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Preface

In 1959, the Committee on Vision sponsored a symposium on visual
search. Continued interest in this subject prompted the Committee
to sponsor another symposium to survey theoretical and experimental
developments during the past 10 years since the publication of the
proceedings of the 1959 symposium.

The papers in this volume were presented at the Committee's an-
nual meeting in May 1970.
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JOHN R. BLOOMFIELD
UNIVERSITY OF NOTTINGHAM

txpenrments in

Visual Search

I shall describe briefly some of the findings obtained in a continuing
study of visual search conducted at the University of Nottingham.

Gottsdanker (1960) listed some of the many factors involved in
search. One search determinant that he isolated, the competition
determinant, refers to the situation in which a target is clearly dis-
tinguishable from its immediate background but is difficult to detect
because it can be confused with other nontarget stimuli that are also
present in the search area. The problem is one of discrimination, and,
obviously, the greater the degree of similarity of the target and the
nontargets, the harder the task will be. The target may differ with
respect to one or more of the following dimensions: color, contrast,
shape, and size. Other variables that must be considered, some of
which are interrelated, are heterogeneity, number, density and dis-
tribution of the nontargets, and size of the search area.

"The effects of shape alone and effects of contrast and size in com-
bination with shape were investigated by Smith (1961, 1962). In the
first group of experiments on the effect of competition on search, the
targets differed only in size.

The apparatus was designed so that observers could be tested re-
peat,'dly. Repeated testing is not possible if only a small set of the
apparently possible target positions are used, for observers would be
able to learn the limited set of positions actually used, to make use
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of this informat oi, and, thus, to reduce the time they need to locate
the target. In, :;i.dies in which a small number of stimulus cards have
been used (Friksen. 1955; Green and Anderson, 1956: McGill, 1960),
it has been necessary to pool data from untrained observers. Pooled
data car give an indication of the effect of the variables involved, but
it may also obscure some effects. In the tasks used here, all apparently
possible target positions were actually possible, and the observers
could be repeatedly tested. The apparatus proved readily adaptable,
and a series of related experiments were undertaken.

APPARATUS AND GENERAL PROCEDURE

The search displays were Perspex sheets with shallow holes drilled in
predetermined positions in their surfaces. Bali bearings of various
sizes could be placed in the indentations and the displays masked
off to give a search area of the required shape and size. The sheets
were placed on an overhead projector and projected onto a screen.
Target position could be changed rapidly from one presentation to
the next, in accordance with a previously determined random order.
The number of positions that the target could occupy was limited
only by the total number of stimulus positions in the display. The
observer was asked to find the target as quickly as possible. He was
seated in front of the display and behind a shutter. The arrangement
for projection is shown diagramatically in Figure 1. When ready, the
observer opened the shutter, looked fcr the target, and, as soorn as he
located it, closed the shutter. The length of time the shutter was
opened was recorded automatically. The observer indicated verbally
where he thought the target was after the shutter had been closed.

The observer sat 9 ft away from the screen. At this distance, the
square displays used in the experiments reported here were approxi-
mately 16o20' on each side. Their actual length was 4.5 in. unpro-
jected and approximately 2 ft 7.5 in. when projected. Two square
displays were used. One contained 100 indentations, arranged regu-
larly in a 10 X 10 matrix. For the second, one third of the 324 inter-
sections of an 18 X 18 matrix were selected at random to give a 108
position irregular display. The two displays are shown in Figure 2.
The diameter and area of each of the seven disks used as target and
nontarget stimuli are shown in Table 1.
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FIGURE I Sketch of experimental arrangement showing
overhead projector, shutter, resocnse key, screen, and the
position of the observer.

Al. seven stimuli could be used with the regular display but only
the smaller four (A-D) with the irregular display. After a run of ten
consecutive search trials with a given target, the observer had a short
rest. Experimental sessions were just under I hr in length and con-
sisted of six such runs.
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FIGURE 2 Regular and irregular search displays ez.;h
containing a target disk slightly smaller than the back-
ground stimuli.
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TABLE I Diameter and Area of Stimulus Disks

Discs A B C D E F 10

Unprojected diameter 4 5 6 7 8 9 -
(32nds of inch)

Projected diameter 27.2 34.0 40.8 47.6 54.4 61.2 68.0
(min of arc)

Projected area 581 908 1,308 1,779 2,325 2,943 3,632
(sq, min)

RESULTS

Size Differences between Target Disk and Surrounding Disks

The effect of varying the differences in size of a target disk and the
nontargets has been investigated for both regular and irregular dis-
plays (Bloomfield, 1969). Search data are often reported in terms
of mean or median times. Figure 3 shows the frequency distribu-
tions of times needed to locate the six targets, A to F, with stimuli
of size G as nontargets, for one observer (SI). The figure shows
that, as the difference in size of the target and nontargets decreases,
the distributions increase in variability and range and :.ecome in-
creasingly skewed, as well as having their means and medians in-
crease. Much of this information can be preserved by presenting
the data in the form of cumulative distributions for three observers
(S 1, S2, S3) with normal vision (one corrected) searching the regular
display (the data of Figure 3 are replotted on Figure 4a). Similarly,
Figure 5 shows data from the same three observers for the irregular
display. It should be noted that the origins of the cumulative curves
do not coincide and that none of them passes through the origin of
the graph.

Search is only necessary when, for some reason, a target cannot be
located immediately. If a target is perceptually prominent in a partic-
ular display, vaiying its position in that display will have little effect;
the range of location times obtained for it will be very small, and the
cumulative distribution of these times should be steep.

The point on the continuum of size-differences between target and
nontargets at which search becomes necessary is within the range of
differences used with the regular display. The distributions for the
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FIGURE 4 Cumulative distributions for targets A-F in the regular display of
background stimuli G: 60 readings per distribution. (a) Si, (b)$S2, (c) S3.
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targets most different in size from the background stimuli (A, B, C
for SI and $2; B for $3) are very steep, suggesting that little or no

search was necessary to locate them. The times obtained are perhaps
best considered as response times that have two components, a tcac-
tion time dependent on how efficiently the observer can manipulate

L
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the shutter and a processing time in which he decides whether he can
see the target. The distributions of the remaining targets appear to be
increasingly, dependent on search factors, as well as containing ele-

men'., t response factors. For middle-range size differences (D for
SI: : E for S2; C. D for S3) the distributions are fairly steep at first,

I I I I I
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and then, later, have a more gradual incline. Probably for these targets
most of the display can be covered in one or two fixations, with a
few target positions toward the boundary requiring more. For the
iargets closest in size to the nontargets (E, F for SI and S3; F for S2),
the itile distributions have more gradual slopes. Many fixations are
needed on most trials with these targets.

With the irregular display, all three targets seem to have required
search to some extent. Again as the similarity between the target and
nontarget increases, the distributions appear to be increasingly depen-
dent on search factors.

Fitting Exponential,

Krendel and Wodinsky (I 960a,b) reported an extensive study in which
search times were obtained for targets of varying contrast and size lo-
cated in otherwise completely featureless backgrounds. They were able
able to describe quite adequately much of their data by exponential
equations of the form

T
01 -(1 YPs

where PT is the probability of locating a target by time T, p. the prob-
ability of detecting a target in a single fixation, and ts the average time
for a fixation. Several theoretical approaches to search (Krendel and
Wodinsky, 1960a,b; Lamar, 1960; McGill, 1960; Davies, 1968;
Howarth and Bloomfield, 1968, 1969) have incorporated the
suggestion that search times should be exponentially distributed. In
Figures 6 and 7, the data of Figures 4 and 5 are replotted on semilog
scales as I - PT, rather than PT, against time. If the distributions are
exponential, they should fall on straight lines when plotted in this
way. Straight lines, fitted by eye, are included on both figures. The
distributions are shown only for those targets that seemed to have
required search: For the regular display, targets A, B, and C are
omitted for SI and S2, and A and B are omitted for S3. The data
can be seen to fit least well for the targets nearest in size to the non-
targets, i.e., for those more dependent on search factors. Again it
should be noted that the distributions neither pass through the origin
of the graphs nor have a common origin, as the previously mentioned
theoretical treatments suggest they should.

I
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FIGURE 6 Search-dependent cumulative distributions from Figure 4 replotted
on semilog coordinates. (a) S!, (b) S2, (c) S3.

Numbers and Density Nontargets

The three variables, density of nontargets, number of nontargets, and
size of the search area, are inextricably bound up. One can be held
constant while the other two are varied, but the converse is not true.
Thus, all findings in search experiments purporting to investigate one
of diese variables can, in fact, be attributed to two possible sources

L0
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FIGURE 7 Cumulative distributions from Figure 5 replotted on semilog co-
ordinates. (a) SI, (b) S2, (c) S3.

of variation. It is surprising that in this area, which has proved most
attractive to those using competition search tasks, this has not always
been made clear.

The general findings are that increasing number with density (area
constant) or number with area (density constant) increases search
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time. The third possibility, holding number constant and increasing
density by reducing area, has received little attention; Eriksen's
(1955) results were inconsistent and probably artifactual, while
Baker et a. (1960) found no changes in search time when density
was varied in this way.

The relation between mean or median time and number and den-
sity or number and area appeared, in some studies, to be roughly
linear. However, Smith ( 1961) showed the relationship was more
complex. He suggested that

t =a Nm,

where t is search time, N the number of nontargets, and a and m are
constants. This power function was not adequate for his data ob-
tained with targets differing on two or three dimensions. However,
it did seem appropriate for data obtained when only one dimension
was involved. In fact, m often had a value close to .50, suggesting
a square root relationship between N and t.

Using the apparatus already described, this relation was investi-
gated further. A regular 7 X 7 display was used as low density, with
the 10 X 10 regular display of Figure 2 as high density. One prac-
ticed observer, S6, was used. The nontargets were of size D, and
there were three smaller (A, B, C) and three larger targets (E, F. G).
The 1 2 display-target conditions were randomized.

The results are shown in Figure 8. For all six targets there was a
marked reduction in search time for the low-density display. The
semilog plot gives further evidence that exponential functions pro-
vide good descriptions of search data. In addition, strong support
is provided for the proposed square root relation between search
time and the number of nontargets. The lines shown for each
target-density condition are related as follows:

GL GH

where GL and G11 are the gradients of lines for the low and high den-
sities, and Ni and Ni1 are the number of stimuli in the low- and high-
density displays. The pairs of lines were fitted by eye. The square
root relationship appears to hold over the complete distributions.

L_._
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Relating Search Time to Target-Background Characteristics

It has been traditional, since Wertheim (1894), to refer to peripheral
acuity in terms of the reciprocal of the angular measure of a thresh-
old stimulus. Low ( 1951 ) pointed out that this led to the erroneous
view that acuity decreases rapidly at first and then more slowly as the
far periphery is reached. In fact, the decrease is virtually linear until
the far periphery and then is more rapid. Weymouth (1958) pointed
out that a linear relation holds from the fovea out to 200 or 300 for
a wide range of threshold data. Howarth and Bloomfield (1968, 1969)
and Bloomfield and Howarth (1969) made use of this linearity and of
basic search theory in deriving the following relation:

1-( , (1)
(dB -dT) 2

where t is mean search time, and dB and dT the diameters of the back-
ground and target stimuli.

This was found to describe some of the previously obtained data.
Figure 9 replots data of SI and S3 from Figure 4, and Figure 10

8 means based on 60 readings -,

"C S3
0 -

E . .. 1
U 1

44

- AA

.01 .02

-1

-- -i (sq. min.)'
(do - dT)

FIGURE 9 The relationship between i and I/(dB -dT) 2 for
two subjects searching a regularly arranged display with the
largest disks as nontargets.

'9
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FIGURE 10 The relationship betwecti Tand I/(dP-dT)2 for one
subject searching an irregularly arranged display with, in one case,
the largest disks and, in the other, the smallest as nontargets.

shows the relationship for a further observer, S5, searching the ir-
regular display with targets larger (B, C, D with nontargets A) or
smaller (A, B, C with nontargets D) than the background stimuli.

To deal with threshold search, in which a low contrast target is
embedded in a plain background, Howarth and Bloomfield (1968)
extracted the relationship between target size and eccentricity from
the peripheral acuity data of Taylor (1961). The derived a very simi-
lar relation for threshold search situations:

11

WTr- do)2
where do is the threshold diameter of a target at the fovea.

The adequacy of this relation is shown in Figures 1 and 1 2. The

data used in Figure I I are from Miller and Ludvigh (1960). The value
of do has been taken as 5.0', although we have no direct information
on this variable in this experiment. However, a direct estimate was
made for Figure 12. The data were obtained by G. Hill with one prac-
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ticed observer (S22). The diameters of the disk targets were 6.7', 8.0'.
10.7', and 13.3'; the search display was 14'35' square, and d0 was
3.65'.

Relating Response Time to Target-Background Characteristics

As pointed out earlier, the cumulative time distributions do not pass
through any common origin in Figures 4, 5, 6, 7, and 8. The origins
of the distributions can be considered as the response times required
by the observers to respond to the presence of a target with no ele-
ment of search. This would occur when the observer is able to detect
the target with his first glimpse of the display. The fastest time, tf,
obtained over a set of search trials with a particular target can be
taken as an estimate of response time. This is only a crude estimate.
However, it is found that the average If for S I, S2, and S3 for the
data shown in Figures 4 and 5 can be related not to the square of the

,S

-- rledns t), .seI oil) 58 rttdcli tlqs

.,• ulllClt F: ..o ..uhlllet D --

"_- 100 -.- --

00203 04

(di (10 m

FIGURE I I Data from Miller and Ludvigh (19)60) replotted to
show the relationship between i and 1/(d,. do) for search in a
plain background assuming d t min of are.
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FIGURE 12 The relationship between mean search time
and the reciprocal of (dT - do )2 for search in a plain back-
ground.x

diameter difference of target and backgroa~nd disks but to the diam-
eter difference itself, thus:A

B 1

This is illustrated in Figure 13. The method of least squares was used
to obtain the lines of best fit added to the figure. For the regular dis-
play, 99.6 percent and, for the irregular, 99.36 percent of the vari-

P ances are accounted for by the simple diameter difference relation.
Unlike relation ( 1), there was no theort. ical derivation of relation

(2), and at least one other function, derived from Crossman (1 95,5),
provides as good a fit to the data. (This function is tf cx I /(log d. -

log dr).IS
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A n Index of Target Dilficulty

A basic problem in many search situations occurs when an attempt
is made to specify the properties of a background that relate to the
difficulty of locating a particular target. Often there is no metric
for the necessary specification. In the competition search experiments
described so far, the difference between targets and nontargets was
size, and it could be measured precisely. Possibly other target-
background complexes could be treated in terms of size measures,
if use is made of relations (1) and (2). This can be illustrated in
treating the data of two further experiments. In the first of these,
carried out by R. D. Wright, two or three targets were presented in
the display adjacent to each other. In the second, carried out by
D. M. Donnelly, targets of varying shape were employed. In both
experiments, the basic procedure was as already described, the

08[ 0

-S)

06

04 --

02

0.02 0.04 0.06 0.08 O.9O 0.12 0.14 0.16

d6 - dT )

FIGURE 13 Relation between q and the reciprocal of (dB -dT): :Ifaveraged
over three observers. , regular display, line of best fit ty' .204 +
(4 .09 )/(dB- dT): .o -o irregular display, line of best fit rf .184 +
(3.41 )Ld dT).
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regular display of Figure 2 was used, and the nontargets were of
size G.

In the maltiple target experiment, two or three targets of size F
were positioned on the display, either grouped adjacent to each other
or dispersed at random throughout the display, and the observer
(S23) was asked to locate one of them as quickly as possible. There
were also two standard conditions in which single targets of sizes
E and F were present. Figure 14 shows the cumulative distributions
based on 60 trials for each of the six target conditions. The two triple
target conditions result in faster times than the double targets, and
all four multiple target conditions lay between the distributions of
targets E and F alone. The grouped targets are found more quickly
than the first of the comparable multiple targets placed at random.
As expected, the randomly placed targets share a common origin
with the stardard target F, while the grouped targets do not.

On Figure 15, -ie mean search times for the the two standard
targets were plotted as a function of the reciprocal of the square of
the target-background diameter difference. A linear relation (i) was
assumed fo these two targets, and the mean times for the two

3/ 3" ,' 2 2

75 .-

S{ ~,,' .-.

50Sso .;- :+'

S. .... .,
25 agrouped

I..

20 ,40 60 To

,)ne (sec%)

FIGURE 14 Cumulative distributions, based on 60 readings, for standard (E and
F). grouped (2 and 3), and random (2 and 3) targets.

LA
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F
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_... . (sq min)

(do -dT)2

FIGURE 15 The relationship between mean search time and I/(dB - dT) 2 for
the standard targets (E and F) used to derive apparent diameter differences for
grouped targets (2 and 3).

grouped targets were used to read off apparent values of l/(d1 - dT) 2 .
From these, l.(d, - dT) could be derived. Figure 16 shows the plot
of fastest time against the l/(d2 - dT) values of E and F, with the
expected linear relation (2) drawn in. The derived values for the
grouped targets are also shown.

In the second experiment, there were four differently shaped tar- 0
gets: 4, a square, 3.2 percent larger than disk F: 6, a hexagon, 4.5 per-
cent smaller; 8, an octagon, 1.6 percent smaller; and 12, a duodecagon,
6.0 percent larger. These targets were made of stiff opaque paper. Each
was mounted on a dressmaking pin. A smali nut provided a firm base
with the pin head resting in one of the indentations in the Perspex dis-
play h!ieet. Again targets E and F were used as standards, and there
was one observer (S24). Figure 17 shows the cumulative distributions
based on 60 trials for each of the six target conditions. As the shaped
targets become more like disks, going from square through hexagon
and octagon to duodecagon, more time is required to locate them
among the nontarget disks (which are of size G). The octagon and
target E have distributions that are not significantly different from
each other.

On Figure 18, as before, mean times were plotted as a function of
I - dT)2, linear relation (1) assumed, and then apparent diameter

T4

Ld
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o-

.05 10 15
(d8 drl

FIGURE 16 The relationship between fastest search time and
l(dB - dT) for thc standard (E and F) and grouped (2 and 3) targets,
using the apparent diameters derived in Figure 15.

values were read off for the four shapes. These values could be used
for comparison with the relation (2) for the standard targets, as on
Figure 19. The line of best fit for the shapes is not significantly dif-
ferent from the standard line.

In the case of both the grouped and the differently shaped targets,
the values derived from relations (1) and (2) agree fairly well. Since
the octagon and standard target E have similar means and fastest
times as well as distributions, a further test of the proposed metric is
suggested. This would involve a comparison of search times for a tar-
get of size G in (a) nontargets of size E and irn (b) octagon-shaped
nontargets. If the resulting distributions were very close, it would
seem feasible that a scale for shape could be obtained. This procedure
is not possible for grouped targets, nor could it be used in many more
complicated situations. However, there is hope that a range of target-

background complexes could be handled numerically by treating
them on an apparent diameter difference scale.

While one may be cautiously optimistic, this approach is obviously
limited. It is doubtful if it could be used in camouflage situations,
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time (smcs)

FIGURE 17 Cumulative distributions for standard (E and F) and shape (4-
square, 6-hexagon, 8-octagon, 12-duodecagon) targets.

where the target fails to emerge perceptually from its immediate

background because the patterning of the background and target
combine to obscure the latter. Although of major importance, prob-
lems of camouflage have received little systematic investigation. This

is due, in part, to the great difficulties in defining camouflage situa-
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FIGURE 18 The relationship between mean search time and 1(dn -dT) for
the standard targets (E and F) usad to derive apparent diameter differences for
shape targets (4, 6, 8, and 12).
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FIGURE 19 The relationship between fastest search time and
I1(dB -dr) for the standard (E and F) and grouped (2 and 3)
targets using the apparent diameters (.erived in Figure 18.

tions. Figure 20 illustrates some of the problems. In this collection
of triangles and quadrilaterals, there is embedded a regular five-
pointed star. It is not clear exactly what the relevant variables are
in this task. While it is possible to make quite precise theoretical
statements about the artificial stimuli used in competition search

I

FIGURE 20 A camouflage search
task; find the five-pointed star.
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tasks, we are still a very long way from being able to deal with the
kind of complexities involved in camouflage situations.

