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Abstract-If a random-dot pattern is presented in two successive displays in which the second is 
spatially displaced in relation to the first, then under certain conditions observers are able to accurately 
discriminate the direction of their apparent motion. The accuracy of detecting this coherent relationship 
between the two stimuli was found to be a rapidly decreasing function of their separation in z 
and time and an increasing function of the number of elements in the pattern. The visual system 
seem= utilize a process similar to cross-correlation to detect coherent, position-invariant patterns 
of stimulation. 

Visual stimulation is changing stimulation. The world 
moves and the observer moves. In the psychophysical 
laboratory the sequential transformations are some- 
times rapid and unsystematic so that stimuli interfere 
with each other visually, but in natural environments 
the changing stimulation is typically blended into a 
coherent visual percept. In general, the visual system 
reliably represents both the transformations and the 
invariance of the changing stimulation. Indeed, these 
two aspects are complementary: The inva?iant- or 
constant aspects correspond to stable objects in the 
environment with which the organism must interact, 
while the transformations of these objects correspond 
to events and changes to which the organism must 
adapt. The transformations may even be said to 
define the objects that remain invariant under the 
transformations. Apparently, the visual system is an 
efficient detector of coherence’ in the spatio-temporal 
pattern of stimulation. 

Rather little is known, however, about how. this 
coherence-detection is accomplished. Several relevant 
research paradigms have developed more or less in- 
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’ We use the term “coherence” in the same sense it is used 
in statistical communications theory-to refer to depen- 
dence between the detailed values of separate signals. This 
concept includes but is more general than the special use 
of “coherence” in optics associated with lasers and holo- 
graphs. For the case of visual stimulation originating from 
objects moving in three-dimensional space, the coherence 
is between patterns separated in time and space. One 
means for detecting the coherence between a pair of signals 
is by cross-correlation. This linear statistical operation is 
applicable to the specific stimulus arrangements employed 
in this experiment, as will be discussed in greater detail 
below. 

dependently, but have not yielded a unified picture 
of the spatio-temporal interactions in vision. One finds 
examples of both interference (masking) and facilita- 
tion (integration) in the perceptual interactions 
between successive stimuli. depending on whether the 
successive spatial patterns are uncorrelated or corre- 
lated (e.g. Eriksen, 1966; Eriksen and Collins. 1967; 
Lappin and Bell, 1972). When a single form is stro- 
boscopically presented in two different spatial posi- 
tions, the appearance of motion suggests a visual in- 
tegration of the two stimuli, while the detection of 
the change suggests a differentiation of the spatial and 
temporal positions of the two stimuli. Whether a 
single visual process accounts for the spectrum of 
spatio-temporal interactions that occur in these 
various experimental paradigms is as yet unclear. 

Considering the specific phenomenon of strobo- 
scopic motion, at least two different experimental pro- 
cedures have been employed, and these procedures 
may reflect different visual processes. The conven- 
tional procedure has utilized a very simple pattern 
that is sequentially presented in two different spatial 
and temporal positions. Since the stimulus pattern is 
simple and distinct and since its successive spatial and 
temporal positions are usually easily discriminated by 
the observer, subjective reports of the compellingness 
of the motion experience have traditionally been used 
instead of discrimination accuracy as a dependent 
measure for the phenomenon. A different procedure 
for studying the perception of motion utilizes a 
random-dot pattern that is sufficiently complex to 
preclude detecting its spatial displacement merely 
by remembering the position of a distinct contour (see 
Julesz, 1971). This stimulus arrangement is sufficient 
to provide a compelling impression of motion and 
to permit accurate discriminations of the direction of 
displacement (Julesz, 1971; Bell and Lappin. 1973). 
The question of whether these two experimental pro- 
cedures for producing stroboscopic motion refect dif- 
ferent underlying visual processes tnight be answered 
by examining their functional dependencies on spatial 
and temporal parameters. 

