet e, aiiddie Initial, Jast.na . .
Teichner, Warren H. . Krebe “Marjorie J.

8. REPORT DATE

November 1970

78, TQTAL NO. OF PAGKS !r"b. NO., OF RKFS

v + 40 i 16

8&. CONTRACYT OR GRANT NO.

N0o0D14-70-C-0125

&5, PROJICY 2O,

NR 196 -096

[

d.

248, ORIGINATOR'S REPORT NUMBKR(S)

ATR-881-11/70-FR

9b. OTHER REBPORT NO(S) (Any other numbers that may be asalgned
this report)

10. DISTRISUTION STATEMENT

States Government.

Reproduction in whole or in part is permitted for any purpose of the United

1. SUPPLEMENTARY HWOTES

12. SPONSORING MILITARY ACTIVITY
Engincering Psychology Programs
Office of Naval Research

Arlington, Virginia 22217

13. ABOTRACT

Relevant studies from the literature on human visual detection were trans-
formed into common units, collated and used to develop Crozier's law for the
relationship between the threshold and the standard deviation. As a result, it
now seems practical to estimate the probability of detection of any luminance
or contrast given only a threshold value. The literature was also used to
establish a basis for estimating the binocular contrast threshold and the
absolute threshold. In regard to the latter, a detailed re-examination of the
published data revealed that there is no reciprocity between luminance and
retinal area as is general supposed. Bloch's law for the summation of luminance
and duration was found to hold up to a limit.

ronn REAPLACKS DD FORM 1478, 1 JAN 84, WHICH IS
' OV o8 CBSOLKTE FOR ARMY USE,

Securlty Classification




T T R T DT

LY R ol By Shaecf X

s

b v E

P LR £

Szcurity Classificetion

KEY WORODS

LINK A

LINK 8

LINK C

ROL Y

wT ROLK wT

ROLE

wY

Visual Detection threshold
Probability of Detection
Human Factors

Human Performance Theory

Security Classification

S

v ke mare s

e AL

~2asa T

W3

R pree

R TNy i i




e,

AMERICAR INSTITUTES FOR RESEARCH

P T IELPIYS £

CORPORATE OFFICERS

S

S. Rawns Wallace, PhD, President

3 Brent Baxter, PhD, Lxecutive Vice President

Edwin A. Flershman, PhD, Senior Vice Prosident
Paul A, Schwarz, PhD, Vice President

5 e
Lot i) <L

AR s tearay
LT

BOARD OF DIRECTORS

John C. Flanagan, PhD, Chairman
Paul Horst, PhD

Frederick B. Davis, EdD !

Robert L. Thorndike, PhD Q

Robert M, Gagné, PhD &

Brent Baxter, PhD

3 Edwin A. Fleishman, PhD
: James M. Houston, LLB
S. Rains Wallace, PhD

T T T e T Ty

N PTCTT,

TS

RESEARCH ADVISORS 3

Robert M, Gagné, PhD
Robert Glaser, PhD
Arthur A, Lumsdaine, PhD
Robert F. Mager, PhD

Nhparti g e

T

b Washington Office: 8555 Sixtesnth Street, Siver Spring, Maryland 20970

e

Corporate and Pittsburgh Offices: 135 North Bellefield Avenue, Pittsburgh, Pa. 15213 "i

B R

s

J Palo Alto Office: Post Office Box 1113, Palo Alto, California 94302 :

Asia - Pacific Office: Bangksk, Thaiand, APO San Francisco 9636

T e T

TR