SUMMARY

The work described here was carried out in an attempt to elucidate
some of the problems involved in visual search. There were two gen-
eral objectives: (1) to provide a sound body of empirical data and
(2) to develop a viable theoretical framework.

Several experiments have been performed with competition search
tasks in which the target had to be located when other nontarget
stimuli were also present in the display. An adaptable apparatus was
devised. This enabled a series of studies to be undertaken, some of
which are reported here. It was found that as the difference in size
of targets and nontargets decreased search times increased for both
regularly arranged and irregularly arranged stimulus displays. For
some easier targets, the location times were largely dependent on
response factors, while the times became more and more dependent
on search factors as the target-nontarget difference decreased. i
comparison of two display densities led to the suggestion that search
time is a function of the square root of the number and density of
nontargets. Search times appear to be distributed exponentially.

Howarth and Bloomfield (1968, 1969) derived a model of search
that makes use of the linear relationship between threshold stimulus
size and retinal eccentricity. Using this model, it is possible to relate
mean search times to target-background characteristics, in particular
to the square of the difference in diameter of target and nontarget
discs. This approach is illustrated here. It is argued that the fastest
search time obtained for a given target can be taken as an estimate
of response time. This time is not related to the square of the diam-
eter difference but to the difference itself. It is suggested that these
two relations, of mean search time and fastest search time with target-
background characteristics, might be used to develop a measure in
terms of diameter differences for search situations in which the tar-
get and background differ in other ways than size. This is illustrated
for grouped targets and targets differing in shape.

While some progress has been made, we remain a long way from
being able to deal with many complex search situations.
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JAMES L. HARRIS
SCRIPPS INSTITUTION OF OCEANOGRAPHY

Visual Aspects of
Air Collision

When two aircraft are on a possible collision course and one of both
of the ai craft is flying under Visual Flight Rules (V F R ), then colli-
sion avoidance depends upon visual detection of the other aircraft,
estimation of the course of the other aircraft, and execution of an
avoidance maneuver, if necessary. Visual detection is the first link
in this chain of events, for the remaining events cannot occur until
detection has occurred. This paper reports research directed toward
quantitative evaluation of the visual detection portion of the air-to-
air encounter.

The techniques of what is termed visibility engineering have been
under development for many years and have been reported (Duntley,
1964). The specific steps followed in the present study are described
briefly in the following paragraphs.

Scale models of a DC-3, 737, and a DC-8 were mounted on a post
and illuminated with sun, sky, and terrain components. The sun was

high and at an azimuth of 135' to the right of the optical axis of the
camera. The models were photographed from four aspects: nose-on,
±450 from nose-on, and +90 from nose-on.

The resulting photographic negatives were digitized in a photo-

*This research was supported by Ames Research Center, National Aeronautics
and Space Administration.
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electric film scanner. The scanning aperture takes discrete steps across
the film, recording film transmittance at each point. The measure-
ments were made in a square array 64 points on a side (4,096) points
in all). Row A in Figures 1, 2, and 3 shows photographs of cathode-
ray-tube (CRTr) displays of the 64 X 64 arrays for all four aspects of
the aircraft.

The remainder of Figures 1,2, and 3 shows preliminary steps re-
quired before calculations could begin. These steps consisted of (B)
computer conversion of the negative to a positive (based on the char-
acteristic curve of the film), (C) insertion of a grid to facilitate loca-
tion of the post, (D) subtraction of the background level to produce
a contrast map (negative values are made positive in the display pro-
cess), (E) elimination of'the post, and (F) addition of the background
level to reproduce a luminance map.

Taylor's data (1964)-on contrast thresholds in visual search for a
stimulus of 1/3 sec duration-were used to derive summative func-
tions (Harris, 1969; Blackwell, 1963). The discrete contrast maps of
the aircraft were convolved with these summative functions. The scale
of the aircraft was varied to correspond to different distances, and the
convolution repeated. The maximum value of this convolution as a
function of aircraft range is shown in Figures 4-15. These maximum
values are labeled contrast since they are dimensionally a contrast.
I refer to them as convolution contrast. The aircraft have both posi-
tive and negative contrast values, and the convolution results in both
a positive and negative maximum. Both are plotted in the figures.
The horizontal line, labeled v = oo, corresponds to a 50 percent thresh-
oldW that is, the probability of detection will be .5 where the hori-
zontal line intersects the peak convolution contrast curve for a single
1/3-sec fixation.

At threshold range, the aircraft will appear to have one contrast
polarity,. For example, we see in Figure 4 that the aircraft is liminally
detectable at approximately 10 nautical miles as a negative contrast
(darker than the background), and we can further see that at that
range the positive contrast portion of the aircraft is far below thres-
hold.

Since, for horizontal viewing through a horizontally stratified at-
mosphere, the contrast of an object is attenuated exponentially with
range, straight lines corresponding to selected meteorological ranges

-. .... - - - - -.. . . . • . • + • +
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A

S, E I

E

F

-45' 0" +45' +90'

FIGURE I Photographs of CRT display of digitized photographs of DC-3
model. Columns are different aspects of the same model, and rows are suc-
cessive stages of computer processing (see text).
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Eu... .
fr~ f

-45' 0" + 45' + 900

FIG;URIE 2 Photographs of CRT display of digitized photographs of 737 model.
Columns are different aspects of the same model, and rows are successive stages
of computer processing (see text).
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A

B

C

D

E

F

- 45' 0" +45 +900

FIGURE 3 Photographs of CRT display of digitized photographs of DC-8 model.

Columns are different aspects of the same model, and rows are successive stages
of computer processing (see text).
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FIGURE 4 Maximum convolution contrast of DC-3 at +450 aspect as a function
of range. Maximum positive and negative contrasts are C"+ and •'--. Functions la-
beled v are atmospheric visibility conditions in nautical miles (v = - means no
atmospheric attenuation). Intersection of v and C' indicates .5 probability of de-
tection.
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FIGURE 5 Maximum convolution contrast of DC-3 at 900 aspect as a function
of range, Maximum positive and negative contrasts are ^c+ and !ý-. Functions la-
beled v a're atmospheric visibility conditions in nautical miles (v = -o means no
atmospheric attenuation). Intersection of v and Z indicates .5 probability of de-
Weion.
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FIGURE 6 Maximum convolution contrast of DC-3 at 450 aspect as a function -

of range. Maximum positive and negative contrasts are c+ and ý-. Functions la- 2.
beled v are atmospheric visibility conditions in nautical miles (v = means no
atmospheric attenuation). Intersection of v and ^ indicate3 .5 probability of de-
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FIGURE 7 Maximum convolution contrast of DC-3 at 00 aspect as a function

of range. Maximum positive and negative contrasts are t:+ and e'-. Functions la-
beled v are atmospheric visibility conditions in nautical miles (v = 00 means no
atmospheric attenuation). Intersection of v, and Z• indicates .5 probability of
detection.
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FIGURE 8 Ni- ,xi 'mum convolution contrast of DC-8 at +450 aspect as a functiort
of range. Nia -.4~m positi•a and negative contrasts are c-+ and iý-. Functions la-
beled v are at'mospheric visibility conditions in nautical miles (v = -o means no
atmospheric attenuation). Intersection of v and 'C indicates .5 probability of
detection.

.01

Ai

It



36 James L. Harris

10. I

v: In.m.
V - I5n.m
v = v-10"m PvvOn.m 0 4 v3n.m. 4P v-40n.m.

a# I # #
* *

4,P
IN 4

U--t e 4C-8 0°, , 4

.01

A

.001I . II.Ii

010 20 30 40 0 60 70

RANGE. NAUTICAL MILES

4' 4

FIGURE 9 Maximum convolution contrast of DC-8 at 00 aspect as a function

of range. Maximum positive and negative contrasts are ^c+ and 'Z-. Functions la-
beled v are atmospheric visibility conditions in nautical miles (v = means no|
atmospheric attenuation). Intersection of v and Ac indicates .5 probability of[
detection.
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FIGURE 10 Maximum convolution contra~t of DC-8 at -450 aspect as a func-

tion of range. Maximum positive and negative contrasts are'B+ and e- ucin
labeled Y .are atmospheric visibility conditions in nautical miles (v = omeans no•

atmospheric attenuation). Intersection of v and 'C indicates .5 probability of de-
tection.
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FIGURE 12 Maximum convolution contrast of 737 at 900 aspect as a function
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FIGURE, 13 Maximum convolution contrast of 737 at -450 aspect as a function
of range. Maximum positive and negative contrasts are ^C+ and e-. Functions la-
beled v are atmospheric visibility conditions in nautical miles (v = 00 means no
atmospheric attenuation). Intersection of v and Z indicates .5 probability of de-
tection.
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FIGURE 14 Maximum convolution contrast of 737 at +45° aspect as a function
of range. Maximum positive and negative contrasts are,.+ and 17. Functions la-
beled v are atmospheric visibiliiy conditions in nautical miles (' = 00 means no
atmospheric attenuation). Intersection of v and ? indicates .5 probability of de-
tection.



42 James L. Hlarris

v-in.m
v 5n m.v v 3 2On.m. vv3Onm -4On.m

I, 0/
I / 4?/ /

4t 4P I

4 0.
! t / 4 f

.4P737 O

&4t
I

I

.01.

A A
-,

.001
0 10 20 30 40 so 60 70

RANGE. NAUTICAL MILES

FIGURF. 15 Maximum convolution contrast of 737 at 00 aspect as a function
of range. Maximum positive and negative contrasts are "+ and c'-. Functions Ia-
beled r are atmospheric visibility conditions in nautical miles (v = means no
atmospheric attenuation). Intersection of v and "" indicates .5 probability of
detection.
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can be drawn on the graph such that liminal detection range is the
intersection of the convolution contrast curve and the selected me-
teorological range line.

While only the peak values of the convolution operation are plotted
in Figures 4-15, the entire convolution map is computed. These maps
have the appearance of a blurred image of the aircraft, the blur be-
coming more severe with increasing range. Such images are shown in
Figures 16-18 for four arbitrarily selected ranges (A, B, C, D). The
meaning of these images is debatable, but in a crude sense they repre-
sent a "brains-eye-view" of the aircraft. As such it is interesting to
speculate that such pictures might be used to obtain quantitative

A

0÷

C

D '1

-4

FIGURE 10 Convolution maps calculated from luminance maps shown in
F igure I(F). Rows are four arbitrarily selected ranges.
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estimates of the distance at which various functions of higher order
than detection take place. For example, referring to Figure 16, at
what range can you recognize that the object is an aircraft; at what
range can you determine the aspect of the aircraft, and at what range
can you tell that it is a twin engine aircraft? The convolution pictures
also clearly show the transition with increasing range to a single con-
trast polarity.

Figures 4-15 show convolution contrast values for direct foveal
fixation only. For visual search, thresholds must also be determined
for peripheral vision. Figure 19 shows an extension of the calculation
for retinal image displacements with respect to the fixational center

'4
of 00, 20, 40, 60, and 100. Liminal threshold ranges for a single 1/3-

A

C

D

W5 0° +45'45,90

FIGIJRE 1 7 Convolution maps calculated from luminance maps shown in
Figure 3(F). Rows are four arbitrarily selected ranges.
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sec fixation for each retinal position can be read from the inter-
section with the v = oo line. For example, the DC-3, +450 is detect-
able with direct fixation at between 10 and I I miles, but it is
detectable at approximately 4 miles when it is 100 from the point
of fixation.

Figure 19 shows more than the range at which 50 percent thres-
hold occurs, for it shows for all ranges the magnitude of the stimulus
relative to threshold. We refer to this as the limen ratio. A plot of
limen ratio is shown in Figure 20.

Limen ratio can be directly related to probability of detection
(Taylor, 1964; Blackwell, 1963). A conversion to probability is
shown in Figure 2 1. Here we see probability of detection for a single

A

B

C"...

D1

-4500° +45 +90

FIGUREI 18 Convolution maps calculated from luminance maps shown in
Figure 2(F). Rows are four arbitrarily selected ranges.
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FIGURE 19 Contrast as a function of range for various amounts of eccen-
tricity from the point of fixation (00). Intersection of v with a constant func-
tion indicates .5 probability of detection (threshold).
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contrast function for 100 eccentricity intersects the v function at 4 miles in
Figure 19; the 100 function reaches unity at 4 miles in this figure. -V.1
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FIGURE 21 Probability of detection as a function of
eccentricity from point of fixation at various ranges.

I

fixation as a function of the retinal position of the aircraft image and
for selected aircraft ranges. Figure 21 corresponds to what has some-
times been called a "soft-shelled" visual detection lobe (Harris, 1959).

The complete visual detection lobe is the figure of revolution of
Figure 21. If a single fixation is made in the search field then the
volume integral of the visual detection lobe is a number whose dimen-
sion is square degrees. A plot of this integral as a function of range is
shown in Figure 22. We see that at range of 6 nautical miles the in-
tegral has a value of approximately 70 square degrees. A visual detec-
tion lobe having unity probability over a cone of 70 square degrees
and zero probability elsewhere would have an equal integral. This
may be thought of as an equivalent solid angle of coverage for each
fixation

The probability of detection for a single fixation is equal to the
equivalent solid angle of coverage divided by the total solid angle f
of field to be searched. The probability per fixation is shown in
Figure 23 for an 1,800 square-degree field of search.

The final step in the calculation is to consider the dynamic situa-

K
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FIGURE 22 Volume integral of the detection lobes
given in Figure 21 (see text).

tion with the aircraft closing at an assumed velocity and to accumu-
late the contributions from each fixation throughout the closure.
This final step is shown in Figure 24 for an assumed closing velocity
of 360 knots. It was assumed that the fixations were located at ran-
dom within the field of search.

The result shown in Figure 24 assumes that the pilot devoted full
time to the search effort. Ordinarily, cockpit duties do not allow any-
thing close to 100 percent search time. The true percentage would
certainly depend on the circumstances of the flight, which govern
cockpit workload. It would also depend heavily on the individual
flyer's habits and the relative importance that he places on visual
vigilance. A reduced percentage of time devoted t- search can easily
be introduced into the calculation by returning to Figure 23, block-
ing out those range intervals where search was not being performed
and then recalculating the cumulative probability of detection to
give a new curve for Figure 24.

The material presented in this paper illustrates a technique of cal-
culation applicable to the air collision problem. No conclusions can
be drawn from a single case involving one aircraft, one aspect, one
lighting geometry, one search solid angle, or any other single instance
of a wide variety of conditions. Similar analysis performed for a cross
section of such cases will give insight into the nature of the visual
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FIGURE 23 Probability of detection for a single fixation
of 1,800 square degrees as a function of range.

10 , ,)•

6 li

.2

14

Vý 360

0 --- --- - .-- * +45I

V-C I

.2 2

RANGE NAUTICAL MILES St
FIGURE 24 Cumulaiive probability of detection of an
approa hing aircraft as a function of range.
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capabilities in air collision avoidance. As is generally true, it is difficult
to postulate a practical solution to a problem that is not clearly under-
stood. In my opinion, the tools of analysis described in this paper can
assist in developing such an understanding. It is very easy to attribute
every air collision to "pilot error." To do so may be placing an un-
justified stigma on the pilots involved and may allow all other pilots
to continue a false optimism that it can never happen to them. A
clear understanding of the capabilities and limitations of the human
visual system in collision avoidance with full recognition of the
pilot's cockpit workload is a necessary prerequisite for the develop-
ment of satisfactory solutions to the problem.
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Dynamic Visual
Search Patterns

Considerable research in air-to-ground acquisition of targets has found
stable relationships between search performance and such variables as
target characteristics (e.g., size, color, and shape), aircraft performance
(speed and altitude), and environmental conditions (level and direc- j
tion of illumination, visibility, and cloud cover). With these data on
hand, it seemed desirable in late 1967 to attempt once again to de-
velop a mathematical model of air-to-ground unaided visual search
performance. However, in choosing to approach the problem using
an integrated single-glimpse probability model, it became all too ap-
parent that the purposive scanning patterns observed during previous
experiments logically eliminated any "cookie-cutter" approach to
describing the visual field. In fact, it was quite obvious that the air-
to-ground observer did not search the scene in a uniform plow-share
or circular pattern, as some model builders have assumed, but that
the points of fixation are highly purposeful, are related to the con-
tent of the scene, may vary among observers, and certainly do not
cover the total visual field. In an effort to better understand the
basics of air-to-ground search behavior, then, the experiment reported
here was conducted by Charles P. Greening, Richard D. Sturm, and

*Present address: Department of Industrial Engineering and Operations Research,

Virginia Polytechnic Institute and State University.
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Melvin J. Wyman in late 1967. It was one part of a series of air-to-
ground target-acquisition experiments directed by the author for
Joint Task Force Two during the period 1965-1967.

Previous experiments with air-to-ground search patterns demon-
strated that performance was directly related to the type of visual
scan pattern that observers were instructed to use (Thomas and
Caro. 1962). Head movement directing the line of sight from the
horizon abeam the aircraft inward toward the aircraft and back out-
ward at a fixed rate (side movement method) produced .significantly
better identification of targets than. in descending order, the forward
movement method, the forward fixed method, or the side fixed
method. In the forward movement method, the observer "'looked
forward at a 450 angle to the line of flight initially and then swept
his gaze back toward the rear of the aircraft." In the forward fixed
method the observer looked at the same 450 angle to the line of flight
but did not move his head. In the side fixed method, the line of
sight was fixed 900 to the line of flight and downward. A

The observers in the Thomas and Caro studies were not monitored
for head movements during flight; rather, it was assumed that they
had in fact followed their training instructions during the test flights.
The consistency of the data indicate that the four groups of observers
were using different patterns of sewich, although these patterns are
much too gross for use in developing a detailed model of single-
glimpse performance.

Eye-movement data obtained from other experimental situations
were examined for relevance to air-to-ground search. Typically, these
previous experiments have generated fixation-duration frequency dis-
tributions and relationships betw .en time required to locate an ob-
ject and fixation durations. Unfortunately, data from such tasks as
radar-display search (White and Ford, 1960), symbol search (Ford 4
et al.. 1959; Willih-ms, 1967). and electronic chip inspection (Gould
and Schoonard, 1969) have 'ittle applicability to the time-limited,
dynamically changing air-to-ground search task.

Finally, we wished to determine how visual search might be made
more efficient. Gilmour and his colleagues at Boeing have shown that
for nearly all air-to-ground search conditions the observer wastes
more than 40 percent of his time in useless search activity during the
period after the target has become available but before an acquisition
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response has been made. If, during this period, many fixations are di-
rected to irre!evant objects that are dissimilar to the target, perhaps
the amount of wasted time can be reduced.

I

METHOD

All dal- were collected in the Autonetics (Anaheim, California) V F R
Laboratory, which is similar to that built for Joint Task Force Twco
by the Sandia Corporation in Albuquerque, New Mexico, and to The
Boeing Company's Multimission Simulator in Seattle.

Fhght Simulationt

The visual scene was projected on a spherical screen of 15-ft radius by
a 70-mm motion-picture projector. The angular subtense of the pro-
jected photograph to the observer, seated in a cockpit at the screen's
center of curvature, was 160' horizontal by 600 vertical. Approxi- I
mately 200 of the vertical field was above the horizon in normal

flight attitude. The films used in this study were aerial photographs
of the Joint'Task Force Two test range. The projected imagery had
a limiting resolution of about 4' at a screen luminance of 20 fL. Sim-
ulated altitude was 200 ft, and simulated speed was 360 knots. Each
of five subjects, all test pilots, flew two prebriefed missions, with
each mission containing four targets.