Briefly summarizing the effects of spatial and tem- 
poral displacements between two successive stimuli 
in the conventional stroboscopic motion procedure, 
the following relationships have commonly been 
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reported (see Graham. 1965; Kahneman. 1967; Kah- 
neman and Wolman, 1970; Kolers. 1972): (a) Expo- 
sure duration of the first stimulus and the intersti- 
mulus interval (ISI) interact to affect the subjective 
quality of apparent motion. Specifically, for exposure 
durations less than about IOOmsec. the subjective 
quality of apparent motion depends primarily upon 
the stimulus onset asynchrony (SOA), usually reach- 
ing a maximum at an SOA in the neig.hborhood of 
lH!-150 msec and gradually decreasing for SOAs less 
or greater than this value. (b) For a given exposure 
duration, the spatial separation required to produce 
optimal apparent motion increases with ISI. This 
relationship is often known as Korte’s third law of 
apparent motion. (c) Good apparent motion may 
often be reported by most observers over a wide 
range of ISIS. up to as much as 5COmsec for almost 
any value of exposure duration and spatial separ- 
ation. 

In contrast. we have found that the discrimination 
of the direction of displacement of a random-dot pat- 
terns is a rapidly decreasing function of the spatial 
separation between the two successive presentations 
(Bell and Lappin, 1973). We might also expect that 
performance would decrease rapidly with ISI, insofar 
as the discrimination of merely a difference between 
successive random patterns was found to fall to a 
chance level at ISIS of only about 30msec (Lappin 
and Bell, 1971). Similarly, research on temporal in- 
tegration has typically found that most stimuli cease 
their visual interactions at ISIS of about IOOmsec, 
and the same temporal parameters might be expected 
to govern the detection of coherent relations between 
sequential random-dot patterns. 

A primary objective of this study was to determine 
the effects of spatial and temporal displacements on 
the detection of coherence in a dynamic random-dot 
pattern. Observers were asked to identify the direc- 
tion of displacement of the second of a pair of corre- 
sponding patterns. In the first experiment. the stimuli 
were varied independently with respect to the distance 
of spatial displacement, ISI, and duration of the first 
pattern. In a second experiment aimed at testing a 
cross-correlational model for the underlying visual 
process, the stimulus patterns were varied in size both 
in terms of the number of component elements and 
also in terms of the spatial separation between ele- 
ments. 

Method 

Stimuli. The stimuli were pairs of sequentially presented 
random-dot patterns, one of which is illustrated in Fig. 
1. A small digital computer (PDP-8/I) generated and con- 
trolled each pattern on a CRT display scope (Tektronix 
604) equipped with a rapidly decaying phosphor (P-15). 
Each pattern contained 288 dots randomly positioned in 
the cells of a 24 x 24 matrix. with the constraint that each 
row and each column contained 12 dots. The dots were 
sequentially plotted with an interval of 45~~ between 
successive points; the entire display was continuously re- 
plotted every 1?9 msec until the desired exposure duration 
was reached. (I-he first dots in the display were thus likely 
to be plotted once more than the last dots in the sequence.) 
The displays were binocularly viewed in a dimly lit room 
at a distance of about 127 cm. The visual angle subtended 
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Fig. 1. An example of the random-dot patterns used in 
this experiment. In this example. the second pattern has 
been displaced to the right by three columns. (The black/ 
white relation is reversed in this photographic 

reproduction.) 

by the pattern was approx 1.5’ in the horizontal and verti- 
cal directions. 

A stimulus presentation consisted of a pair of random- 
dot patterns separated by an ISI of 0, 25. 50 or 1OOmsec. 
The exposure duration of the first pattern in each pair 
was either 50. 100. 200 or 4OOmsec and the duration of 
the second was constant at 1OOmsec. The two successive 
patterns in each pair were identical except that all of the 
dots in the first pattern were displaced to the right or 
left in the second pattern by I. 2. 3 or -I columns. The 
outside boundaries of the two patterns were in the same 
position on the face of the CRT, so that when the pattern 
was displaced two columns to the right, for example, the 
two columns on the far right edge of the first pattern were 
removed and reinserted on the left edge of the second pat- 
tern. 

Subjects. Four students in psychology at Vanderbilt 
served as paid volunteer observers. 

Procedure. Each of the four observers served in eight 
experimental sessions. No practice or training beyond a 
brief verbal description was necessary; performance was 
essentially constant for various observers and various 
amounts of practice. Within each session the duration of 
the first pattern was held constant while the ISI, distance 
of displacement, and direction of the displacement were 
randomly varied across trials. The ordering of the exposure 
durations was counterbalanced within and between 
observers. Each session consisted of 400 trials. On each 
trial the observer was required to identify the direction 
of displacement-right or left. The trial was initiated by 
the observer depressing two telegraph kevs: the first pat- 
tern appeared 500 msec later; the observer then responded 
by releasing the right or left telegraph key to indicate the 
direction of displacement; and this was followed by an 
auditory signal if the response was correct. Each session 
required about 25 min. 

Results 

The main results are shown in Figure 2. As may 
be seen, the accuracy of discrimination decreased 
rapidly as a function of both IS1 and spatial displace- 
ment. The effect of exposure duration is not shown 
because there was no discemible e&t of that vari- 
able and no interaction with the other two variables. 
The average percentages of correct discriminations 
were 750, 76.3, 76.6 and 76.2 for the 50, 100, 200 
and 4OOmsec durations, respectively. 

The effects of these variables were statistically 
tested by a five-way repeated-measures analysis of 
variance-with spatial displacement. ISI, exposure 
duration, and direction of displacement as fixed fac- 
tors and observers as a random variable. The effects 
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of spatial displacement, ISI. and their interaction were 
all highly significant (P < O-001). The main effect of 
exposure duration (1’ < 1-O) and its interactions with 
spatial displacement (F[9:‘27] = 106) and ISI 
(F < la) were ail insignificant. The main effect for 
direction of displacement was insignificant (F < 1-O). 
although there was a marginally significant interac- 
tion between direction, ISI. and exposure duration 
(F[9/27] = 240. P < 0.05) for which we have no in- 
terpretation. There were no other significant effects. 

One of the basic questions about these results con- 
cerns the functional interaction between the spatial 
and temporal displacements of the two patterns. In 
contrast with Korte’s third law of apparent motion. 
there is no indication that when the IS1 is increased 
motion can be more accurately discriminated at 
greater spatial separations. Increases in either spatial 
or temporal displacement rapidly produce decrements 
in discriminating the direction of displacement, 

although there is some indication that the effect of 
spatial displacement is reduced at longer ISIS. The 
functional significance of the statistically reliable in- 
teraction shown in Fig. 2 is uncertain, however. Much 
of the apparent interaction is due to the imposition 
of upper and lower boundaries on the percentage of 
correct responses, but this particular dependent mea- 
sure is not likely to be linearly related to the amount 
of information obtained by the underlying perceptual 
process. There might exist some monotonic transform 
of the percentage of correct responses that would 
render the curves on Fig. 2 parallel. and thus provide 
a representation as an additive combination of two 
functionally independent variables. 

4 The independence condition requires that the rank order 
of the dependent responses to the various levels of each 
independent variable remain invariant under all levels of 
the other independent variable. Since there are a total of 
six possible pair-wise comparisons among the four values 
in each row and each column of the 4 x -I matrix, a total 
of 48 comparisons are involved in the test of independence 
for each 1 x 4 matrix. It may be seen in Fig. 2 that 
there is one violation of independence in the overall 
displacement-by-N data matrix-involving a re_versal in 
the order of the 25 and 50 msec. ISI conditions under the 
largest amount of displacement. This violation appears 
likely to be due to the contributions of random error, how- 
ever. Similar tests may be made on the 4 x 4 matrices 
obtained for each value of exposure duration (averaged 
across observers) and for each observer (averaged across 
durations). (The 16 matrices for each combination of 
duration and observer tended to have enough random fluc- 
tuation to make the tests on them more ambiguous.) In 
the four matrices obtained under each level of exposure 
duration, there were 3, 2. 2 and 6 violations of indepen- 
dence (out of 18 comparisons in each matrix) for the shor- 
test to longest durations, respectively. For the four 
observers there were 2. 3, 6 and 7 violations of indepen- 
dence. As would be expected from Fig. 2, all of these rever- 
sals in rank order occurred where performance was near 
asymptote, usually near the chance level. Unfortunately, 
we have no adequate model for the contribution of random 
error, and are thus unable to distinguish real violations 
of independence from the chance perturbations of random 
error. 