Eye-A, wetnent Recording

The eye movements were recorded from only the right eye from the
time the target ceased to be obscured by the terrain until it has passed
out of the field of view. Eye movements were recorded from all sub-
jects and for all eight targets using a modified Polymetric V-0165-1
Eye-Movement Recorder. This recorder was modified by using a
separate 16-mm recording camera for the visual scene (necessitated
by the low luminance of the screen) and by removing the optical path
beam-splitter so that the corneal reflection path was sent only to the
eye-movement camera. The 16-mm scene-camera was located on one
side of the headband. A spring was attached between the headband
and the roof of the cockpit simulator to relieve the recorder's weight

L
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from the subject; no apparent loss in freedom of head movement
resulted.

Procedure

Following a general explanation of the experiment and familiarization
with the equipment, each subject was fitted with the Eye-Movement
Recorder, including a bite-bar. The eye spot was then aligned to en-
sure that it remained in the field of view. An alignment pattern, con-
sisting of five black squares in 11 X I I' matrix was used. This pat-
tern was located at a distance of 13 ft from the observer's eye, with
the center spot at eye level.

With all apparatus adjusted, the subject was given a familiarization
flight in the simulator over a nontarget course, following which any
needed adjustments in the headband, bite-bar, or other equipment
w"rc C..

i1hc subject was then removed from the simulator and given the
detailed mission briefing for the first course he was to fly. When he

,. ed to the simulator, all of his equipment was again fitted and
aligne6.

Eye-Mo vemen t Recorder A lignmen t

Figure 1 illustrates the five-spot alignment pattern. As the subject
fixated on each of the five spots, the corneal reflections associated
with those spots were recorded. On prejecting the eye-spot film
and the test film (showing the alignment pattern upon a single, flat
screen from two synchronous projectors), it is possible to adjust
ene of the projectors to achieve perfect alignment of the eye spots
(corneal reflections) with the alignment pattern on the scene. The
adjustments necessury are tilL, displacement, and scale. Tilt is cor-
rectable by rotation of either projector, while displacement is cor-
rectable by vertical and horizontal shifts in the location of either
projector. Assuming a single and constant scale factor, this is most
easily corrected by employing a zoom lens on either projector.
Figure 1 shows a sample set of corneal reflections along with the
alignment pattern.

Following alignment of the eye spot and test films for each sub-
ject and for each mission, all data were reduced by the following
procedure.
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FIGURE I Alignment pattern used to calibrate eye-
movement recorder.

Data Reduction

Films were advanced to the last frame of the final target sequence,
identifiable as the last exposed frame because both cameras were
turned on and off simultaneously. Any discrepancy in the total
numbers of frames for the two films was noted and compensated
for during data reduction. Films were then run back to the first,
frame and advanced frame by frame with the position of the eye
spot plotted in the proper place on a series of target pictures. The
target pictures were made from every fortieth frame of the 70-mm
simulation film and thus represented a point every 1, 100 ft in ap-
proach to the target.

The position of the point of regard was recorded for each dtda
frame, and the duration of the fixation was measured by counting
the number of data frames during which the eye spot did not move.
Successive fixations were noted on the target pictures, along with
the fixation at which time the subject indicated a target acquisition
response by depressing a button. Fixations occurring on the assigned
target were also noted. A sample of the plotting notation is given in
Figure 2., omitting the target picture.

Because tt'e 16-mam cameras were run at 14 frames per second, all
fixation durations were recorded in multiples of 1/14 or 0.071 sec.

L I
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4 T

ACO

* EYE FIXATION POINT
I - 288

M EYE MOVEMENT WITHIN AREA

2 - 344 DIRECT MOVEMENT

3- 71 SPOT DISAPPEARED, REAPPEARED

T TARGET LOCATION
4- 368 ACQ CORRECT ACQUISITION RESPONSE

FIGURE 2 Notation used in plotting eye movements.

RESULTS AND DISCUSSION

Dwell-Time Distributions

The dwell-time frequency distribution for all Ss is shown in Figure 3.
The median dwell-time, 320 msec, is not dissimilar from that found
in other eye-movement studies; also the skewness is similar to other
results. For purposes of easy comparison, the White and Ford (1960)
radarscope data are overlaid. Thus, it appears that the dynamically
changing stimulus scene has no significant effect upon fixation dwell-
times.

4
In order to determine whether target acquisition performance is

related to fixation dwell-time, the five observers were divided into
three groups, good, medium, and poor, as shown in Table 1. The fre-
quency distribution of dwell-times for the three groups were then
plotted as shown in Figure 4.

The median dwell-times show a consistent increase as acquisition
performance decreases (.288 sec. .344 sec, and .368 sec). While
detailed statistical analysis is not warranted for this sample size, it is
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FIGURE 3 Frequency distribution of dwell-times for all subjects.

interesting to note that a median test (Siegel, 1956) showed the dif-
ferences to be significant at the .06 level of confidence. This finding
is consistent with the well-known reduction in dwell-times with in-
creased reading speed (Yarbus, 1967; Woodworth and Schlosberg,
1954).

It is also interesting to note that there was no systematic variation
in dwell-times as the target approached the simulated aircraft or as
the subject searched closer in to the aircraft.

TABLE I Comparative Performance of Subjects V

Percent of Target Range of Correct
Ss Acquisition Acquisition (ft) Group Standing

62 6,237 Good
2 62 5,945 Good
3 50 5,380 Medium
4 62 4,493 Poor
5 50 4,941 Poor

VLl
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FIGURE 4 Frequency distribution of dwell-times for subjects
classified by their detection performance (see text and Table 1).

Search Pattern*

It might be hypothesized, based on search patterns found in earlier
studies (Ford et al., 1959; White and Ford, 1960), that the fixations
would sweep out much of the entire scene either randomly or sys-
tematically. Data such as these have led many theorists to assume
such a plow-share or pushbroom pattern in their models so that
they could achieve greater mathematical simplicity. The records
of this study, however, do not reveal such a pattern. The fixations
were heavily concentrated near the horizon in the center of the
field. In addition, they tended to occur in certain types of terrain
(e.g., clearings, roads) rather than in random or geometric patterns.

Figures 5 and 6 illustrate the recorded fixation points for all sub-
jects on the four East Course targets and the four West Course tar-

*At this point, the audience at the meeting was shown a 'equence of color target
slides with the search patterns overlaid. Unfortunately, reproduction for this
volume was not possible.

K
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± 808 (TOTAL SCENE)

±150
+ 20-

* .1 ... L

-400

FIGURE 5 Loci of fixation points on East Course.

gets, respectively. It can be seei, that 80-90 percent of the fixations
fall within about 5 percent of the visual scene.

Figures 7 and 8 show the target locations for all targets for each
reproduced frame of data. It is apparent that the targets generally lay
in the same area as the fixations. I

Target Characteristics

It was stated above that search patterns seemed to be related to target
and terrain characteristics, not to any geometric or random pattern.

±80"(TOTAL SCENE)

+200 I
I

±150

* 41 ----- -
0 10

-400 _______

FIGURE 6 Loci of fixation points on West Course.
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±800 (FULL SCENE)
+ 20+

I I

15 L------------
±150

1(

-400 I
FIGURE 7 Loci of target locations on East Course (includes all frames from
which data were recorded).

This hypothesis was checked by reference to the debriefing records,
in which each S was asked to indicate which characteristic(s) of each
target he used to acquire the target. Responses to this question were
then checked against eye-movement records. The results, shown in
Table 2, illustrate that nearly three fourths of all fixations were on
features closely resembling the terrain features reported.

The wide use of road patterns or other man-made grids as refer-
ences corroborates the results of LaPorte and Calhoun (1966), who

4

±800(FULL SCENE)
+200

i
±150

- 2,-- ----

- 150t. . .. . .
* **

--40-

FIGURE 8 Loci of target locations on West Course (includes all frames from
which data were recorded).
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TABLE 2 Correlation of Fixations with Reported Terrain Cues

Fixations on Total
Stated Characteristics Characteristics (n) Fixations (N) n/N

Units in clearing 17 22 0.77
Field pattern 9 18 0.50
Road pattern 23 26 0.88
Field and road pattern 20 32 0.62
Truck park pattern 21 25 0.84
Highway 17 20 0.85
Town and runway 7 13 0.54
Town and warehouse 20 26 0.77
River, road, bridge structure 21 34 0.62
River bend 23 29 0.79

245 178 0.73

did not measure eye movements but did use verbal reports on types
of cues used in target search. Both studies are consistent with a cog-
nitive approach to target acquisition, as opposed to a simple pattern- A

matching scheme. The briefing material indicates that the S tends to
estimate those characteristics of target and background that will be j
most apparent at a distance, and then searches for those. He uses the
detailed appearance of the target itself more as a check in positive
identification. 4

Several times during this experiment, the observer located the tar- 4
get area, fixated it, and still did not make an acquisition response.
The eye-movement records indicate when this happened but offer
no explanation of the failure to respond. Clearly, any predictive
search model must take account of such presently unexplainable
events.

Quality of the Data

Collecting this type of data is difficult for several reasons. The wide-
angle ( 160') search situation requires free head movement of the S
while, at the same time, fixation points are being accurately recorded.
The helmet-mounted camera and lirht assembly, while fairly rigidly
fixed with bite-bar, chin strap, and headband, is not perfectly fixed
to the head: consequently, movements of a few thousandths of an
inch can occur. During such movem,?nts and during blinks, the cor-

4
[ )
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neal reflection is lost and measurements cannot be made. Equipment
failures also occurred. In sum, the total number of completely usable
records from the five subject searching for eight targets was 15, in-
stead of the possible 40. It is believed that the 15 records obtained
are free of major calibration errors. It is estimated that the fixation
errors were within ±2', or about 1/8 in. on the 8 X 10 in. target pic-
tures.

CONCLUSIONS

The data obtained in this study, although exploratory in nature, per-
mit the following conclusions:

1. The search pron-s is largely cognitive and involves detailed
visual pattern-matching only as a final verification of target identity;

2. The characteristics of the surrounding terrain and its associated
cultural features are at least as important as the characteristics of the
target itself;

3. Superior target acquisition performance is associated with
shorter dwell-times;

4. The search behavior exhibited here is inadequate for detecting
off-flight-path targets due to the restricted angular area in which
fixations occurred;

5. With regard to development of a mathematical model of visual
search, the following implications should be noted: First, fixation
durations of .3 to .4 sec are approximately invariant with target
type, ta;get range, and likelihood of acquisition; second, the proba-
bility that a fix"ation wil! fall on any particular portion of the image
is highly dependent on the resemblance of that portion to the ex-
pected appearance of the target or target cues; third, the probability
of looking at a target falls off very rapidly as the target departs from
the ground track or velocity vector of the aircraft;

6. Training techniques that reduce dwell-times are likely to in-
crease the range of target acquisition. Some operational advantages
might be obtained for the military in this manner.

Kt
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Detection of Peripheral
Stimuli under Psychological
and Physiological Stress

The impetus for the present paper stems in rt from the 1959 an-

nual meeting of the Committee on Vision, -.,.iich was also devoted
to visual search. During that meeting, Fry (1960) stressed the point
that peripheral vision plays an important role in triggering subsequent
eye movements. Although peripheral vision is degraded as a result of
the coarseness of the retinal mosaic and optical aberrations, the avail-
able cues are significant in determining where the eye will look next.
As an illustration, one could imagine how difficult it would be to at-
tempt to scan the eatire visual field with the fovea. Clearly, the mag-
nitude of eye movements and the time required to make them would
greatly decrease the efficiency of the search process. To accomplish
a search task in a reasonable period of time, one must make use of
peripheral vision. Empirical evidence supporting this assumption is
provided by Smith ( 1961) and Erickson (1964), who demonstrated •
that visual search capability is correlated with peripheral discrimina-
tion.

There is no question that the periphery, which encomrasses most

4 ,,,, visual field, is important when considering the functional per-

"I, ,'- -search was supported by grant IhE 08061 from the National Institutes
,,'.4,th, contract CPE-69-1 10 from tie Environmental Control Administra-

tion, HEW, U SPHS, and the Transportation Research Center, Pennsylvania
State University
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formance of the eye, but a primary concern in this presentation is
that the contribution of peripherally presented stimuli is variable. --
An interesting example of this can be found an Burg's data (I1968a)
on the extent of the nasal-lateral vis 'al field (Figure 1). These mea-

surements were obtained as part of a iarge-scale study in which a
battery of visual tests was given to thousands of subjects in an at-
tempt to determine which visual functions correlate with subsequent
automobile accidents. The area of the nasal field, obtained from more.
than 17,000 subjects, increases with age up to a inaximum between
30 and 40 years, followed by a progressive decline. The decrease in
field size with age might be explained by the increasing opacity of
the ocular media or diminution in the size of the pupil. However,
th, increase cannot be explained by the same mechanism, so one
could hypothesize that the subjects in this age group were somehow
learning to make more efficient use of their peripheral vision. Simi-
larly, there is no obvious physiological explanation for the superiority
of the females. It has been suggested that while it is polite for males
in our society to look directly at females, the converse is considered
bad taste. Therefore, females learn to use peripheral vision as part of

145

140
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20 30 40 50 60 Il 6-4

AGE fpa r,

FIGURE I Angular extent of visual field of the right eye as a func-
tion of age; after Burg (1968).
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their normal adjustment pattern to our social mores. Although this
suggestion was originally made partially in jest, in involves the princi-
pie, which I feel has some merit, that the use of peripheral vision is
not determined solely by physiological factors but, rather, that learn-
ing and experience play an important role.

A large number of studies illustrate the principle that the effect of
peripherally presented stimuli is variable. A generalization emerging
from these data is that when foveally and peripherally presented stim-
uli compete for attention, the peripheral stimuli have lower priority.
I mention Burg's data because of the large number of subjects tested
and because his significant research program was reported to a pre-
vious meeting of the Committee on Vision (I 968b). However, the
data on which these generalizations are based involve a variety of
experiments from many laboratories utilizing different experimental
variables and procedures. Gasson and Peters (1965) found significant
shrinkage in the size of the visual field as measured perimetrically
when concentrating on a demanding foveal task. Similarly, Bursill
(1958) reports a decrease in the accuracy of detection of peripheral
signals under adverse thermal conditions when the perceptual load
of a central tracking task was high. Bahrick et al. (1952) demon-
strated that when they improved performance on a tracking task
with incentives, detection of peripheral stimuli worsened. Webster
and Haslerud (1964) found decreased peripheral performance when
the subject was asked to count flashes or auditory clicks. The influ-
ence of danger-induced stress was illustrated by Weltman and Eg-
strom (1966) in a study that showed that novice divers attend less
well to peripheral stimuli in a stressful situation. Kobrick and Dusek
(1970) found an increase in peripheral reaction time as a result of
hypoxia.

The principle that the efficacy of peripheral vision can vary widely
is reflected in a number of concepts. Sanders (1966), in summarizing
the results of a series of experiments on information processing, re-
fers to the functional or effective visual field, which shrinks or ex-
pands depending on the perceptual load of the task. Mackworth
(1965) a!ludes te a similar process in stating that visual noise causes
functional tunir . ision. A similar notion is inherent in the theorizing
of the developmental psychology of Piaget (Vurpilot, 1959). His no-
tions of centration and decentration are similar, at a :nore cognitive
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level, to those of Sanders and Mackworth. Easterbrook (1959) dis-
cusses the "range of cue utilization" and concludes that the number
of cues utilized in any situation becomes smaller with increase in mo-
tion. In clinical neurology, the phenomenon of "sparing the macula"
represents an analogous process.

Indeed, in looking over this literature, I am impressed with the
number and variety of studies demonstrating variability in the utili-
zation of peripherally presented information. Whereas information
presented to the fovea has a very high probability of being effective,
the corresponding effectiveness of peripherally presented stimuli
depends upon both the nature of the task and the condition of the
observer. It is interesting to note that this principle, presented here
as an abstraction from the experimental literature, is accepted as a
working hypothesis by athletic coaches. They assume, on an en-
tirely different basis, that good peripheral vision is essential to
superior performance in perceptual motor skills (McVay, 1968).

We have investigated this problem in our own laboratory by de-
termining luminance thresholds in the presence of a competing foveal
taqsk (Leibowitz and Appelle, 1969). The experimental arrangement
was a perimeter with a central fixation light and 12 peripheral stimuli
each subtending 1.07' mounted from 200 to 90' in the horizontal

plane on both sides of the fixation point. The subject was instructed
to maintain fixation and to indicate when a light appeared in the pe-
riphery. Observation was binocular in total darkness. The functions
obtained in the conventional manner, with a steady fixation light, are
given by the solid line in Figure 2. The absolute threshold is minimal
at 20' of eccentricity and increases steadily as more and more pe-
ripheral areas are stimi.lated. These data are very similar to those ob-
tained by Sloan (Chapanis, 1949). In order to introduce competition
for attention, the fixation light was inter-upted, and the subject had
to press a button to relight it. Thus, in the control condition, the only
task was to report the presence of a light in the periphery, while the
experimental condition involved the additional task of responding to
e;-tinction of the fixation light. Data were obtained for two interrp-
tion ratvs of the fixation light, as indicated in Figure 2. It should be
noted that with the additional central task, the peripheral thresholds
were increased for both interruption rates. The increase is mostly in
the near periphery and amounts to between one third and one log

4
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-- FIGURE 2 Log mean luminance threshold as a function
of stimulus eccentricity. For the control group, fixation
was maintained on a steady light. For the experimental
groups, the subjects were required to maintain illumina-
tion of the interrupted fixation light by pressing a button.

4?

unit. Beyond 65' Of L, -centricity, the additional task has little effect.

. When we planned is experiment, we did not consider the possi-

bility that learning w, uuld improve the discrimination of peripherally
--- presented stimuli. This may have been partly due to my training in

_ classical sensory physiology, which usually ignored such factors. How-

ever, we did note that the experimental groups in the threshold ex- •
periment tended to improve over the three testing sessions. In order

to determine the specific influence of learning, Abernethy ( 1968)
-- carried out a study using the same apparatus and procedure but gave

_ the subject feedback after each peripheral light was presented. Spe-

- cifically. if a subject missed a light, he was so informed and the light

was reilluminated at a higher level so that he would notice it. In order
to analyze the effect of learning, the piot.s of these? data for the five

-- s-ssions are presented in Figure 3. It can be seen that the results of
the final session wee'e similar to the results obtained both by Sloan
(Chapanis, 1949) and by on; previous experiment (Leibowitz and

SAppelle, I1Q69). The initial session is approximately two log units
_•_•r•higher than the final session for practice produces progres.sively

lower thresholds, which approach some limit.

i 1
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In both of these experiments, we were interested in observing the
level of performance with respect to the fixation light. As a reflection
of the generalization stated previously that priority is given to the
central task, n. hanges in the performance of this task were found;
more specifically, neither study showed a difference in mean reaction
time for the central task in the two interruption rates used. Further,
increasing experience produced no changes in performance of the
central task i- Abernethy's study.

It is clear from these experiments that the ability to detect periph-
eral stimuli is influenced by a simultaneously presented central task.
For the inexperienced subjects in Abernethy's experiment, this im-
pairment amounts to two log units, a value that is highly significant
in vision research. Furthermore, these differences are not necessarily
permanent. If one assumes that the problem is one of spreading at-
tention over a wider visual field, then the learning data must be in-
terpreted in terms of the ability of the subject to improve or acquire
this ability with experience.

As usually happeins in the laboratory when new measures are being
investigated, the two experiments I have just described had an influ-
ence on other studies. Olsen (1970), who is interested in the effects

tII I I i i I I •

in -259 INTERRUPTIONS/ MINUTE
• x SESSIONS
t ~ x FIRST

0n 0 SECOND

_J 0 THIRD

- -3- A FOURTH

0 FIFTH

z /\.. 01 K- 0
Z4

0 0

0_
-J 0

0

a. -s

BINOCULAR
0

90 80 65 50 35 20 0 20 35 50 65 60 90
LEFT FIXATON RIGHT

ECCENTRICITY OF STIMULUS (DEGREES OF ARC)

FIGURE 3 Log mean luminanct threshold as a function
of stimulus eccentricity for five sessions. T'.e subjects
were required to maintain illumination of the fixation 4
light that was interrupted 59 times per minute.