The possibility that spatial and temporal displace- 
ments do not interact and combine by an addi- 
tive process was assessed by means of conjoint- 
measurement (see Krantz and Tversky, 1971). The 
theory of conjoint-measurement specifies necessary 
and sufficient conditions for the existence of an addi- 
tive composition of the two variables based simply 
upon the ordinal relations among the responses to 
each combination of the independent variables. The 
data of interest, then, are contained in a 4 x 4 table, 
giving the percentage of correct responses for each 
combination of the four spatial displacements with 
the four ISIS. This basic experiment was replicated 
for each of the four observers and for each of the 
four exposure durations. Since the latter variable had 
a negligible and insignificant effect, the data for the 
four durations can be treated as independent replica- 
tions of the basic displacements-by-IS1 design. There 
are two necessary conditions that must be satisfied 
if an additive representation exists for the composi- 
tion of two variables: independence and double cancel- 
lation. There was a small number of violations of both 
of these conditions.4 Although there is some uncer- 
tainty about the extent to which the violations of both 
double cancellation and independence can be attri- 
buted to the unsystematic perturbations of random 
error, there is some doubt that the composition of 
spatial displacement and IS1 can be properly repre- 
sented as an additive combination of two functionally 
independent variables. The violations of double can- 
cellation generally indicated that the effects of IS1 

Assuming for the moment that the independence condi- 
tion is suitably satisfied in these data, then we may proceed 
to the more stringent test of the double cancellation condi- 
tion. One test of double cancellation may be made on each 
3 x 3 matrix of data for the combinations of the two inde- 
pendent variables. Since I6 different 3 x 3 matrices can 
b-e obtained from one 4 x 4 matrix, there are I6 tests of 
the double cancellation condition to be made on each rep- 
lication of the 4 x 4 displacement-by-IS1 experiment. First. 
for the overall matrix shown in Fig. 2, there was one viola- 
tion of double cancellation in nine cases (out of 16) in 
which both antecedent conditions were satisfied. In the 
four matrices for the shortest to longest exposure 
durations, respectively, there were 0, I, 0 and 4 violations 
of double cancellation. In the four matrices for the indivi- 
dual observers. there were 4 violations of double cancella- 
tion for one of the observers and none for the other three. 
The greatest violations of double cancellation occurred in 
the same matrices with the greatest violations of indepen- 
dence. 
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were reduced at larger values of displacement, or 
equivalently. that the effects of displacement were 
reduced at larger values of ISI. The explanation (post 
hoc) may be that at longer ISIS the observers were 
sometimes able to identify the direction of displace- 
ment by remembering a few features of the first pat- 
tern-e.g. clusters of dots or empty spaces--and then 
comparing their positions in the hvo displays. One 
observer did report doing this on some trials. 

Discussion 

The principal result of this experiment is that iden- 
tification of the direction of displacement in two suc- 
cessive presentations of a random-dot pattern was a 
decreasing function of both the spatial and temporal 
separation between the two presentations. Appar- 
ently, the visual system becomes less able to match 
the two successive patterns as they are made more 
discrepant in either space or time-it seems to be 
a problem of detecting the relationship between the 
two patterns rather than of perceiving their apparent 
motion as in the conventional stroboscopic paradigm. 
To gain some perspective on these results it is useful 
to consider several alternative hypotheses about 
spatio-temporal interactions of vision. 

First, these results seem inconsistent with a process 
in which the visual system integrates the temporal 
distribution of stimulation at a particular retinal pos- 
ition. as has been proposed to account for many cases 
of visual masking (e.g. Eriksen, 1966). If the two suc- 
cessive patterns were simply superimposed and com- 
bined without regard for their spatial displacement, 
then the additive combination would be only a ran- 
dom collection of blacks, whites and grays, with no 
clue to the direction of displacement. 

j As the patterns were displaced in one direction a corre- 
sponding number of columns at that edge of the first dis- 
play were removed and replaced at the opposite edge in 
the second display. Thus, one might wonder whether the 
decrement in performance associated with increasing dis- 
tances of displacement might be due to the subjects per- 
ceiving the motion of this small number of columns in 
the opposite direction. This was almost certainly not the 
case, however, for the following reasons: (a) No subject 
ever reported noticing that these columns at the edge of 
the first display matched those at the opposite edge of 
the second display. (b) Even if such opposite motion had 
been detected, it would have correctly informed our sub- 
jects about the actual direction of displacement. (c) Vir- 
tually the same effects of distance of displacement have 
been obtained in subsequent experiments using rotated cir- 
cular displays in polar coordinates, where all of the radii 
(corresponding to columns in the present experiment) were 
displaced in the same direction, with none being removed 
and reinserted in another position. (d) The results of exper- 
iment 2 show that the detectability of this opposite motion 
would have been negligibly small even for the four-column 
displacements. Nevertheless, the decrements in perfor- 
mance associated with greater displacements may be 
accentuated to a small degree by the fact that greater dis- 
placements were correlated with a reduced number of cor- 
responding elements in the two displays (if the reinserted 
columns are perceptually unrelated to any elements in the 
first display). Experiment 2 shows. however, that perfor- 
mance decreases with distance of displacement even when 
this reduced correspondence is taken into account-see 
Fiu i J‘ -’ 