KX



PPP-- -V

70 Herschel W. Leibowitz

of fatigue on the performance of automobile drivers, introduced a
peripheral vision task into a driving simulator. The subjects were

required to move a steering wheel to track a spot of light while at the
same time reporting on the presence of peripheral stimuli. In one
phase of his study, subjects were tested continuously in marathon

sessions lasting from 6½S to 9/2 hr without a break. Under these severe

conditions, the performance of both the tracking and the peripheral

tasks deteriorated. Furthermore, performance was cyclical; it would
worsen and then improve again. Although performance and the cen-

tral and peripheral tasks were correlated to some extent, the relative

degradation of performance on the peripheral task was worse than

for the central task. A summary of Olsen's data, representing the
maximum, minimum, and median reaction-time values throughout

the marathon sessions, is reproduced in Figure 4. The closeness of
the minimum and median reaction times suggests that the subjects

performed remarkably well most of the time. There were, however.
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FIGURE 4 Maximum, median, and minimum reaction times
to peripherally located stimuli during long sessions in a driving
simulator. The subjects were simultaneously engaged in a pur-
suit tracking task. The sessions for the five subjects lasted be-
tween 61/z and 912. hr without interruptionafter Olsen (1970).
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periods of markedly inferior performance with corresponding impli-
cations for the efficiency of the driver. Unfortunately, it is not pos-
sible to give a complete analysis of Olsen's data except to point out
that they agree with and, in fact, contribute to the generalizations
stated so far regarding central and peripheral stimulation.

At this point, Bar-Or, Hennessy, Abernethy, and I were fortunate
in being asked to participate in a study carried out at the Human
Performance Laboratory at Penn State on the influence of dehydra-
tion on performance. The purpose of this experiment was to analyze
the effect of heat stress and the resulting dehydration. Subjects were
to spend 8 hr in an environmental test chamber maintained at 105'F.
In a single daily session two subjects would alternate in walking on a
treadmi.. 'or 20 min throughout a 6-hr period. The speed and incli-
nation of the treadmill were adjusted so as to produce a predeter-
mined weight loss of either 2.5 percent or 5 percent in 6 hr.

It will be recognized that loss of 5 percent of body weight reflects
considerable heat stress. For an overweight person, however, the
physiological effects of fluid loss are even greater. This is because the
water is lost from the nonfat body mass. Since the percentage is based
on the total weight, the actual fluid loss for an obese person increases
in proportion to his excess weight.

These experiments were carried out under strict medical supervi-
sion. The subjects were carefully screened on the basis of physical
examinations. Rectal temperature and electrocardiogram were con-
tinuously monitored throughout the study by a physician.

A large number of physiological tests were made in the course of
the study. [For details, see Dukes-Dobos (19 70).] We welcomed this
invitation as an excellent opportunity to obtain data on visual be-
havior in an actual stress situation. We acted on what we had learned
in previous studies of peripheral vision and we installed a perimeter
of lights in the environmental chamber. The subject, while walking
on the treadmill, observed foveally a circle of lights, one of which
was illuminated approximately six times per min. One of the pe-
ripheral lights was illuminated approximately every 40 sec. The sub-
ject indicated by a double throw hand-held switch whenever a light
appeared either centrally or peripherally. Data were obtained during
the first and last 5 miin of every other 20-min walking period. There
were eight subjects, four whom were male, four female: four were

I
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obese, four thin. Each subject was tested for four sessions at the two
levels of weight loss, with and without replacement of body fluids.
Results of this experimentation, which produced more than 7,000
reaction-time measurements, were, in the words of William James,
"just nothing." We found no change whatsoever in peripheral or
central reaction-time as a function of dehydration, obesity, time in
the chamber, or any of the other experimental variables. Although
the stress described so far is considerable, we were given an oppor- 9
tunity to test under even more severe conditions.

I indicated that the data were obtained while the subjects were
on the treadmill during the first 6 hr of an 8-hr session. The last 2
hr were set aside for physiological tests in the heat chamber. Partway
through the experiment the physiologists introduced a new measure-
ment, known in work physiology as a "maximum performance test."
In this procedure, the inclination and speed of the treadmill are in-
creased systematically, with the object of driving the heart rate to its
maximum. As the workload is increased, the subject is literally forced
to run to keep up with the treadmill. The heart rate increases expo-
nentially and finally reaches an asymptote beyond which it simply
will not beat any faster. This rate is approximately 200 beats per
minute for a young adult. One significance of this test is that the
maximum heart rate canr'..t be inaintained for a very long period
of time. As the test is continued, the blood slipplied to the heart
muscle itself is threatened, and, in order to maintain it, blood is
withdrawn from the legs and head with the result that the stubject
will soon collapse. The objective of the maximum performance test
is to push the subject just to the point of collapse in order to deter-
mine the maximum heart rate. These maximum tests were performed
at the end of the testing day after the subjects had been in the hot
room for 8 hr, had spent 3 hr on the treadmill, and suffered as much
as 5 percent weight loss. We welcomed the opportunity to obtain pe-
ripheral reaction time data during the maximum performance test
since this represented, as far as we know, the most severe stress that
one could produce experimentally under conditions that permit si-
multarneous visual experimentation.

The results, however, were again completely negative. The reaction
times to both the central and peripheral stimuli obtained during the
approximately 2 to 3 min of the performance test were the same as
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those in the previous phases of the experimtnt. Thus, even undur a
condition of stress that was specifically designed to bring the sub- T
jects to the point of physiological collapse, there was no impairment
in their ability to detect either central or peripherally presented
stimuli (Figure 5).

At first glance, it might appear that these data on the effects of
heat stress disagree with tho-e cited previously. In the Abernethy
study, even though the initial thresholds were as high as 100 times
the standard values, this discrepancy disappeared after a few sessions
of feedback training. In the heat study, because of the necessary
physiological monitoring, practice sessions were given to all the sub-
jects before the testing began. Since by its very nature, the stress re-
suiting from dehydration increases slowly, the stress was introduced
gradually, so that the subjects had an opportunity to practice pe-
ripheral discriminations even during an actual testing section. Con-
sidering the maximum performance test, this was administered after
the subjects had a preliminary experience with the apparatus and
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after several complete sessions, each of which involved a total of 45
min experience with the peripheral task. It should be noted that
walking on a treadmill is extremely boring. The subject is required
to move at an externally induced rate for 20 min in an uncomfort-
able environment that is made even more unpleasant by the attach-
ment of physiological monitoring equipment, so the addition of the
peripheral task was a welcomed respite from the unpleasant monot-
ony of the main experiment. The subjects knew that the visual test
would be of short duration and apparently were able to achieve and
maintain their normal performance levels for these short time-periods.
Although the failure to find any differences during the maximum
performance test was a surprise to us, these data are understandable
in terms of the ability of the subjects under proper conditions of
motivation and experience to perform a peripheral detection task
under extremely difficult conditions. The difference between the
heat-stress experiment and Olsen's marathon drivers should be noted.
Although optimum performance can be maintained by motivated ex-
perienced subjects for short time-periods, these results should not be
generalized to a vigilance task.

To summarize the results of these experiments, I suggest that a
distinction between the functional and the physiological visual fields
is significant in evaluating the performance of the organism in any
situation involving peripherally presented information. A large num-
ber of conditions that do not exist in the normal laboratory environ-
ment may diminish the ability to process peripherally presented
information. However, this diminution can, to some extent, be
eliminated by training. The generality of these relations is of course
limited to the range of conditions used in the previously described
experiments. Although we have pushed cardiovascular stress as far
as one can reasonably hope, we have not introduced variables such
as perceptual-motor load or emotional stress over very wide ranges.
Whether it is possible to maintain peripheral discrimination in ex-
treme degrees of various kinds of stress, or combinations thereof, is
a question that can only be answered by experiment. Certainly, the
data for the marathon driving experiments suggest that peripheral
discrimination is impaired in severe vigilance tasks. In any event, the
data so far indicate clearly that the contribution of the peripheral
visual field is variable and must be considered in order to understand

Lq
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the functional performance of the visual system. At the 1965 annual
meeting of the Committee on Vision, Jampolsky (1965), in sum-
marizing the presented papers, stated

the point was made that the measured eye is not necessarily the operating or
functioning eye. The functionml employment of the visual capability is worthy
of consideration, and development of devices for such determination is chal-
lenging and appropriate. Unique tests requiring other than the usual and tra-
ditional measurement techniques will be necessary to get at the knotty prob-
lem of perception, and the perceptual mass developed through experience,
in order to assess adequately the visual capabilities of detection, tracking, etc.

I would suggest that the contribution of peripherally presented
information is a measure which admirably fits these requirements.
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the sequence-where the fixations will fall and how many there will
be. Search and the fixation sequence depends on two processes: (a)
an extrafoveal process, whereby objects are acquired, and (b) a fo-
veal process, whereby objects are identified or classified. We have
been concerned mainly with extrafoveal acquisition, so the targets
in our experiments have ,een relatively easy to identify. Figlre 1
illustrates the general sez:rch process.

Because we find it useful to distinguish between two kinds of ac-
quisition, we ne two kinds of search tasks, two models of the search
process, and two experimental paradigms. In the first type of acquisi-
tion, targets are superthreshold extrafoveally. By this I mean that an
object several degrees away from the subject's line of sight is recog-
nizable as a potential target (that is, a member of the target class). In
the second type of acquisition, the target is at threshold extrafove-
ally because it is small, its contrast is low, or it is embedded in the
background structure. In the present discussion we shall consider
only superthreshold targets. An example of this type of situation is
shown in Figure 2. Here, the subject searches for a target defined
either by its size, color, shape, or various combinations of these char-
acteristics. The target is identified by a tw-j-digit number. In this type
of situation, a subject's fixations usually fall on objects. He fixates

one object after another until he comes to the target. Efficient per-
formance occurs when the subjects fixates only those objects in the
specified target class (for example, it is the same size or color as the
specified target). Performance depends on extrafo'eal discriininabil-
ity of the target from other objects, the subject'. vi'ation rate, and
identification difficulties that affect fixation rate.

A key point in our analysis is that we measure the extrafoveal dis-
crimination between objects by observing the fixatio -4 -n those ob-
jects. More specifically, we define the discriminability J, a given class
of objects from the specified target class by what we call the relative
fixation rate. This is determined by the number of fixations on the
given class of objects relative to the number on the specified target
class. Fo, example, wl-en searching for - target specified as blue, the
number of fixations -)n orange oijects l. led by the number on
blue objects defines the relative fixation rate. Wt 1 this ratio is low,

it is taken to mean that blue objects are well discrimi" ]ted from
orange ones. Sometimes we use the term "similarity" rather tha-

A
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FIGURE 2 A search field-Study 1.

"discriminability." Thus, a high relative fixation rate implies high
similarity between classes of objects. Although the relative fixation
rate is usually less than unity, it can be higher. One might fixate
orange objects more often than blue when searching for a blue target.
Relative fixation rate is a way of scalin'g extrafoveal discriminability
or similarity that we have found reliable and useful. In our experi-
ments, we have measured similarity, so defined, for a range of situa-
tions. It then becomes a relatively simple matter to predict the search
time, once we know the similarity of each object in the field to the
target. Median search time for a given task can b( ,',edicted from the
equation below (Williams, 1167):
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FSi D 2Si
tMED + = +1/2,

2R 6

where the summation includes all of the objects in the field, R is the
mean number of objects fixated per second (typically about three
per second), and D is a delay resulting from response or identifica-
tion time (about .5 sec for easily identified targets).

A

EXPERIMENTATION

General Method

In our experiments we set up a search task, one target among many
objects in the field, and we measure discriminability by determining
which objects the subject fixates during search. Very briefly, I shall
describe some of the experimental details.

The search fields were square, ranging from 30 to 40 degrees of
visual angle (dva) in width viewed from 3 to 7 ft. There would always
be a single target among 40 to 100 other objects, each typically about
1.0 dva. Some target characteristics were specified. Since there were
several other objects in the field having the same characteristics, the
target could only be uniquely identified by an alphanumeric label or
other means. This identification was designed to be visible foveally 4N

but not extrafoveally. The targets in all studies except the first were
defined by example. Thus, when searching for a target of given size,
an object of that size would be displayed for reference. The trial was
ended after some predetermined time, usually 30 sec.

In each study 20 to 30 subjects searched for up to 100 trials for
one or more sessions. The data from about one third of the trials
would be discarded because of various malfunctions in the apparatus.

The main experimental data were the eye-fixation records from
which we determined each object that the subject fixated during each
trial. The latest version of our apparatus is shown in Figure 3. We used
the corneal reflection technique: A near-infrared source reflected from
the cornea creates a virtual image, which is photographed. '[he posi-
tion of this virtual image corresponds closely to the subject's point of A
fixation. We photograph it with a camera fitted with a long-focus
lens. Since subjects typically fixate about three points each second,
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FIGURE 3 Apparatus for recording eye fixations.

it is convenient to use a series of 4-sec-long time-exposures during
each trial. The clusters of fixations on each frame projected on a rep-
resentation of the search field can then be used to identify the fixated
objects. Duri.ig scoring we also used a square 7 X 7 calibration matrix.
A long time-exposure of a subject's fixations as he scans the matrix, as
shown in Figure 4, is an important aid in our scoring process.

The preceding paragraphs describe all of the following studies. The
results are based on 50,000 to 1 00,000 scored fixations for each study.
Studies 1-4 are described in detail in Williams (1966, 1967).

, °L1
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Study l--Multidimensional Target Specifications

The main purpose was to study subjects' fixations to determine if our
framework was consistent with their behavior.

Objects differed in size, color, and shape. Within each object was a
two-digit number. The target was specified by some or all of its charac-
teristics and also by its two-digit identifier. Thus, the target might be
described as "LARGE, RED, SQUARE-23" or simply "BLUE-47"
Figure 2 is an example.

We found that subjects did tend to fixate objects having the speci-
fied characteristics. For the range of variations that we used, color
was a much more potent variable than size and shape. Size. perhaps,
was slightly better than shape. One interesting finding wa.ý that when
two or more target characteristics were specified, subjects tended to
ignore the less potent characteristic. The data are summarized in
Table 1.

Study 2-Shape Specification

The objective was to measure the extrafoveal similarity of a set of
five shapes. We also wanted to study how other variables (size, con-

FIGURE 4 A calibration matrix-49 fixations.
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trast, and object density) affected similarity. When all objects were
the same size or contrast, we expected that the extrafoveal discrimina-
bility of their shape would be greater than it was when they varied in
size or contrast.

The target was specified by its shape. Each object in the field other
than the target contained a three-digit number. However, for the tar-
get, the middle digit was replaced by the letter T (for example, the
target might contain the label 3T5). The fields differed in density
of objects (either 40 or 100 objects were in the field) contrast of ob-
jects (all objects were high contrast, all low contrast, or a mixture of
high and low), and size of objects (all objects were large, all small, or
a mixture of large and small). Thus, there were 18 different types of
fields. Figure 5 is one such field.

The overall similarities are shown in Table 2. If these results are
compared with the data from the other studies, it will be seen that
these values are higher, implying that it is harder to use shape infor-
mation than size or color, for example.

Some symmetry is apparent. Thus, the similarity of one shape to
a second was about the same as the similarity of the second shape to
the first.

Sirilarity was completely unaffected by density. Homogeneity of
size and contrast, however, increased discriminability somewhat
(Table 3), since the average similarity of other objects to the target
was reduced from .58 to .50 for homogeneous fields.

Study 3-Size Specification

The main objective was to measure similarity over a range of sizes.
The main question is: How does the size difference between an ob-
jet ' and the target affect their similarity? We also studied the effects
of other variables relating to field composition, namely (a) the over-
all size range of the objects in the field, (b) the average size of the
objects, (c) the magnitude of the increments in size of different
objects (for example, in some fields the objects are relatively similar
in size, as compared with other fields), and (d) contrast (fields con-
tain either high contrast object, low contrast objects, or a mixture
of high and low contrast objects).

Each ficid contained squares of either five or nine different sizes

I
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A* A

FIGURE 5 A search fied-shape study.

with increments in length of 22 percent for the small increment fields
and increments of 50 percent for the large increment fields. The tar-

get was identifiable by a vertical patterning of dots. with all other
objects having a horizontal pattern. The types of size compositions
are shown in Figure 6.

Typicat results are shown in Figure 7 for the WIDE-5 condition.
Here a discrimination gradient can be seen. The greater the differ-
ence in size between an object and the target, the less likely will
that object be fixated. This is true for all field types. Two more
examples are shown in Figures 8 and 9. The slopes of the gradients
were constant, with one exception. In other words, the similarity

Ln
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TABLE 2 Similarities for Five Shapes

Fixated ObjectSpecified

Target Shape Circle Semicircle Triangle Square Rectangle

Circle 1.00 .54 .35 .41 .41
Semicircle .66 1.00 .62 .59 .62
Triangle .35 .50 1.00 .53 .56
Square .50 .61 .•4 1.00 .82
Rectangle .39 .52 .58 .74 1.00

of a given size object to the target depended only on the ratio of
the two sizes. It did not depend on the size of the target, on the
range of sizes within a field, or the average size of objects within
the field. In fact, similarity here was symmetrical, since the simi-
larity of one size to a second was the same as the similarity of the
second size to the first. Targets that were the largest objects in the
field were an exception to this rule; however, the gradient between
these targets and other objects in the field was considerably steeper
than the other gradients, implying that they are more discriminable
than other sizes of targets. The contrast composition within a field
was found to have little effect on object similarity.

The overall conclusion from the study is that there is a discrimi-
nation gradient for size that is relatively unaffected by other mea-
surable characteristics of the field. The mean gradients averaged over
the three main size ranges are shown in Figure 10. Note that the
gradients for the largest targets are not included in these averages.

Studj 4-Color

The objective was to measure similarities for a set of colors in the
Munsell color space. Each field contained 6 chips of each of 13 colors

9

TABLE 3 Mean Similarity of Other Shapes to Target for the Nine Field Types

Contrast of Objects in Field

Size of Objects in Field All Hligh Mixed-Hligh and Low All Low

All large .46 .56 .49
Mixed - large and small .58 .58 .61
All small .51 .58 .53
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WIDE - 9 " - - - - * *

WIDE - 5 -

NARROW- SMALL - p

NARROW- MEDIUM - p p

NARROW- LARGE - _

OBJECT SIZE 1 2 3 4 5 6 7 8 9

OBJECT SIZE (INCHES) 0.60 0.73 0.90 1.10 1.35 1.65 2.02 2.48 3.04

FIGURE 6 The five size ranges (solid circles on horizontal line indicate sizes of
objects within each field).

on a neutral (value = 5.5) background. The target was identified by
its trapezoidal shape, whereas the other 5 chips of target color and
the 72 chips of other color were parallelograms. A Macbeth Skylight
simulating north sky daylight at 6800°K provided the illumination.
Two achromatic and 46 chromatic targets were used.

The results summarized in Figure 11 show the mean similarities of
various neighboring colors to the target color averaged over all chro-
matic targets. A gradient for hue is apparent. Here a distance of five
Munsell hue steps resulted in a similarity of less than .50, while 10
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FIGURE 7 Discrimination gradients for WIDE-5 range.
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FIGURE 8 Discrimination gradients for WIDE-9 range.
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Munsell steps reduces similarity to about .25. Twenty Munsell
steps resulted in still lower similarity. The data in Figure I I are a
good representation of the entire space. The only qualification is that
targets of higher Chroma had somewhat steeper gradients than those
of lower Chroma.

Study 5-Lightness

The objective was to measure similarities over a set of neutral gray
Munsell chips. ' .:asell value (i.e., lightness) was treated much the

same as size in Study 3 in that we also studied the effects of the
range of value within a field (chips varied in value from 1.5 to 9.5
in some fields and from 3.4 :0o 7.5 in others). Background lightness
was also varied, and the Mansell values used were 1.5, 3.5, 5.5. 7.5,
and 9.5.

Each fielk contained 10 chips of target value and 10 chips of each

of 7 other values. As in the color study, the target was ident.'fied by
its trapezoidal shape, the remaining chips being parallelograms. A pair

of Macbeth Examolites were used for illumination.
The results were similar to those in the size study. For any target
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0
0 1 2 3 4 5 6 7 8
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FIGURE 10 Average gradients for the three size ranges.
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2 LIGHTNESS UNITS I
DARKER THAN TARGET

FIGURE I I Average discrimination gradients for 46 chromatic targets.

value there was a clear discrimination gradient -the more different in
value an object was from the target, the less often was it fixated. The
gradient averaged over all targets is shown in Figure 1 2. The steepness
of the gradient does not appear to depend on the value range. but
there does seem to be a dependence on background value. Namely.
when the target was most different from the background (i.e., when
die target contrast was high) the gradient was steep. However. when
the target was very similar to the background (i.e., its contrast was
low) the gradient was also relatively steep. This latter result may
appear surprising.

('ON('CLUSIONS

The basic result is that when searching for targets subjects tend to
fixate objects having the target specifications. When a specified tar-
get characteristic is on a continuum (e.g., size or value), a gradient
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FIGURE 12 Average discrimination gradients for neutral gray
targets.

of discrimination is found. This gradient is. by and large. indepen-
dent of field characteristics such as object density. differences be-
tween objects other than those directly relating to the target specifi-
cation. and the range of variation along the relevant target dimension.
Targets at the high extreme of a continuum (e.g., largest or of greatest
contrast) are most discriminable from other objects.
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Modulation Transfer
Function Area as a
Measure of Image Quality

In accordance with the principles of good systems engineering, the
designer of any imaging or viewing system should bear in mind the
needs and capabilities of the observer along with the tasks required
of the observer, whether the system of interest is a simple optical aid.
a combination of a camera, film, and projector, or an electronically
complex low-light-level electrooptical device. Unfortunately. the past
decade has seen the development of highly sophisticated photographic
and electrooptical reconnaissance systems designed for a myriad of
uses. only to find that the observer of the imagery produced is unable
to obtain the proper information from the imagery within the alotted
time.

Many of the problems in operational use of such systems have been
attributed to the gross incompatibility between the quality (and often
the quantity) of imagery produced and the capabilities and limitations
of the observer. Several experiments have been conducted (e.g.,
Brainard eI at.. 1966) in an effort to define parametric relationships
between characteristics of the design of imaging systems and the
viewer's performance in interpreting the image. In a review of over
300 related reports (Snyder, 1967). it was pointed out that numerous

*• resent address: D)epartment of Industrial Engineering and Operations Research,

Virginia Polytechnic Institute and State University.
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conflicts exist in experimental results and that the designer of electro-
optical systems, for example. still has no coherent body of data that
will specify how he can make his design compatible with the ob-
server's vis'lal capabilities. This problem still exists, although some
progress has been made, as in Biberman et al. (1970).

In order to reduce the number of' relationships between perfor-
mance of the interpreter and measures of image quality, several
studies have attempted to find a summary measure of image quality,
one to which many design variables might be reduced. For example,
Brainard et aL (1966) found a multiple correlation of 0.60 between
several physical measures of quality of photographic images and per-
formance in identifying targets. The physical measures included ab-
solute acutance. absolute resolution, ground resolution, and scale. At
the same time. Borough el aL (1967) were obtaining data on a sum-
mary measure of image quality, the modulation transfer function area
(M TF A ). In the Borough et al. study, judgments of image quality,
based on a partial paired-comparison scaling technique, were corre-
lated with M TFA values. They demonstrated a strong relationship,
but no data on interpretation performance were obtained. The rela-
tionships arrived at by Brainard el al. and by Borough et al. are
shown in Figure 1.

The strong promise of the M TFA measure, as demonstrated by
Borough et al., coupled with the applicability of M FTA to elec-
tronic and electrooptical imaging systems of a wide variety led
Boeing to collect the information extraction performance data
required to complete the bottom triangle of Figure 1. This paper,
then, reports the recently completed results of' that study, per-
formed by Dr. C. L. Klingberg, Dr. C. L. Elworth. and Mr. C. R.
Filleau.*

M ETIIOI)

Imagerr Preparation

"rhe imagery used in this experiment was the same as that of Borough
et al. ( 1967) and will be described only briefly here. Nine reconnais-

*The research was sponsored by the Air Porce Office of Scientific Research

under ('ontract Number F 44620-69-C-0128.
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sance photographs were selected for quality modification: the scenes
contained such items as petroleum storage tanks, harbor facilities.
industrial complexes, ships. dams. airfields, and drive-in theaters. All
were vertical photos and ranged in displayed scale from 1:3750 to
1:240000.

Original negatives were used to produce 32 negative c(- pies vary-
ing in contrast, granularity, and modulation transfer function, as
shown in Figure 2. The three contrast levels were 41:1. 14:1, and
2.75:1. The three levels of grain noise were .022. .43, and .61 rms.
The four MWT F curves are illustrated in Figure 3.

The modulation transfer function (MTF) simply defines the per-
cent original contrast that is transmitted by a system as a function
of the spatial "'closeness" of two elements in the original object plane.
For a general discussion of the M T IF concept, see Jensen (1 968).

( SCA 0 91 SUBJECTIVE

RESULTS FROM BRAINAROD.T AL (1966)

RMASULTS FROM BOROUGH. SC AL E'967

FIGURI- I Correlations between physical
measures of imnage quality. iubjective image
quality, and information extraction per-
formiance.

"L 
i i
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FIGURE 2 Thirty-two combinations of variables affect-
ing image quality.
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FIGURE 3 Modulation transfer functions as
measured by edge-response method.
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F"orn these combined values of granularity. contiast. and MIT'F.
a total of 36 (3 X 3 X 4) MTFA values was calculated. Four MTFA
values were eliminated from further use due to nunirerical duplica-
tion, hence. 3 " cells remain in Figire 2.

The MTFA is simply the area bounded by the system MT F curve.

some arbitrary low-frequency cutoff (if used), and the detection
threhsold curve for the combination of the human observer and the
and the imaging system (Figure 4). In the present experiment, the
MN T[F curve is given by the experimental conditions as shown in
Figures 2 and 3. The low-frequency cutoff was taken to be 10 lines
per millimeter when the MTF was calculated from a log-log plot.
and no cutoff was used when the M ITF was plotted on linear axes.
The use of a cutoff frequency on the log-log plot merely serves to
dc-emphasize the low frequencies, which otherwise heavily weighted
in the MNTFA integral on a log-log plot.

The detection-threshold curve is based on the contrast threshold
curve of the observer and the grain noise of the flIm. Figure 5 illus-
trates the components of the detection-threshold curve. The flat
portion at the lower spatial frequencies is merely the assumed con-
trast threshold of the eye (.04 at -y = 1.0). The system gamma. if
greater than unity. enhances the modulation recorded on the film
(or display) so that the minimum detectable image-modulation
decreases by .04/y,. Following Scott (1963). the threshold de-

i M

*

F:IG.IJRE 4 Modulation transfer function area (MTFA).
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FIGURE 5 Generalized detection

0014 ..... threshold curve.
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tection curve is positioned vertically by increasing the ordinate by
Mt(ak)/M0 , where Mt(ak) is the generalized value as shown in Fig-
ure 5. and Mo is the object contrast-modulation. The curve is then
positioned horizontally by multiplying the scale of the abscissa in
Figure 5 by y /Co(D), where y is the gamma of the system, C is an
empirically derived constant of .03 (for fine-grained films such as
Type 4404) or .04 (for coarse-grained films, such as Plus-X or
Tri-X), and o(D) is rms granularity.

Thus. the system MTF is rigorously defined in the absence of
noise, whereas the detection-threshold curve includes all display,
environment, and visual capability factors.

Subjective hnage Quality

The aforementioned study by Borough et al. (1967) produced the
calculated MTFA values for each of the 32 variants of the nine
scenes, along with scaled subjective estimates of image quality.
Figure 6 indicates the range of MTFA values for each of the nine
scenes. Using a partial paired-comparison scaling technique (256
pairs per subject rather than 496 pairs and a total of 36 t- jined
photointerpreters). scalar values were defined for each of the 288
(9 X 32) photographs.
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In terpreler Perfbrrnance

Elworth and Klingberg (1969) tested a total of 384 trained military
photointerpreters for information extraction from the 288 photo-
graphs. Each subject was given one variant of each of the nine scenes
and asked to (a) rank order the nine scenes for their relative potential
for extracting intelligence data without regard to scale, subject matter,
and content; (b) assign a position on a 9-point interpretability scale
to each of the nine photos, and (c) answer eight multiple-choice ques-
tions regarding content, location, mensuration, and other important
features of each photograph. Thus, each subject could make as many
as 72 (9 X 8) errors on the interpretability portion of the test, while
each of the 288 image variants was examined by 12 (384 X 9/288) Ss.
Equivalently, a total of 96 (12 Ss, 8 questions) errors could be made
on each of the 288 image variants. The sources of the subject popula-
tion are analyzed in Table 1.

RESU LTS

hIterpreter Performance

Figure 7 indicates the distribution of errors for the 32 variants of
each photograph. While some scenes and questions were clearly more
difficult than others, there is no suggestion of ,evere attenuation or
skewness to the error distributions for any of the scenes.

60 -

• , .. 1!• l•.

0 i - -7

-i .- J - -_

S 4 5 6 P a 9

SCENES

FIGULREi 6 MTFA values for the nine scenes.
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TABLE I Description of' Subject Sample

Air Force Army Navy Marine Total

Source (a NCb C NC C NC C NC C NC Z

U.S. Army
Intelligence
School (30 61K - 6 30 67 97

U.S.A.F.
Intelligence
School 11711 131 - - 31 5 3 - 151 136 287

Totals 248 91 36 9 181 203 384

aCommissioned Officer.
bNoncommissioned Officer.
CIncludes I female.
dlncludes 12 females.

The error-distribution by subject-type is given in Table 2. No sig-
nificant differences were found in comparisons of schools, seivices,
or commis',ioned status.

In tercorrelations

Figure 8 shows a scatter plot of the MTFA for each of the 32 variants,
summed across scenes, against information extraction performance.
The product-moment correlation between MTFA and performance
is -.93.

MAx .ARRO PrR SCENE -%

. T

M 40 54

.20 r- [J L J

30~ L4
I 3 4 5 6 7 a 9

SCENES

FIGURE 7 Interpretation error distributions for the
nine scenes.
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TABLE 2 Mean Errors per Subject

Air Force Army Navy Marine Total

Source C NC C NC C NC C NC, C NC M

U.S. Army
Intelligence
School 31.2 30.2 .. 31.2 31.2 30.3 306

U.S.A.1.
Intelligence
School 30.1 30.9 - - 28.7 28.0 28.0 - 29.8 30.8 30.3

Totals 30.5 30.6 28.6 30.5 30.1 30.6 30.4

Figure 9 illustrates the relationship (r = -.96) between the image
quality scaled-value obtained by Klingberg et al. (1 970) and the
MTFA values measured by Borough et al. (1967). It should be noted
that this correlation of -.96 is equivalent to the correlation obtained
by Borough it al. (.93). The sign of the correlation is. of course, ir-
relevant and varies only because of assignment of high or low scale
numbers to "good" photographs.

On a scene-by-scene basis, these correlations are given in Table 3,
which also indicates that the product-moment correlation between
information extraction performance and subjective scaling by the

• . ' 93
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ranking method is .97. As a further check on agreement between
the partial paired-comparison technique of Borough et al. and the
ranking/absolute judgment method of Klingberg et al., a correlation
of .97 was obtained between the two sets of subjective scalar values.
Intercorrelations of this type, on a scene-by-scene basis, are shown
in Table 4.

DISCUSSION

The data from these studies point out the highly promising nature of
M T F A as a useful summary measure of image quality. Whether M T F A,
MTF, (MTF) 2, Schade's Ne (Schade, 1953), or some other similar

TABLE 3 Correlations (Pearson r's) between Image Quality, Interpreter
Performance, and Subjective Judgments

Scene

1 2 3 4 5 6 7 8 9 j'a rmb

rperfo/MTFA .69 .66 .80 .65 .78 .55 .84 .86 .46 .72 .93
rperf./rank .71 .67 .89 .60 .80 .42 .78 .76 .42 .70 .97
rNMTFA/rank .90 .87 .90 .93 .94 .87 .92 .86 .83 .90 .96

N =32 image qua,. levels (MTFA).
ar- = Average of r's _- rig Z scores.
brm = Values averaged across scenes before computing correlation.

IL
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TABLE 4 Scene-by-Scene Intercorrelations

R NI V R M V R M V

Scene I Scene 2 Scene 3

Perf (Pi .71 .69 .68 .67 .66 .67 .89 80 .83
R:,nks (R) .90 .92 .87 .87 .90 .91
NITFA (M) .92 .93 .88
P-C values IV)

Scene 4 Scene 5 Scene 6

Perf'(P) .60 .65 .64 .80 .78 .76 .42 .55 .70
Ranks (R) .93 .92 .94 .92 .87 .83
MTFA (Mi .92 .93 .92
P-C values (V) -

Scene 7 Scene 8 Scene 9

Perf (P) .78 .84 .82 .76 .86 .82 .42 .46 .43
Ranks (R) .92 .90 .86 .87 .83 .77
MTFA (M) .92 .92 .91
P-C values (V) - - -

All Scene% Combined 3

Perf (P) .97 .93 .93
Ranks (R) .96 .97
MTFA .97
P-C values -

i

metric is the best single predictor for all imaging systems is certainly
unsettled at this time. However, these results indicate that for typi-
cal photographic image quality and for a non-time-limited observer,
the M TFA measures becomes an extremely valid predictor of relative
information extraction performance.

One of the advantages of the M TFA is that it lends itself to analyti-
cal prediction at an early stage in the design of any imaging system.
Further, it is easily v,.r fied in the laboratory when the detection-
threshold curve is known. Specification of the detection-threshold
,:urve for representative riewing conditicns is, however, not totally

straightforward. The eye's contrast threshold varies not only with
spatial frequency but also with image signal-to-noise level and with
such environmental variables as glare, vibration, and adaptation-level. i

An MTF A analysis can also be applied to nonphotographic imaging 4

k' %%
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systems, such as radar, infrared, and television. Although such sys-
tems rarely produce the same order of resolution as photographic
systems in lines per millimeter on the display, interesting results are
obtained when such systems are equated for display scale. For ex-
ample, the MTF plots used In the imagery of this study fall exactly
in the middle of typical M TF plots of current low-light-level televi-
sion systems if the abscissa is modified to become cycles per ground
unit rather than cycles per display unit. Whether the M'TFA measures
will yield as high a performance prediction for such electrooptical
systems as it has for photographic systems remains an empirical
question.

A further note with regard to electrooptical systems is that the
M TF is defined specifically in the absence of noise, so that at low
sensor irradiance (and hence low S/N levels), a display may have
considerable "snow" and thereby produce poor information-
extraction performance even though the system M TF remains
unchanged. For this reason, it is most important that the display
SIN level be included as a determinant of the threshold-detection
curve used in the MTFA calculations and that other conditions under
which the M I FA is defined (e.g., display luminance and operating
environment) also be specified to avoid ambiguity. Clearly, much re-
search is needed before the MTFA can be used universally for all
imaging-system specifications.
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Visual Scanning
Behavior

A DISCUSSION OF ATTENTION

One man understands what another means when he says either that
he gave :is attention to something or that something caught his at-
tention. If something catches your attention, you attend to it, that
is, focus on it and examine it. Perhaps the giving of attention prior to
its being caught is a different phenomenon, one in which the incentive
comes from within rather than from without. In either event, the pro-
cess ends with an examination of the thing attended to. During the
process of examination, one assumes that attention is being "given"
to the object; in a sense, though, it is the transition from switching
of attention from one object to another that is the most manifest
characteristic of attention.

For certain classes of sequences of events that demand attention
from the observer, the frequency of this demand can be estimated.
The magnitude of the demand can be estimated both on the basis of
objective physical characteristics of the time series of events and of
subjective states and characteristics of the observer. The product of
the frequency and magnitude of the demand will be a measure of the
"'attentional demand" made by that information source, or signal, on
the observer.

In this paper, attention will be considered to be unitary and capa-

106
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ble of dealing with only one demand at a time. The frequency with
which it can alternate between various time series of events may be
sufficiently high that apparent simultaneity of processing will be
observed. Whether apparent simultaneity will be observed is calcu-
lable on the basis of the physical characteristics of the time series
involved. Looked at in this light, the attention of an observer may
be considered to be a channel processing in sequence, never simul-
taneously. information arriving from many outside sources.

What might be the basis on which an information source demands
attention from an observer or, alternatively, the basis on which an
observer decides to direct his attention to an information source? It
is reasonable to treat these as examples of the same general process;
this process is reduction of uncertainty. In other words, the observer
who voluntarily directs his attention to some information source does
so in order to reduce his uncertainty about the nature of the informa-
tion presented. This uncertainty could arise in one of two ways. First,
if the information source (a place in the visual field) is dynamic and
time-varying, uncertainty as to the value of the variable presented
must have accumulated since the last observation of that source; and,
second, even if the process is static and unchanging in time, there is
an internal time-based change in the observer, i.e., forgetting, which
results in an increase in uncertainty about the nature of the informa-
tion displayed. As the observer forgets, he does not instantaneously
become totally uncertain about the nature of the thing he has seen.
Instead, there appears in the observer merely an increase in the range
of values that might be identified as the one previously seen. Such an
increase in the range of possible values could be computed as an in-
crease in entropy or uncertainty. There is no reason for treating this
internal growth in entropy as different from the entropy of an ex-
ternal source of information. Thus, the observer attends to the infor-
mation source whenever the uncertainty as to the value presented
exceeds some critical level. From his point of view, the meaning of
increasing uncertainty, whether internally or externally generated,
depends entirely on what the observer is trying to do. If the observer
is continually interested in the magnitude of a time-varying process,
then his behavior will be quite different from that which will be
exhibited by someone engaged in "check-reading." The former
person is doing a quantitative read-out of the magnitude of the
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proctes at every moment in time. The latter person is engaged in
making a three-part decision about the values. i.e.. it is above accept-
able limits, it is below acceptable limits, or it is within acceptable

* limits: and the numerical value of the item presented is not important.
. Furthermore. this latter observer will have some cost associated with
, the act of observing and will have some cost associated with a value

outside acceptable limits. These give rise to a calcuiable threshold
probability for the observer. Then lie will observe when the proba-
bility of going outside of acceptable limits has exceeded that
threshold value.

Further complications may exist if there is some probability dis-
tribution of acceptable limits instead of sharp. well-defined upper
and lower limits, and if. instead of some arbitrary probability of
exceeding acceptable limits, there is some variable probability.
However. for the most part these complications give rise merely
to increases in the complexity of the calculation rather than to
changes in the forms of the equations.

If an observer had only one information source to tend to and
if literally no distracting or attention-demanding internal events
occurred, then the probability of his detecting events of interest
at that source would approach unity. That is to say, whenever that
source required attention, it could be attended to without delay.
On the other hand, if there exist two or more information sources,
each demanding attention and uncorrelated with one another, then
there exists a probability that simultaneous demand will occur. That
is. the observer will be attending to one source and satisfying a re-
quirement for uncertainty reduction when the other source demands
attention. Under these conditions the second source must wait. If it
must wait and if. as defined earlier, the probability of an event of
importance has risen above some arbitrary value, then there is a finite
probability that the event of interest will occur and will be missed.
Thus, if there were N information sources, we could compute the
probability of simultaneous demand upon the observer and, there-
fore. an overall probability that signals will be missed.

These notions of attentional demand are quite relevant to the
behavior involved in piloting aircraft. Aircraft instruments are de-
signed to provide pilots with information needed to control aircraft
in flight. information such as the attitude of an aircraft, its location
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in three-dimensional space. and tile rate of change of its attitude and
location vectors. Knowledge of how pilots use their eyes when they
are flying onl instruments. i.e.. how they obtain data from separate
instruments in order to combine bits of discrete information into a
total picture of"what the aircraft is doing," is fundamental to a
basic understanding of the function served by aircraft instruments.
Such knowledge should guide the engineer to design useful instru-
ments. It can form a scientific basis for improving the design of air-
craft instruments, increasing the efficiency of' pilots, and simplifying
the task of instrument flying (Jones et at.. 1946). These authors felt
that frequency of eye fixations oin any given instrument is an indica-
tion of the relative importance of that instrument. The length of
fixations, onl the contrary, may more properly be considered as an
indication of the relative difficulty of checking and interpreting par-
ticular instruments. The pattern of eye movements, i.e., the link
values between instruments, is a direct indication of how well the
panel is arranged.