Second. the perception of motion in this sxperimen- 
tal set-up is evidently based upon a process that is 
different from the process responsible for the subjec- 
tive impression of motion of a single form in the con- 
ventional stroboscopic motion paradigm. The tem- 
poral characteristics of these two cases of motion- 
perception are quite different: (a) Whereas a subjec- 
tive impression of motion can be obtained over a 
wide range of spatial and temporal separations (see 
Kolers, 1971). accurate discriminations of the direc- 
tion of motion were obtained in this experiment 
over only a small range of spatial and temporal 
separations. (b) In most stroboscopic motion 
demonstrations the exposure duration of the first 
stimulus interacts strongly: with the IS1 (Kahneman 
and Wolman. 1970). but m the present experiment 
variation of exposure duration in the range of SO- 
400 msec produced neither main effect nor interaction 
with ISI. (c) Finally, the effects of IS1 and spatial scp- 
aration in the present experiment are inconsistent 
with Korte’s third law of apparent motion-by which 
the decrement in apparent motion produced by in- 
creasing spatial separation can be counteracted by 
corresponding increases in temporal separation (see 
Graham. 1965; Kolers. 1972). 

Third, the present results seem not to be based 
upon a discrimination behveen the remembered pos- 
ition of the first pattern and the perceived position 
of the second pattern, as has been proposed by 
Kinchla and Allan (1969). The reason this seems un- 
likely is that discrimination accuracy was found to 
decrease with the spatial separation of the h\;o pat- 
terns, whereas spatial discrimination should increase 
with the distance of displacement.’ Moreover. the 
rapid decrease in performance with the ISIS in the 
range of 0-IOOmsec seems to reflect a more rapid 
decrease than is indicated in most studies of memory. 

The results of Experiment 1 suggest that identifying 
the direction of displacement of a random-dot pattern 
is essentially a problem in detecting the coherent rela- 
tionship between the two presentations of the pattern. 
Insofar as “coherence” is commonly measured in 
optics and in communications theory by a cross- 
correlation of the signals or patterns in question (cf. 
Born and Wolf, 1970; Goldman, 1953; Rosenfeld. 
1969; Weiner. 1949). we may inquire further whether 
this mathematical operation might also have some 
descriptive validity for how the visual system detects 
relationships in complex moving patterns. One of the 
basic assumptions in using cross-correlation to de- 
scribe visual processes is that the underlying neural 
system functions as a linear system, in which separate 
component eIements contribute additively to the 
detectability of the coherent relationship between the 
pair of patterns. In general, the operation of a system 
is said to be linear if it satisfies the principle of super- 
position: If f and g are two different input patterns. 
and if Q.(f) is the response of the system L to 
the input f. then L is a linear operation if 
L(f+ g) = I_(f) + L(g) for all pairs of inputs f and 
g. Thus. in the present case we might consider each 
of the component dots as a separate input; the ques- 
tion is whether these contribute additively to the 
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detection of the global coherence of the pattern. If 
cross-correlation is a valid description of visual pro- 
cess. then the detectibility of the coherent relation 
between the two successive patterns should increase 
as some linear function of the number of elements 
in the pattern. The purpose of experiment 2 was to 
test this prediction. 

Specifically, we can define the cross-correlation 
between a pair of random-dot patterns as follows. Let 
jJi,iJeb;~ rlayrn of dots in rectihnear coordinates, 

, , _ ,...., R: IS the vertical or rows index 
and j = (1,2,..., C) is the horizontal or columns in- 
dex and let the numerical value off(i, j) at any given 
point (i, j) be equal to + I if the position contains 
a dot of - 1 if the position is empty. The cross- 
correlation function for a pair of such patterns f,(iJ 
and fi( i,j) is then given by 

where a and b are integers corresponding to displace- 
ments in the horizontal and vertical directions re- 
spectively, and 0 < 1(1 < 1 is a scalar that decreases 
with the spatial and temporal separation between the 
two patterns as indicated by experiment 1. The cross- 
correlation functionf, x fr(u, b) thus represents a new 
pattern of values in rectilinear coordinates like those 
of the original pattern f(i, j). When the values of a 
and b correspond to the physical displacement of the 
second pattern, then the cross-correlation fi x &(a, b) 
would have an expected value of p$, where p is the 
signal/noise ratio of coherent to random components, 
and for all other values of a and b the cross correla- 
tion would have an expected value of 0 (assuming 
that the patterns were generated by a random process 
in which the probability of a dot occurring in any 
given position was independent of the occurrence of 
dots in all other positions). 