APPROACHES TO VISUAL SAMPLING

A brief discussion of various approaches to modeling human visual
sampling behavior follows. Details of these models may be found in
other sources (Carbonell, 1966; Senders et al., 1965; Smallwood,
1966).

Periodic Sampling

In previous reports (Senders, 1955, 1958), 1 have considered a
human monitor of some large number of informational displays.
A theoretical model was suggested based on the assumption that the
task of the monitor was to reconstruct the time functions (i.e., the
instrument reading) presented on each of the displays. As a result, it
was possible to present equations based on the assumption of peri-
odic sampling, which predicted quite well the mean behavior of
experimental subjects in a highly constrained laboratory situation
(Senders, 1964).

I (Senders, 1955, 1958, 1964) attempted to apply a very much
simplified sampling theory to human scanning behavior. A great many
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assumptions were made in arriving at the simple solutions, and these
would not be justified in many real situations. The ideal observer was
assumed to be interested in reading out, or reconstructing, the signal
on the basis of the samples that he had taken. If this assumption
holds, the calculations based on it will be valid. However, most real
observers engaged in real tasks are not concerned with signal recon-
struction. Instead the observer attempts only to be aware of a depar-
ture of the signal from some arbitrarily chosen amount. That is to
say, as mentioned briefly earlier, most real observers are engaged in
"'check-reading." The data presented in Senders (1964) show remark-
ably good approximation to the theoretical values. This was particu-
larly so for the transition probabilities and was sufficiently close for
the sampling frequencies themselves to permit useful estimation of
the "attentional demand" imposed by each of the four independent
signals used in the experiment. The observer's task, however, was not
in fact the task of signal reconstruction. Instead it was a check-reading
task. The data conform because the powers of the signals and the
magnitudes of the significant deviations were the same for all signals.
There was a logical necessity, therefore, for the sampling frequencies
to be proportional to the bandwidths, and in fact the data were in
accord with this prediction. It was not pointed out in that earlier
paper (Senders, 1964) that if" the powers had not been equal or,
given that the powers were equal, if the magnitudes of the signifi-
cant deviations were not equal, then the sampling frequencies would
not have been proportional to the bandwidths. It is, however, con-
structive to follow the original reasoning because the operators are
in fact engaged in the reading of signals under certain operational
conditions. The theory holds quite well for these conditions, and, in
a sense, the behavior of the subjects is forced. I Detailed mathemati-
cal analyses can be found in Senders ( 1966).1

Transitional Probabilities (Link Values)

As a consequence of the sampling performed by the observer on the
various instruments of a set, transitions will be made from one instru-
ment to another and frequency distributions of such transitions will
be generated. We can examine the consequences of the assumption
that the sequence of transitions is a random series constrained only
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by the relative frequencies of fixation of the instruments involved in
any transition. We assume that a transition starting from instrument i
may end on any instrument, including instrument i. in accord with
the probabilities of fixation on each instrument. Over a sufficiently
long time-interval, the relative number of fixations on each instru-
ment will be an estimate of the probability of fixation on that in-
strument. and this. in turn. reduces to the equating of the relative
frequency of fixation to the probability of fixation.

It is clear that if the probabilities of a fixation on two signals are
large. many transitions will perforce be made between them. How-
ever, it is also obvious that. as the probabilities of the various instru-
ments approach equality, the freedom of path through the set of
instruments increases and is greatest when all are equal. Thus, as the
restraints of relative frequency diminish, there is greater opportunity
for logical patterns of scanning. Either by applying the models for
sampling strategics to hypothetical or known signals or by direct
measurement of the relative times spent observing the various dis-
play devices in a man-machine system. we can arrive at useful esti-
mates of the probability of fixation of each of the signal sources or
instruments. The original series of pilot eye-movement studies in 1953
and 1954 was aimed at determining by direct measurements the vari-
ous fixation probabilities and using them to determine the locations
of the instruments then commonly used.

In addition to measuring fixation probabilities, these studies also
determined the successive pairs of instruments fixated. The goal was
to establish "links" between instruments that could act as a basis for
arranging instruments. Here again the utility of the estimated transi-
tion probabilities is apparent: The greater the probability of transition
between two signals, the closer together they should be.

My model for the transition process treats the observer as if he
drew at random from the set of displayed signals with probabilities
equal to the fixation probabilities each time a transition is made.
Such an observer would make transitions between instruments with-
out regard for any real or imagined relation between signals displayed.
Although I do not contend that pilots in fact behave this way in air-
craft, it is nonetheless true that the predictions of the model are in
close enough accord with the actual link vaues measured in flight to
have served as a basis for decisions on the layout of* instrument panels.
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The predictions o, 'he model and the results of laboratorv studies
(Lindquist and Gross, 1958: Senders. 1964) agree even more closely,
and the agreement is close enough that the model can account for
nearly all of the behavior observed in the laboratory.

The laboratory data were gathered on a set of random. unrelated
signals. Thus there would be no basis for selection other than the
probability of fixation itsell. A deviation on one instrument was not
indicative of the signal that might be observed on any other. In an
aircraft, on the other hand. there would be two processes that would
determine the next item to be selected by the observer. If the prior
observatioi, found the signal inside the acceptable region, then the
selection of a signal cor the succeeding observation could be made on
a properly weighteJ random basis. If the prior observation were of a
significant deviation, then the coupling that existed between the dis-
played signals would lead to a rational selection of an instrument that
might be presumed to be related to the observed deviation, e.g.. if
altitude were "off." then rate of descent would be a reasonable thing
to look at. Our expectatio. . therefore, should be that the demands
estimated by the simple model will only partially describe the sam-
pling behavior of the pilot and that this description will be of those
signals that have the highest probabilities of fixation.*

For the situation with equal signal powers and equal significant
deviations, the foregoing is an adequate description and can be used
(although with caution) in the analysis of real systems. However, the
estimates that can be made are only estimates of the means of distri-
bution of intervals between observations. There is nothing that per-
mits an estimate of the variability of these distributions.

That there are distributions is apparent both from the data and
from purely logical considerations. Aperiodicity in the sampling of
any one instrument would result from almost any configuration
of instruments and bandwidths except for rare cases in which

*Since an instrument can be fixated and then refixated without an i'aterveniag
eye movement, the measurable frequencies and durations of observation vill
not be those that would have been calculated on the basis of signal bandwidths
and accuracy requirements, but the distributions will be modified as a result of
the possibility of these successive fixations. [See Senders ( 1964) for detailed
discussion. I
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all the signals had identical bandwidths and identical significant
deviations.

Faced with the observed data about the distributions of durations
both ef observations and of interobservation intervals, one is led to
attempt to account for these distributions in a rational rather than
in a descriptive way. The basis of this approach is that the interval
between observations is a function of the value previously read, and
the duration of an observation is a function of the value then being
read by the observer. A discussion of this model follows.

Conditional Aperiodic Sampling

Let us consider the problem faced by a monitor of limited channel
capacity confronted with many more than two signals to attend to
but concerned with detection of extreme readings rather than with
reconstruction of the signal. Such a monitor may serve not as a chan-
nel for the transmission of a complete time function but rather as a
channel for the transmission of discrete pulses in time, i.e., as a
channel for the transmission of a dichotomized (or polychotomized)
time function or signal. For any function, one might assume that
there is a limit-value that calls for the transmission of a message and
that all values of the function below this limit call for no transmis-
sion of the ronssage. This i-. analogous to stating that the monitor
observes the time functions and does nothing so long as they remain
within a "safe" interval. When a function exceeds the limits of safe
operation. the monitor emits a signal that may be the present value
of the function. We may now ask what the appropriate sampling N
strategy will be for the monitor. How accurately must the function
be read if signals are to be sent properly? It is easy to see that if the
permissible error, between the function as presented and the func-
tion as read, is equal to the amplitude of the function, no observa-

tion is needed. Similarly, if the permissible error approaches zero.
then the information to be absorbed per sample increases and a
longer time will be required for the monitor to accept and transmit
the information. What is the proper strategy for selection of an in-
terval between observations? If the function at the moment of obser--;R
vation has a value zero (i.e., its mean), then the next sample may be
deferred until such time r as the probability of the function's exceed-
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ing the limits of safe operation exceeds some arbitrarily set probabil-
ity. In particular, if the limit of safe operation is some N standard
deviations, then, as r increases, the correlation decreases, the vari-
ance increases, and there will come a point where the probability of
the function's exceeding the limit is equal to or greater than the
arbitrarily set probability. At that point a sample would be taken.
If the function, at the time of original observation, is greater than
zero, i.e.. is some fraction of the way toward the permissible N stan-
dard deviation, then the point at which the probability reaches or
exceeds the arbitrarily chosen probability will in general come
sooner, and the sample must be taken after a shorter interval. In
the limit, as the observed value of the function approaches the N
standard deviation, the acceptable sampling interval approaches zero.

The preceding description is reasonable for a monitoring (i.e.,
open-loop) task. Serious complications might arise when the observer
is engaged in a control (i.e., closed-loop) task, in which the closer he
controls, the smaller are the observed deviations but the more often
he may have to look at the instrument. Also, this description assumes
one possible strategy: the probability threshold criterion (Senders
et at. 1965). Other sampling strategies might involve the sampling of

the function at the moment when the probability of exceeding the
permissible limit is a maximum, or sampling when that probability

exceeds a certain threshold, or sampling according to a "variable
signal bandwidth" rule [see Senders et at. (1965) for details]. The
various strategies are not necessarily mutually exclusive. The actual
process of "conditional sampling" is probably a combination of two
or mor- ;trategies. Which mathematical model is best depends on the
momentary goal of the observer.

Whatever model or set of models is chosen for the monitor, the de-

duced distributions can be inserted into a queueing model in which
signals line up to await their turn for the attention of the observer.
Using this notion as a beginning, queue statistics can be calculated
and a more complete picture of the hypothetical behavior generated.

Queueing: A Model ojA ttention

I have suggested that an information source will, from time to time.
demand attention from the observer and that the observer will "pay

I
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attention" to that information source if he can. Either on the basis
of purely theoretical considerations or on the basis of actual obser-
vations of monitoring behavior, we could construct a probability
distribution of attentional demands made by an information source.
If it is assumed that demands are always separated by periods of
attention, then the probability function has the value of zero at
r = 0. In general, as r increases (where it is time since last observa-
tion), the probability of a new demand increases to a maximum and
then diminishes monotonically to zero. If it is conceivable that an
information source would demand attention on a completely peri-
odic basis, the distribution for that source would merely be an im-
pulse. p = 1, at some interval r. In general, however, information
sources will demand attention at intervals that depend on charac-
teristics of the sources and of the observer's task in using that source.

We can similarly calculate or measure the distribution of durations
of attentive acts, or observations, of the varicus information sources.
Observation takes time, so the probability of an observation of zero
duration is zero. In general. the probability of any duration will in-
crease with increasing duration to a maximum and then decline
monotonically to zero at some duration. Again, if an information
source were so constructed as to require a constant observation time,
then the distribution would shrink tc an impulse, p = 1, at that dura-
tion. For most information sources, there will be a distribution of
durations of observations that will depend on the characteristics of
the information source and the observer's task in using that source.

Since, in general, the intervals of demand will overlap the intervals
of observation, one can compute the probability that there will be
interference, i.e.. the human observer will be busy observing one
source when another source demands attention. As either of two
events occur- an increase in the frequency with which demands are
made by one or more sources or an increase in the duration of obser-
vation times, resulting perhaps from an increase in complexity of
signal to be observed -the amount of interference will increase.

The value of the probability distribution and the observing distri-
bution would, of course, be the same. The statement of the observing
distribution is that we can see at this point a possibility of computing,
on the basis of known characteristics of the information source, the
distributions for each information source, as well as the probabilities

LM,
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that each of the information sources will be observed at all. Therefore,
we can see an analytical solution to the calculation of the probability
of simultaneous demand for certain classes of information sources.
(The results of previous investigations on simultaneous listening, or
simultaneous listening and looking, which suggest a "competition be-
tween sources as a function of the redundancy of predictability of
the sources." agree fairly well with the results of this simple analysis.)
See Senders et at. (1965) for a more rigorous calculation of the rela-
tionship between the information flow rate from each of the sources
and the distributions of intervals of attentional demand and of dura-
tions of attending.

To recapitulate briefly. I assume that the operator or observer is
a simple channel device and that demands are made on this device by
sources of information in the environment; that the sources, in a
sense, arrive at the single channel device and form a queue; and the
length of the queue formed by the information sources at any time
is a direct measure of the degree of interference that will exist in any
experiment involving "simultaneous attending to two or more sources
of information." The length of the queue is a distribution function.
It can be calculated on the basis of the probability of simultaneous
demand. The notion of the probability of simultaneous demand
serves as the basis for a rational attack on questions of perceptual
overload and of workload calculations. The various components of
the theory advanced in Senders et at. (1965) were intended to apply
to behavior in the limiting case where the operator is at peak loading
and subject to potential overload. The questions raised by the under-
loaded case are more difficult to analyze and, for many practical
applications, less important.

EXPERIMENTAL EVIDENCE

Early Queueing Model

Three experiments were designed to confirm earlier work (see Table I
and Figure 1) by exploring the relationships between (a) signal band-
width and frequency of duration, (b) required accuracy of reading
and duration of observation, and (c) simultaneous variation of band-
width and requimed accuracy of reading, on the one hand, and fre-
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TABLE I Frequency of Fixation

Sjgnal Bandwidth

.64 .32 .16 .08 .04 .02

Subject I .504 .502 .265 .303 .215 .233
Corrected 1.024 .673 .297 .323 .222 .237

Subject 2 .639 .445 .423 .253 .263 .127
Corrected 1.298 .597 .485 .270 .272 .129

Mean .572 .478 .344 .278 .239 .180
Corrected Mean 1.161 .635 .391 .297 .247 .183 -1

N

quency and duration of observation, on the other-explored as coit-

comitant rather than separated variables.

These experiments were specifically designed to

1. Measure the relationship between observation time and re-

quired accuracy of reading and compare these results with theortical

predictions;
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2. Measure the relationship between signal bandwidth and fre-
quency of observation and compare these results with theoretical
predictions;

3. Measure the effect of combined variations of bandwidth and
required accuracy on frequency and duration of fixation and compare
these results with the theoretical relationship obtained from the
model equations:

4. Explore the relationship between the signal bandwidth and
attention when the signal is quantized and displayed as a set of
binary variables and fit these data to the theoretical model:

5. Explore the effects of signal dependency through correlation
of signals and systems coupling.

Six signals, rather than the set of four instruments used in the
1953 and 1954 studies, were used in the monitoring tasks. Table 2
and Figure 1 present some of the general results, and more specific
data relating to the five different experiments in this study can be
found in Senders et al. (1965).

The general conclusion of this study, taken as a whole, is that the
bandwidth of the monitored signal is the single most important fac-
tor influencing the frequency of fixation on that signal, granting that
the power of the signal is set at some fixed level. The interaction be-
tween frequency of fixation and duration of fixation suggested by
the simple Markov model was also strongly supported by the data
taken as a whole as well as by the results of the individual experi-

TABLE 2 Observed and Simulated Eye Fixations in Percent for Three
Pilots during Phase If of Flight (Turn)

Pilot

Instrument P.M. J.F. D.M.

No. Name Data Model Data Model Data Model

I Heading 19.6 15.4 22.7 21.7 25.0 27.9
3 Air speed 8.5 10.4 12.1 8.0 7.0 7.9
4 Altimeter 15.9 13.7 14.4 15.8 25.4 20.4
5 and

6 Pitch and roll 46.0 45.9 36.4 39.1 41.9 43.8
13 Rate of climb 10.0 14.6 14.4 15.4 .7 0

Total 100.0 100.0 100.0 100.0 100.0 100.0

I ,



VISUAL SCANNING BEHAVIOR 119

ments. The influence of reading accuracy on duration of fixation was
still moot and remained for some future test. The simple Markov
model also closely fits the data on observable frequency of fixation.
However, this finding must be interpreted with caution. The data
obtained in all these studies were relevant to a situation in which a
number of indicators show signals that have nearly equal power,
nearly identical "limits." no correlation (except for one instance),
and no logical relationship between the readings on one indica-
tor and the readings on another. In an operational space vehicle or
aircraft, all of these conditions would be different for the various in-
dicators. As a result, the more sophisticated notions of Senders et al.
(1965) might be expected to afford better predictions of what the
pilot will do in a monitoring task.

In general, the results of this study supported and reconfirmed
the earlier four-instrument work. The difference between the earlier
and later results, although suggesting that more sophisticated theory
and experimentation were required, was not great enough to vitiate
the applicability of the simple model. Later work done with a Link
simulator gave us the opportunity to further extend our findings
using a modified model.

Later Substantiation of New Queueing Model

The results of the previously mentioned series of experiments pro-
vided strong support for the hypothesis that observers are influenced
by the bandwidths and accuracy requirements of the signals that they
are to monitor. However, there were indeed failures of agreement be-
tween the models and the data, and these in turn led us to more so-
phisticated analyses of the determiners of the distribution of visual
attention. Among these are the direct perception of visual rate. the
assignment of differential costs to extreme deviations of different
signals (Carbonell, 1966), the effect of nonveridical perception of the
signal characteristics by the observer (Smallwood. 1 966). and the ef-
fects of coupling and correlation between the various displayed sig-
nals (Senders et al.. 1968). The models of Carbonell (1966) and
Smallwood (1966) have been tested by computer simulation against
the earlier data obtained in 1954 and 1955 and reported in 1968
(Senders. 1968). Here it is possible to choose parameters such that

Al.
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the behaviors exhibited by the models are well within the range of
those behaviors exhibited by human subjects. Thus, the first model
of 1955 appears to describe quite well the kinds of behavior that re-
suit when observers are required to monitor some relatively small
number of completely uncorrelated, bandlimited, normally dis-
tributed time functions and to report whenever any of these time
functions exceeds some symmetrically disposed, arbitrarily selected
limiting value (see Figure 1); Smallwood's model (the subjective one
of Smallwood, 1966) has resulted in a close approximation to the
actual behavior displayed by these subjects in the monitoring labora-
tory situation. Carbonell's model I the queueing model, Carbonell
(1966)1 has given excellent approximation to visual sampling behav-
ior in actual flight simulations. The ultimate utility of such models,
of course, may be twofold. On the other hand, they provide a basis for
examination of attentional mechanisms and for identifying the char-
acteristics of the world of stimuli that actually serve to elicit observ-
ing responses on the part of observers, and, on the other hand, they
provide a potential means of estimating a number of paramaters re-
lating to the way in which people will behave when confronted with
real tasks in real systems. For the moment it is this latter application
of the theory that concerns us. If these models (or any one of them)
hold true for controllers and monitors of real systems, then we can
calculate a number of things about such systems. Among these calcu-
lations would be the frequency with which the signal would be ob-
served. This, of course, means that we can estimate in a statistical
way the interval between observations, their duration, and the se-
quences in which they would be made. We could, for example, calcu-
late the probability that the monitor would in fact observe a transient
signal of any duration. Thus, some index of the "reliability" of the
human monitor in detecting signals could be obtained. In order to
accomplish all or even part of these ambitious goals we must show
that the behavior of human beings in real systems does in fact follow
the rules laid down by the models. Of course, most real systems are
markedly different from the systems that have ordinarily been used
in the laboratory. The differences are cf the following kinds:

1. The signals presented on one instrument are very much related
to the signals presented on the other instruments, whereas in the
usual laboratory situation the signals were reported as unrelated:
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2. The control process used by the system-controller modifies the
short-term statistical characteristics of the signals, whereas in the
monitoring laboratory situation the response activity of the monitor
had no effect on the signal;

3. The distribution of signal values is non-Gaussian, whereas in the
laboratory the signal is commonly constructed to be Gaussian;

4. The signal does not show a consistent tendency to regress to
the mean, whereas in the laboratory the signal is usually assumed to
have a mean value of zero-,

5. There are no fixed arbitrary limits on each instrument, rather,
these limits vary as a function of time depending on the immediate re-
quirements of the machine and pilot and on the mission to which the
combination is dedicated; on the other hand, in the laboratory the
limits have usually been fixed and equal for all instruments.