Of course the obtained value of the cross- 
correlation at any given displacement (u,b) will in 
general not equal only 0 or PI,+, but will be variable, 
due to the contributions of underlying random pro- 
cesses. The visual task of determining the direction 
of motion of the pattern can thus be represented as 
a signal detection problem in which the observer must 
decide whether the cross-correlation at any given dis- 
placement (u,b) is the result of a corresponding physi- 
cal motion or whether it is due to the random correla- 
tion between the two patterns. Accordingly, the detect- 
ability of the coherent relation can be measured by 
the signal/noise ratio, 

d’ = &/a (2) 

where ~9 is the difference between the expected value 
of the cross-correlationf, x f2 a displacement corre- 
sponding to the physical motion of the pattern and 
the expected value off, x f2 at any other displace- 
ment, and where ts is the standard deviation offi x fi 
at displacements not corresponding to the motion of 
the pattern. The variance u2 may be considered as 
the sum of the variance from two separate sources: 
One source is associated with the binomial distribu- 
tion of the proportion of the total positions in which 

the two patterns f,(i,j) and fr(i + u,j + b) have the 
same value, which has a variance 

at = p4 = (0.5)’ 025 -_=- 
n RC RC 

since in these experiments, the probability of a corre- 
spondence in any two positions selected at random 
is approx l/2 and since the total number of elements 
in each pattern is n = RC, where R and C are the 
number of rows and columns respectively. The second 
source of variance may be associated with the ability 
of the visual system to detect a match or non-match 
of the two patterns. which we may designate as 0: 
for each element of the pattern and c&‘RC for the 
variance of the mean over all RC of the pattern ele- 
ments. We can now substitute into equation (2) as 
follows: 

= &/J(O-ZS/RC + ai/RC) 

= (,/‘RC)ol$)/,!(O.ZS + af) (3) 

If the detection of a coherent displacement of these 
random-dot patterns is governed by an underlying 
cross-correlation process, then we can predict that the 
detection of the displacement as measured by d’ will 
be directly proportional to the square root of the size 
of the pattern, JRC. The critical assumption is that 
all of the elements of the display are processed inde- 
pendently, contributing equally to the total variance 
of the cross-correlation. 

To test this prediction we varied both the number 
of rows and number of columns of the patterns. In 
order to distinguish the effects of the number of ele- 
ments from those of the retinal area subtended by 
the pattern, we also varied the spacing between adja- 
cent dot positions. In a previous experiment (Bell and 
Lappin, 1973), we had found that the effect of the 
magnitude of the spatial displacement was determined 
by the number of rows or columns of displacement, 
independent of the retinal area subtended by the pat- 
tern. In that previous experiment the patterns were 
composed of black and white squares that also varied 
in size with the area of the whole pattern but in 
the present experiment the size of the component 
dots was constant and only the spacing between dots 
varied with the area of the whole pattern. 

Method 

Stimuli. The stimulus patterns were similar to those of 
experiment I, with the following exceptions. The number 
of rows and columns of the patterns were independently 
manipulated,; the alternative values were 8, 16 or 32 for 
both variables. A dot appeared in half of the total positions 
in each column. The temporal interval between successive 
dots was inversely proportional to the total number of 
dots in the pattern, so that the total time required to dis- 
play the complete pattern and the brightness of each spot 
were constant for all pattern sizes. The duration of both 
the first and second display of each pattern was constant 
at approx 3OOmsec. (For the 8 x 32 and 32 x g patterns 
the cycle time for each refreshment of the total pattern 
was 185 instead of 14.5 msec and the total display duration 
was 388 msec instead of the approximate 3Wmsec 
duration for the other patterns. The results of both exper- 
iment 1 and experiment 2 indicate, however, that this had 
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no discernible effect on performance.) The spacing between 
dots was varied by a factor of 2. with approx 1.4 and 
1.S mm center-to-center spacing between dots; the smaller 
value corresponded to that used in experiment 1. With 
the smaller space between dots, the 32 x 32 patterns sub- 
tended approx 2” in the horizontal and vertical dimensions. 
and the larger spacing produced a pattern of about -I’ 
for the 31 x 32 pattern. The second pattern of each pair 
was displaced either two or three columns to the right 
or left. Since the outside boundaries were the same for 
the two presentations, two or three columns at one edge 
of the first display disappeared and were replaced by the 
same number of new randomly generated columns at the 
other edge. 