For these reasons, it was felt necessary to perform more realistic I

experiments to avoid the oversimplifications of typical laboratory
monitoring experiments. These experiments consisted in simultane-
ously recording both eye movements ar~d panel instrument signals
when experienced pilots were flying an instrumented landing ap-
proach flight in a Link simulator. An economic queueing model
was designed to apply to the actual flight situation rather than the
typical monitoring experiment.

An Economic Queueing Model of Visual Sampling

The main assumptions of this model are

1. The instruments compete for the pilot's attention; each time
he looks at one instrument he is postponing the observation of others,
which form a queue;

2. The queue discipline stems from an intelligent decision made
by the pilot at each time; I assume that he tries to minimize the totai
risk involved in not observing the other instruments;

3. This risk is defined, for each instrument, as a unit cost times
the probability that the displayed value may, while not being ob- IV
served, exceed a certain threshold that could lead to some cata-
strophic result;

4
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4. The pilot's task in visually sampling his instruments is part of
a feedback loop closed through his control actions;

5. If the pilot does not exert control, displayed values are not
zero-mean Gaussian signals, the mean will be given by the last reading
of the instrument, and the variance will monotonically increase with
time;

6. If the pilot exerts control, he will be concerned not with the
absolute reading of each instrument but rather with variations from
expected values.

In any actual implementation of the model, we are forced to make
(by necessity) some further assumptions that are not, however, an
intrinsic part of the model. Some of these are

7. The pilot looks at each instrument for a fixed length of time,
namely .4 sec; longer looks are accounted for as consecutive selec-
tions of the same instruments in .4 sec units;

8. Control actions and autocorrelation functions of the signal are
of the form exp (-kt);

9. The divergence is accounted for by a linear term in r subtracted
from the square of the autocorrelation.

Results of Link Simulator Study

Senders et al. (1968) gives a complete anaiysis of the experimental
conditions and the data. The general results of the simulation tests
are presented here in Tables 3, 4, and 5, where both data and model
results are normalized in percentages. Though pitch and roll are sepa-
rate instruments in the model, they have been lumped together since
they appear together on eye-movement data. The same is true for
localizer and glidepath indicator.

The general agreement between pairs of data and model columns
in Tables 3, 4, and 5 is surprisingly good. Table 3 refers to Phase 11
(turn) of the flight analyzed by the model, by pilot P. M. Table 4
presents results for the three pilots in Phase 11; obviously Phase II
by P. M. appears duplicated in Tables 3 and 4. Finally, Table 5 pre-
sents the results of the two simulation tests not covered in Tables 3
and 4.
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TABLE 3 Observed and Simulated Eye Fixation in Percentages for a Given
Pilot (P. M.) during Three Different Phases of the Flight

Phase I Phase If . Phase IIl
Beginning Landing

Instrument of Descent Turn Approach

No. Name Data Model Data Model Data Model

I Heading 18.2 16.3 19.6 15.4 22.4 14.6
3 Airspeed 13.6 13.3 8.5 10.4 4.3 6.3
4 Altimeter 11.4 13.3 15.9 13.7 7.6 5.4
5 and

6 Pitch and roll 41.5 41.3 46.0 45.9 31.9 32.9
13 Rate of climb 15.3 15.8 10.0 14.6 8.6 14.2
14 and Localizer and

15 glide path .- - -. - 25.2 26.6
Total 100.0 100.0 100.0 100.0 100.0 100.0

Next, Tables 6 to 8 present statistical analyses of the results already
presented in Tables 3, 4, and 5. Two types of statistical evaluation
have been applied. The first is simply the average of the absolute dif-
ferences between predictions of the model and data expressed in per-
centages. The second is the ratio of the sum of the squares of the

differences between data and model (both in percentage) to the sum
of the squares of the observed data (in percentage). This last measure
is an indication of the relative importance of the deviations of model
from data compared with data.

TABLE 4 Observed and Simulated Eye Fixations in Percentages for Runs Not
Included in Tables 2 and 3

D.M. J.F.
Phase I Phase I

Instrument Beginning of Descent Landing Approach

No. Name Data Model Data Model

I Heading 25.3 22.5 20.5 19.0
3 Airspeed 16.9 11.7 10.5 12.0
4 Altimeter 16.9 22.1 6.5 8.2
5 and 6 Pitch and roll 40.0 43.7 24.5 25.8
13 Rate of climb .9 - 17.0 9.0
14 and 15 Localizer and glide

path - - 21.0 26.0
Total 100.0 100.0 100.0 100.0
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TABLE 5 Statistical Comparison between Model and Data. Averaged across
Instruments

Average of Absolute Sum of Squares Ratio of

Case Differences (in per- of Differences Two Pre-
cent) between Model Sum of Squares between Mode ceding

Pilot and Phase and Data of Observed Data and Data Columns

P. M. 1 0.96 2602.50 7.60 .0029
if 2.60 2925.22 47.26 .0162
111 3.33 2304.62 104.00 .0451

J.F. If 2.04 2401.38 28.06 .0117
I11 3.17 1903.00 98.08 .0516

D. M. i 3.56 2812.12 76.42 .0272
!i 2.28 3075.26 38.32 .0125

Table 6 refers specifically to averages across instruments, giving
the above defined indices, averaged across trials, for each individual
instrument (or instrument pair): observe that localizer plus glide-
path indicator is only pertinent for Phase III (landing approach) of
the flight, and. therefore, appears in only two trials. Finally, Table 8
gives the indices globally, first for individual pilots and next for flight
phases, averaged in each case over everything else.

The differences between pilots are not really significant. Results
for Phase III (landing approach) are poorer than those for the other
two phases, beginning of descent and turn, though they are still quite
acceptable. This probably reflects the presence of two new signals, as
well as some coupling between instruments that may be higher than
in the other phases. With respect to accuracy of the model in predict-
ing fixations on particular instruments, rate of climb is the worst. ItZ
should be noted that different pilots assign widely different costs to
this instrument in relation to others. It is also interesting to note that
some of the instruments that have a high degree of information
coupling are the three with less accurate predictions, namely rate of
climb, air speed, and altimeter, in that order. On the other hand, we
have been able to predict distance on pitch and roll quite accurately.
This is encouraging since it is the instrument that is observed most
frequently.

These results support the basic assumptions involved in the eco-
nomic queueing model. This model has shown itself capable of
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TABLE 8 Comparison of Correlation Coefficients between Data and Model for
Nyquist Model (Left) versus Queueing Model (Right)

Phase

Pilot I II III

D. M. .905/.966 .730/.974
P.M. .190/.994 .940/.983 .653/.917
i.F. - .903/.984 -.263/.837

accurately representing the behavior of pilots visually sampling their
instruments during an instrumented flight. Table 8 presents a com-
parison of correlation coefficients computed for the fixed Nyquist
and the economic queueing models. The queueing model, as can be
seen in the table, gives consistently higher correlations. This sug-
gests that there is a trade-off between degree of correlation and
complication o" conceptualization, which implies that more complex
procedures would obtain better results.

I

GENERAL, CONCLUSION AND RECOMMENDATIONS

I have undertaken and completed a program involving extensive in-
strumentation of a simulator and of the pilots who operate it. The
investigation has involved the recording and subsequent transforma-
tion of many varieties of data relating to both system and human
performance. The basic goals were the testing of models and the ex-
amination of the ways in which human operators and system dy-
namics interact in a more or less deterministic way. The models
tested range in sophistication from the very statistical to the very
causal. Only some of them could be tested within the framework of
the present project, and indeed, as it turned out, some seem to be
basically untestable, given the nature of the task presented to the
pilot and the kinds of recording and analysis that could be under-
taken. Validation in the simulator is limited to two different models
of where people look and why they look there when flying on air-
craft through a variety of more or less routine maneuvers. One of
these models is basically a sampling theorum application, the other
an extension of a cyclic queue with the addition of certain cost

IL . .t 1 "I I•
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factors guiding the sampling behavior. In both cases, of course, the
signal characteristics have a strong effect on the predictions of the
model, so that we would expect both models to relate fairly well
to the same body of experimentally obtained data. The results in-
dicate that the statistical predictors are weaker than the queueing
model, which depends heavily on individual pilot's estimates of
the cost of making certain control activities and the cost of exceed-
jng certain limits. This we might expect. In general, the more detailed
the examination of the basis of behavior, the more closely should the
model so constructed fit the actuality. The statistical model supposes
that eye movements are purely a function of signal frequency charac-
teristics and the desired accuracy of readout. However, because of
the nature of instrument displays in which only error signals, i.e.,
deviations from desired setting, are displayed, it is very difficult to
extract ratios of signal power to error power. Instead, these must be
inferred. What we have, then, is a fitting of straight lines to the error
spectrum to the signal characteristics that governed the pilots' be-
havior. The results for the three pilots, as presented in Senders et at.
(1968), show that in all but one case the correlations between the
predicted distribution of attention and the observed data are positive
and (again, with exception) high. The defect of this model arises from
the fact that under certain flight conditions, in particular the final
approach, the signal power for certain of the instruments becomes
very small and our estimates of the bandwidth of the signal presented
rather dubious at best. Thus, our predictions of the attention to be
paid to the localizer and glide path during final approach are greatly
at variance with the observed behavior of the pilot, as are the esti-
mates of rate-of-turn and rpm. However, for Phase I (beginning of
descent) and Phase 1i (turn) of flight, the correlations are generally
high and in the expected direction and suggest that the model has
power for predicting the distribution of attention when the pilot is
not engaged in effectively continuous control of the signals that he V
is presented with. [ For a complete explanation of the results of this
study fitting the model to the data, see Senders et at. (1968).]

Where it is possible to use data obtained from pilots to enter into
a queueing and cost-effectiveness model, very powerful estimates
can be obtained that would be useful for engineering decisions. Where
such data cannot be obtained, as for example, in the analysis of sys-

LA
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tems that are new and for which no great experience exists, the sta-

tistical predictiu.is of the sampling model also yield powerful predic-

tions, although by no means as powerful as those yielded by the
queueing model. In either case, the predictions of these models will

be useful in making estimates of the loading imposed on the pilot by

a well-defined system and in calculating instrument panel configura-
tions based on the way in which people must use the signals that are

to be presented. An interesting application of the principles and
theory that have been developed within this program is presented in
Cobhan (1964). The results of that application appear to support the
general notion that these analyses have immediate and direct engineer-
ing utility.
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Visual Information
Storage

Although educational psychologists have studied reading and reading
disabilities extensively, they have not usually thought of reading as a
process that depends on multistaged extraction of information from
briefly fixated symbolic stimuli. On the other hand, some recent work
by experimental psychologists with basic interests in perception and
memory have led to new concepts and methods of great potential
value. I particularly want to mention the work done by Sperling
(1967), Hochberg (1970), Neisser (1967), Kolers (1970), Sternberg
(1969), Posner (1967), arnd Bryden (1967), though I am forced to
do many injustices to others by presenting such a short list.

These men have all focused on one or more of the information
extraction processes involved in recognizing, identifying, matching,
or otherwise responding to linguistic stimuli. Their assumption, in
one form or another, is that during each fixation or presentation, a
number of discrete processes occur, each of which can be identified
by proper experimental operations. Taken together, this work has

*The research from my laboratory reported here was supported in part by re-
search grants from the United States Public Health Service (MII 10753), and
from the National Science Foundation (GB 59 10 and GB 4547). This paper
was completed while the author held a special postdoctoral fellowship from
the LUnited States Public Health Service (MH 24765) at the Medical Research
Council's Applied Psychology Unit at Cambridge, England.
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suggested to me a general model concerning the early stages of these
processes, a model that has been guiding my thinking for some time
now. While not specifically attributing any part of this model to any
of these theorists, let me describe some of the model's principal com-
ponents, represented in four stages.

'The first stage of the model assumes that the patterned excitation
formed on each retina is coded as a set of distinctive visual features
by the receptive field organization of each retinal-neural system. The
features available probably include only contour, line, angle, orienta-
tion, motion, retinal disparity, and color, although it is possible that
detectors of other features will be discovered for the human visual
system. Thus, the first processing stage is a transduction from the
patterned optical array, distributed in space and time on the two
retinal surfaces, into a set of coded features. It is specifically assumed
that this sensory encoding of features is uninfluenced by memory,
set, expectation, or any type of prior experience with the stimulus.
Thus, the same mapping of features is found in a visually experienced
or a naive perceiver. However, the mapping is highly sensitive to the
adaptive state of the eyes and to the specific parts of the retinal sur-
faces on which the stimulus falls. [See Blakemore and Campbell
(1969) for an excellent example of a detailed study of the properties
of visual feature extraction processes in human visual perception.]

The result of this first stage is a set of primitive features that are
transmitted and represented centrally in a visual feature storage
(Stage II). I assume that this storage is what Sperling (1960) redis-
covered and named "visual information storage" and what Neisser
(1967) has called "iconic storage." The features are present in this
storage as long as the optical array from the stimulus falls on the
retinas. The features persist briefly after the stimulus terminates or
the eye position changes by means of saccadic movements to regis-
ter a new stimulus pattern. The duration of the persistence is about
the same as the typical fixation time for free viewing or reading, on
the order of ¼-½2 sec. This time will tend to minimize the amount of
overlap of successive icons, since I assume that if a second stimulus
is presented while the features of the first are still in storage, the two
icons will combine so that under most circumstances a separate pro-
cessing of the features from the two stimuli will become more diffi-
cult, if not impossible.
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The content of Stage II is a set cf features that, while already
coded, are themselves not yet in a form familiar to the perceiver.
Hochberg (1968, 1970) has stressed this point most emphatically.
We see in a single glance only those features of the stimulus that
are centrally represented. To achieve a perception of a meaningful
pattern, several glances are usually needed, and, even more impor-
tant, some type of schematic or cognitive structure needs to guide
the combination or construction of features within and between
glances into familiar forms and patterns. Thus, Stage III consists
of another transduction of information, this time from the primitive
visual features in Stage II iconic storage into constructions of pat-
terns following schematic rules or programs of organization based
on prior experience, set, expectation, and other concomitant sensory
infomiation. These programs will differ depending on the stimuli or,
rather, upon what the perceiver expects the stimuli to be. Thus, if he
is expecting linguistic patterns (e.g., letters of words in sentences),
then one set of programs is activated to transfer the features. If he
expects to see faces or landscapes or the view through the windshield
of a moving car, then the constructions are quite different and follow
rules of very different kinds of programs.

Stage IV contains the results of the operations of the schematic
programs. For linguistic material, this has generally been called
short-term memory and is probably initially in the form of acoustic
representations. For pictorial stimuli, it may be called a visual image
of the stimulus or what Richardson (1969) more appropriately calls
a memory image, for most perceivers at least. The fidelity of the de-
tails of this representation to the original pattern in the optical array
depends on the program used to construct the representation. How
long the perceiver will remember the stimulus and his ease of re-
trieving it for recall or recognition will also depend on the program,
the amount and redundancy of information contained in the con-
struction, and the relationship to other constructions presently being
made or maintained in memory.

Further transductions to more permanent representation (e.g., to
long-term memory) presumably also occur, though these are presently
of somewhat less concern to me than to researchers working more
exclusively with models of memory [ g., see most of the papers in
Norman (1970)1.

L.2
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Having briefly sketched this model or guide, I would like to de-
scribe some recent experimental work from my laboratory that con-
cerns two different aspects of this general model. The first aspect is
the nature of the Stage 11 visual representation, and the second is the
extraction and processing of information from Stage If (what I have
called Stage I1l). These studies also raise methodological and opera-
tional questions of some interest.

Most of the evidence suggesting that there is an iconic storage has
been indirect, since it is based on the amount of information the sub-
ject has available after the supposed icon has faded. I wanted to
develop some more direct tests, ones that ask the perceiver to de-
scribe some properties of his icon while it ic still present.

Lionel Standing, while a Research Associate at the University of
Rochester for 2 years. conducted several experiments with me on
this problem. The difficulty we faced was that the icon is too brief
for us to ask the subject to tell us how long it persisted. With suitable
adjustment in intensity, for example, flashes of 10-I s,,c can appear
to be just as long as flashes of 10-2 sec, a difference of 7 log units,
which suggests that we could not rely on judgments of absolute
duration. We explored three alternative procedures, ones that also
avoided the indirect partial report measurements.

One procedure (Haber and Standing, 1969) involved recycling a
light flash. As an analogy, imagine that you are to operate an incan-
descent lamp with the instruction to turn it on momentarily, then
quickly off, and then on again as soon as it appears to have com- 4
pletely faded-several seconds for most incandescent lights-and
imagine that you repeat this procedure a number of times. If a
timer is attached to the light switch, the resultant pattern of on-off J
intervals will show that you turned the switch on briefly every sev-
eral seconds. The interval between the on-switchings would be a
measure of the visual persistence of the filament in the light bulb
plus whatever persistence there might be in the measuring instru-
ment-your eye. We conducted this same experiment, except that
we used a light that had a negligible persistence (only a few micro-
seconds). Consequently, any apparent persistence would be in the
eye and not in the light. Figure 1 illustrates this procedure. A black
outline figure on a white background was presented in one channel
of a tachistoscope for 10-20 msec, followed by a variable off-time in
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which a blank, white adaptation field replaced the stimulus field.
These two channels continued to alternate for a number of cycles.
The subject's task was to watch the two fields and decide whether
the black outline form completely faded or disappeared after each
of its flashes or whether it persisted until it came on again. If the
subject said it had disappeared, then the interflash interval was
shortened until a point was located for which it had just disappeared.
Following appropriate psychophysical procedures, we could then de-
term.ine the persistence of the visual form. Figure 2 shows the results
over several conditions based on 10 subjects. When the subject is
adapted to a fairly high level of illumination (as when reading),
¼ sec must be interposed between each flash for the subject to say
that the flash had just ýded. Cutting the amount of light by two
log units only slightly increases the persistence. Dark-adapting the
subject, on the other hand, by turning off the adaptation field nearly
doubles the persistence, an effect comparable to that of the partial .2
report measures of iconic storage (Sperling, 1960). Hence, it seems
that persistence is not very dependent on level of illumination but
that it is highly dependent upon adaptation-level.

In another condition, we presented alternate flashes dichoptically
to the eyes. If the persistence is entirely retinal, that is, both gen-
erated and monitored by the subject retinally, then the flashes to
each eye would have to come 250 msec apart for the subject to say
that the figure had just faded. Since only every other flash comes to 4
the same eye, the overall rate of flashing would have to be doubled.
On the other hand, if the persistence is measured centrally then no

2

Visuol Persistence Effect
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FIGURE 1 Procedure illustrating the recycling of a
light flash of a few microseconds persistence.
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FIGURE 2 Results of the recycling of a light
flash of a few microseconds' persistence over
several conditions based on 10 subjects.

4

change in the rate of flashing would be needed even with dichoptic
presentations. The central hypothesis was strongly supported since
the dichoptic presentations required the same rate. Thus, while the
persistence may be generated retinally, though there is no reason to
assume that it is, the perceiver's judgment of the persistence must be
occurring at some point after the information from the two eyes has
been combined.

We have used this experimental design with a number of other
stimuli, including both rare and familiar words (Standing et al.,
1969). The effects have been virtually identical with both types of
words, which suggests that the content of the stimulus or its meaning-
fulness is not relevant to its persistence.

A second procedure to investigate visual storage was initially
worked out by Haber and Nathanson (1968) and extended by Haber
and Standing (1969). The subject was instructed to look at an outline
figure (e.g., a camel) that he viewed through a vertical slit 1/8 in.
wide that moved back and forth in front of the figure. Thus, at any
instant, only a small fraction of the figure was on view, that which



For- Iu" 'W

VISUAL INFORMATION STORAGE 135

could be seen through the slit. In this procedure, the subject tended
to fixate some particular part of the figure, and if the slit was set in
"very rapid oscillatory motion, such that, for example, only 50 msec
elapsed from the time the left edge of the figure appeared until the
right edge of the figure was exposed, then the figure has been painted
across the retina in only 50 msec. Subjects universally report that they
can see the entire figure and that its contours are fairly sharp in this
condition. The faster the slit is set in motion, the darker the contours,
approaching the sharpness of the perceived contours when the figure
is seen in its entirety.

The experimental procedure was to vary the speed of oscillation
and ask the subject at each speed whether the entire figure could be
seen or whether, while one end was sharply in view be('ause the slit
had just swept over it, the other end of the figure had faded from
view. Following a psychophysical procedure similar to that in the
previous experiment, we determined the speed of oscillation neces-
sary for the subject to say that the entire figure just remained in
view without part of it fading while another pzrt was sharp. This
duration for 10 subjects was about 280 msec under normal room
illumination. P' increased to 300 msec in very dim illumination. Thus,
these estimates of iconic persistence are virtually the same as those
found in the recycling procedure.

A third experimental procedure that we have used (Haber and
Standing, 1970) follows a design initially suggested by Sperling
( 1967). The subject observes a flash of light. Coincident with its
onset, he hears a very brief click. The subject is told that every few
seconds he will again see and hear the paired flash-click. Between
the presentations of each pair the subject is free to adjust a timer
that will change the relative asynchrony of the flash and click, so
that if he judges that the click came before the flash, he can delay
the click relative to the flash. The subject views the pairs enough
times to match the simultaneity of the onsets satisfactorily. Then
the click is set to occur near the offset of the flash, and the subject
is again asked to make a series of judgments until he has set the
click to be apparently simultaneous with the offset of the flash.
Figure 3 illustrates the experimental design. Our assumption is that
the interclick interval calculated from these two sets of judgments
would be an index of the apparent duration of the stimulus, includ-

4
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Time Viual P'rsistence

Flash Duration

A . Click set to onset

A Click set to
offset

Interclick Wnerval

Persistence= Interclick Interval -Flash Duration

FIGURE 3 Illustration of an experimental
procedure in which the subject hears a click
coincident with the observation of a flashed
light. A timer is used by the subject to match
the simultaneity of the flash-click onsets.

ing any persistence. If there is no persistence at all, that is, if the
subject thinks the stimulus terminates simultaneously with its physi-
cal termination, then the interclick interval should equal the duration
of the stimulus. On the other hand, if the subject feels that a 50 msec
stimulus persisted for 200 msec after it was physically turned off, he
should set the interclick interval at 250 msec. Our subjects, after
some practice, found this a relatively easy series of judgments to
make because they noted that when they felt the click and the flash
just coincided, they also had a feeling of apparent causality between
the two. Once this perception occurred, the standard deviation of
the judgments was very small.

Figure 4 reports results for v rious conditions of light and dark
adaptation. Here the results a) slightly different from those of the
previous studies. If the flash is very brief, under 30 or 40 msec, the
light-adapted subject adds a persistence of nearly 200 msec (bottom
function), and the dark-adapted subject nearly 400 msec (top func-
tion). However, if the flash is longer, the amount of persistence is
much less until, by the time the flash is itself V4 to Y/2 sec. the amount
of persistence becomes negligible. Hence, only brief flashes appear
to have any persistence. This finding becomes important to my later
discussion. For those brief flashes, the amount of persistence, as
measured in this third procedure, is shown to be quite close to the
estimates based on the other two and on the indirect procedures.
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One further question was investigated in this study. Sperling
(1963) and Averbach and Coriell (1961 ) argued that iconic storage
should be erasable. A number of mechanisms have been proposed
for this type of process, the most parsimonious one being that a sub-
sequent stimulus creates its own icon, which replaces the icon of the
previous stimulation. This is discussed in some detail by Neisser
(1967). Since we were concerned with the visual characteristics of
iconic storage, we included a condition in which a visual masking
noise followed the display after various delays. Figure 5 shows the
results for the light-adapted condition. Since the parameter in the
figure is the interval from the onset of the stimulus until the onset
of the masking noise, it is clear that the onset of the masking noise
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terminates the persistence rather precisely, since all of the points
tend to fall along straight lines of zero slope. Only those values cor-
responding to persistences that have already faded deviate from this
result. Since brief flashes have a persistence of just less than 200 msec,
if the masking noise arrives after 200 msec, the persistence has ended
by itself, and the subject will set the interclick interval at less than
the interval between the onset of the stimulus and the onset of the
masking noise. What is most noteworthy is that there are no excep-
tions to the general principle that the visual noise mask will termi-
nate the persistence of a stimulus if the mask arrives before the
normal persistence is ended of its own accord. If the persistence
has ended, the mask can have no effect on it.

Since the experiments just reviewed all require the subject to
report some visual characteristic of iconic storage, it must be that
he can see something in his icon--it is a visual persistence. Perhaps,
it might be interesting to speculate as to what it is that the subject
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FIGURE 5 Results of a procedure under a light-adapted
condition where a visual masking noise followed a display
after various delays.
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sees. The experiments just reviewed do not tell us much about this.
In terms of the general model being presented here, however, I sug-
gest that he does not know what he sees. By that I mean that he can
tell that there is something out there, but at that time he has not
performed any analysis integration, construction, or labeling, so that
the material is uncoded, unidentified, unrecognized, and unfamiliar.
A frequent comment made by subjects in all of our experiments con-
cerns the unknowability of brief inputs. If the stimulus is terminated
abruptly by visual noise but had been bright and had good contrast,
subjects will say that they saw the stimulus clearly but that they did
not have enough time to recognize it.

To show this more explicitly, we performed one experiment (Haber
and Standing, 1968) in which the subject was asked to rate the clarity
(that is, the sharpness of the contrast) of some letters that were
briefly presented on some of the trials. On other trials he was asked
to recognize the letters. The letters were presented for a fixed dura-
tion, which would have been adequate for a high clarity-rating and
for near-perfect recognition if they had not been followed by visual
noise. However, visual noise followed the display after a variable
delay. We found that for very brief delay-intervals the subject would
report that the clarity had already achieved a high level, even though
in the other condition at the same interval he was unable to recog-
nize the letters much above chance. Hence, we demonstrated experi-
mentally that they could see the letters clearly but were unable to
recognize them. Liss (1969) has reported a similar effect.

While these experiments raise as many questions as they answer,
they do lend strong support to the suppositon that there is a visual
representation of information (Stage I1 in the model), one that begins
when the stimulus begins and persists very briefly after the stimulus
ends. I will now shift to some studies of the processing of informa-
tion contained in this representation (Stage I!!). The research design
followed in my experiments, as well as in many others, involves pre-
senting a single brief flash of an array of information, usually linguis-
tic material, and controlling the time the subject has available to )
process that information by following the array with a field of visual
noise.

This research strategy was developed most recently by Sperling
(1963). He briefly presented an array of letters and asked the subject .
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to report the letters lie saw, guessing if necessary. Immediately follow-
ing the array was a visual noise field made up of a ,andom arrange-
ment of lines and curves superimposed over the position where the
array had been. Sperling found a linear relationship between the ex-
posure duration of tile array and the number of letters correctly re-
ported. with a slope of one letter per 10 msec (see Figure 6). From
this he argued that the subject requires 10 msec to process each letter,
which he does serially, scanning one item at a time from left to right.
While the serial aspect of the interpretation of the results is not sup-
ported by later data, including Sperling (1967), the major importance
of the study was the use of visual noise to control the time available
for processing the information contained in the stimuli. I will add
some further comments about this procedure after I have reviewed
some experimental data from my laboratory.

We have just completed two varieties of replications of the Sper-
ling (1 963) design (Haber et al. in preparation). in each, arrays of
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FIGURE 6 Presentation of Sperling's re-
search strategy in which an array of letters
is briefly displayed and the subject reports
what he sees. Immediate!y following the
array is a visual noise field composed of a
random arrangement of lines and curves
superimposed over the position where the
array had been.
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one, two, three, and four letters were flashed. The subject reported
the letters he saw, guessing if necessary. Visual noise followed the
array by a variable delay. The time from the onset of the array to
the onset of the visual noise operationally defines the time available
for processing the letters in the array. The subjects. initially naive,
were tested over 15 days in the first study and tested up to 40 days
in the second study.

During the first few days of practice in the first experiment, each
subject needed about 60 msec of processing time to report one letter,
70 for two, 80 for three, and nearly 100 for four letters. Assuming
that 50 msec were needed before processing began (an assumption
examined below), these results correspond closely to those of
Sperling's, except for the longer time needed to begin processing.
However, after 1 2 days of practice the functions have converged
so that even four letters can be reported with 60 msec of process-
ing time (see Figure 7).

It appears as though a serial processing strategy were being used
by the unpracticed subject, who then switches to the parallel strategy
(processing several letters at a time) as he becomes more experienced.
However, Me data showing the serial position of the letters suggest
otherwise, for two important reasons. Although the subject always
does better for letters on the left as compared to those on the right,
even when he is less than perfect on a left-hand letter he already is
correctly reporting some of the right-hand letters. Thus, he must
have been processing more than one letter at a time. This is shown in
Figure 8 for four-letter arrays. The results for smaller arrays mirror
this one closely. Further, the subject always does better for any par-
ticular letter position when more letters are contained in the array.
Thus, he does better on the first letter in a two-letter array than he
does for a one-letter array. Figure 9 illustrates this finding for the
first letter of the four different sizes of arrays. This result could not
be explained by sequential dependencies, since the stimuli are zero-
order approximations to English. Again it suggests that the subject
is processing more than one letter at a time. These effects are equally
true before and after practice.

In the second replication we manipulated the ratio of the array
duration (on-time) to the duration of the interval between the offset 1

of the array and the onset of the visual noise (off-time). Because we
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used a lower background luminance, processing began faster. How-
ever, once the array was on for 10 to 20 msec, all ratios of on-to-off-
time produced the same level of accuracy. Hence processing time is
the critical independent variable and not the exposure duration, ex-
cept when the latter is so brief that the features in the stimulus never
become represented in the iconic storage.

These results suggest that processing probably proceeds from left
to right but not in a simple item-by-item serial order. The rate of 10
msec per item can only characterize an overall rate and cannot be
used to describe the scanning and processing itself. Unfortunately,
these studies do not tell us whether the subject might be processing
several letters at a time or whether he is scanning the whole array from
left to right a number of times, completing the processing of one
letter per scan. It should be noted that Sperling (1967) also rejected
his earlier serial model on the basis of serial position data similar to
those reported here. He too, however, had no evidence on how to
describe a process that could have accounted for the data.
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FIGURE 9 Illustration of the finding that a
subject does better on reporting the first letter
in four different sizes of arrays.
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In another study (Haber and Nathanson, 1969) we looked at pro-
cessing time as an independent variable for sequential presentation of
letters, rather than presentation of all of the letters in a single flash.
We assumed that the arrival of the second letter in the same retinal
location as the first acts to stop the processing of the first letter, and
likewise for each subsequent letter. The processing time for each
letter can then be specified as the time from the onset of a letter
until the onset of the next letter. This is the sum of the letter dura-
tion plus the time from the offset of one letter to the onset of the
next letter. We varied processing time and stimulus duration inde-
pendently by variation of the off-time between letters. Four subjects
were tested, each of whom saw 1,250 frequent English words, sub-
divided into five lengths (four, five, six, seven, or eight letters), five
on-times (10, 25, 50, 100, and 150 msec), and five similiar off-times.
Thus, the shortest processing time per letter was 20 msec and the
longest, 300 msec. The subject pressed a button that initiated the
sequence. He reported the letters that he was sure he saw (not
guessed) as soon as the last letter ended.

We found that the ratio of on-time to off-time could be varied
as much as 15: 1 without changing the performance for every on-off
combination with the same total processing time. The only predictor
of the number of letters correctly reported was the duration of pro-
cessing time. This was true for each S and for each word length. This
finding supports the notion that it is the time available to process the
stimulus controlled by a subsequent event and not merely the dura-
tion of the stimulus alone that is the proper independent variable in
information processing experiments.

An interesting and, on the surface, surprising finding was the very
long processing times required for the subject to report each letter
correctly in the sequential presentation procedure. Not until the
processing times exceeded 200 to 250 msec per letter was the subject
able to report all of the letters nearly perfectly. As is clear from the
studies described earlier, that much time would have permitted a
report of at least four letters and perhaps as many as 10 to 20 letters
when they were presented simultaneously. Presenting a small amount
of information in one fixation or flash does not mean that another
small amount can be presented sooner in time. I think that the se-
quential rate of fixatign in reading-about 250 msec-represents

Li
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about the minimum sequential rate for any information processing
task, quite independent of how much or how little information had
been presented. I think it is no coincidence that the persistence from
briefly flashed stimuli extends the effective stimulus to around 4 sec.
If the stimulus does not last that long, it is extended, but there is no
persistence to extend a longer stimulus. Thus, this mechanism appears
to guarantee at least /4 sec of processing time.

The last experiment I want to mention (Lorinstein and Haber, in
preparation) used the Sperling visual noise design but with nonlinguis-
tic material. The display consisted of I to 16 dots, each of which oc-
cupied one of 64 possible locations in an 8 X 8 matrix. The subject
was instructed to count, not estimate, the number of dots that had
been presented. The duration of the display was 20 msec-long enough
to count up to 10 dots easily without error when no visual noise fol-
lowed the display. The visual noise field, consisting of larger dots in
all 64 locations, followed the display by a variable interval. We found 1
strong evidence for a serial processing of the dots. For each 4 msec
that the visual noise was delayed (beyond an initial 45 msec needed
to begin processing), one more dot could be counted, up to about six
dots (see Figure 10 for the data on three subjects). Beyond six dots
the counting appeared to slow down dramatically, though this could
have been due to spatial fact-',

The converging operations in support of a serial processing inter-3
pretation are much less ambiguous than those from the studies with
linguistic stimuli. For example, if counting is serial and takes, say,
4 msec per dot to perform, then giving a processing time of 65 msec
(including the 45 msec needed to begin counting) should permit the
suhject to count five dots, regardless of the number greater than that
presented. The upper part of Figure I 1 shows best-fitted functions
for three subjects combined. These strongly support the argument
that the subject will count all of the dots for which he has processing
time available. I

In a second condition in the same experiment, we did not use
visual noise, but we varied the exposure duration of the display from Ii
20 msec to 4 msec. This range wLs c-hosen so that at the lower level

some of the dots would not be seen due to their inadequate contrast.
We tested this condition to compare it with the visual noise condition
in order to test more explicitly whether visual noise restricted the

K-
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FIGURE 10 Data on three subjects in an experiment by Lorinstein
and Haber using the Sperling visual noise design but with nonlinguis-
tic material.

time available to process the dots or only reduced the clatity of the
dots, making them more difficult to see and, hence, to count. The
results in the second condition were quite different from the first 3
(see the bottom portion of Figure 11). The different durations pro-
duced linear functions that generally started at the origin and rose
with their slope determined by the duration: The higher the dura-
tion, the higher the proportion of dots in each display that was
counted. Hence, lower durations appear to make some dots un-
countable because the subject cannoi, see them, while visual noise
appears to restrict the time available to count the dots, all of which
would have been countable otherwise.

The experiments focusing on Stage III represent a rather cursory
glance at the kinds of research on extraction of information that I
have been carrying out in my laboratory. Again, they raise more
questions than they answer, although some of their implications are
becoming clear. By way of conclusion I would like to comment on

L -m
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several of those nagging questions: (1) How reasonable is it to use
single tachistoscopic flashes to stimulate the processing of informa-
tion that occurs during separate fixations while reading? (2) How
much can be generalized from the widespread use of nonmeaningful
linguistic stimuli in tachistoscopic experiments? (3) What can be said
about serial models of information processing? (4) Is the opera-
tional definition of processing time through manipulation of the
delay of visual noise proving useful?

I have been using tachistoscopic presentations as a way to simu-
late what a reader might see during a single fixation. In some sense
this is like trying to read during a lightening storm. It is obviously a
weak analogy in the sense that readers make multiple fixations as
part of a sequential process. On the other hand, through the use of
visual noise as somewhat analogous to the effects imposed by the
next fixation, the time available to process the content of the infor-
mation seen in a single fixation can be studied in some detail. This is
especially useful to uncover the microgenetic nature of the process-
ing, since these experiments have all made it much more obvious
how many separable processes can be uncovered, even within a
single presentation or fixation.

Processing Time Condition Duration Condition
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01 2 3 4 5 6 7 8 Number of dots presented

FIGURE I I Upper portion shows the effect of varying processing time on
mean number of dots counted. The lower portion shows the effect of varying
the duration of the display.
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But we cannot stop here. Many more experiments must compare
the interpretations drawn from single presentations to those from
sequential presentations or successive fixation experiments. Previ-
ously, I mentioned briefly that I see an important commonality
between the ¼-sec effective stimulus duration brought about by
the persistence mechanism and the typical duration of each fixa-
tion in reading. I think that with further research we shall find that
all of the information in linguistic presentations can be extracted in
1/ sec and that allowing more time will make no further improvement
in this type of processing task. Further, I think I already have enough
data to argue that most of the 250 msec is spent in processing the rep-
resentation of the display and does not require the display to be on
view all of that time. I would estimate that, in reading, no more than
50 msec of the fixation time is needed for stimulus reception under
normal room illumination. As long as the noxt fixation is delayed
sufficiently tV) permit processing to occur, actual viewing time can
be short.

The second point concerns the rather typical use of nonsense mate-
rial for tachistoscopic display experiments, such as nearly all of those
discussed in this paper. This is done in order to simplify the interpre-
tation of the subject's responses. If the subject reports a letter of a
zero-order approximation to an English word, we can be sure that he
saw that letter, rather than merely anticipated it on the basis of his
knowledge of sequential dependencies. Of course the problem is that
a subject has learned to use such dependencies and these play a critical
role in information processing skills such as used in reading. It seems
obvious to me that, as readers, we never process each letter. We prob-
ably do not even process evey word, especially when reading simple
or predictable material. The processing strategies, schemes, or pro-
grams used to construct the meaning out of print must be very differ-
ent from those demanded for use when nonwords are presented, for
in the latter situation every letter must be looked at since no con-
structed meaning is possible beyond the letter names.

This brings me to my third comment, concerning the evidence for
serial processing. I do not think these experiments with nonmeaning-
ful material are very relevant to the question of whether processing
in reading is serial. Although they can tell us a great deal about the
processing done in this fairly atypical material and task, we need to
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be much more careful about applying generalizations from this re-
search to the types of tasks and skills we spent most of our time
performing. Thus, while Sperling's experiment in 1963 and its rep-
lications suggt:st a left-to-right but multiple-letter scan, I feel we
must be very cautious in arguing that this does or does not apply
to reading as well. Given our present state of knowledge, I think such
a generalization is probably appropriate, especially concerning the
left-to-right scanning. But we must test this both with meaningful
material and in multiple-fixation processing tasks. Until this is done, A
we can only generalize to the processing of nonsense words.

Finally, a number of other researchers as well as myself are placing
heavy reliance on the use of visual noise to control the time available
for processing. Several of the experiments have permitted tests of
some of the assumptions underlying this operational definition,
especially as contrasted to an interpretation that stresses the con-
trast reduction effects on the disp!ay caused by the visual masking
noise. I have commented on th- evi'%dnce briefly here and In ,
greater detail elsewhere (Haber, 1968, 1969:. b, 1970; Haber
and Standing, 1970). While the issue is by no means settled, I feel
that the evidence comfortably supports continued use of this t,,ch-
nique to permit simulation of a separate fixation by a tachistoscopic
presentation.

In summary, I have briefly presented a general information pro-
cessing model. Within its context I have presented some evidence of
visual representations and persistence of briefly viewed stimuli and
of how information is extracted in such representations. A number
of theoretical and methodological issues have been discussed.
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