Subjects. The subjects were four male Vanderbilt under- 
graduates who served as paid volunteers. None had been 
a subject in experiment 1. 

Procedure. Each subject served for five sessions of 360 
trials. All four independent variables--rows, columns, dis- 
placement, and spacing-were randomly varied from trial 
to trial. resulting in an average of 50 trials for each subject 
under each of the 36 experimental conditions. Other 
aspects of the procedure were the same as in experiment 

Resztlts 

Table 1 gives the percentage of correct identika- 
tions of the direction of displacement in each experi- 
mental condition. As may be seen, accuracy increases 
as a function of both the number of rows and number 
of columns in the pattern and decreases with the dis- 
tance of the displacement; performance is similar for 
both the small and large spacing between -dots, but 
tends to be slightly higher for the smaller spacing 
(an average of 77 vs 740/, correct). 

These effects are corroborated by analysis of vari- 
ance, with subjects as the random variable. The main 
effects for the numbers of rows and columns and for 
the distance of displacement are all highly significant 
(P c 0001). The main effect of spacing is much 
smaller, but ’ statistically significant 
(0.01 < P c 0.05). TlE only significant interaction is 
between the spacing and number of columns 
(001 < P < O-OS), indicating a somewhat smaller in- 
crease in accuracy as a function of the number of 
columns for the larger spacing. We have no explana- 
tion for this effect; there is no indication of a corre- 
sponding rows x spacing interaction (F < 1.0). 

Figure 3 provides a comparison of these results 
with the prediction given by equation (3) that was 
derived from the cross-correlation model. In order to 

Table 1. Percentage of correct discriminations of direction 
of displacement in each experimental condition 
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Fig. 3. The accuracy of discrimination of the direction of 
displacement as a function of the number of elements in 
the pattern. (R is the number of rows. C is the number 
of columns, and D is the distance of displacement in 

columns.) 

take account of the reduced coherence produced by 
the displacement, the parameter p in equation (3) 
must be proportional to the fraction of columns that 
are the same in the two patterns. Since the outside 
boundaries of the two patterns are the same, the dis- 
placed columns disappear and are replaced at the 
opposite edge by an equal number of new columns. 
In the present experiment the ratio. b of coherent 
to the total elements in the two panems is equal to 
(C-Q/C, where C is the number of columns and D 
is the distance of displacement in culumns. The detec- 
tability of the coherent relationship between the pat- 
terns is also assumed to decrease with the distance 
of displacement, as indicated by the results of exper- 
iment 1. Thus, for each distance of displacement the 
d’ measure of discrimination accuracy should increase 
in direction proportion to (,,‘RCJ(C-D)i’C. The theor- 
etical predictions of Fig. 3 are thus a pair of straight 
lines passing through the origin-one line for each 
displacement. The percentages of correct discrimi- 
nation for each of the 18 combinations of R, C and 
D were transformed to d’ by assuming that the re- 
sponses were generated from two overlapping normal 
distributions of equal variance with no response bias 
for responding “right” or “left”. (If the performance 
of each individual subject were characterized by the 
hypothesized straight line through the origin, then the 
d transformation of the total percentages of correct 
responses over all of the subjects and values of spat- 
ing between dots will also generate a stmight line 
through the origin.) The resultant data are plotted 
in Fig. 3, and as may be seen these data are roughly 
described by two straight lines whose slopes depend 
on the distance of displacement. The two lines plotted 
in Fig. 3 minimize the squared error in d. and 
account for 93 and 88% of the variance in d for the 
displacement of 2 and 3 columns respectively. Though 
there are hints of small but systematic deviations from 
the predictions, the cross-correlational model pro- 
vides a reasonable tirst approximation for the efkcts 
of the size of the patterns-accounting for more than 
90% of the variance in the 18 data points with only 
two free parameters. 
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Discussion 

The finding that the accuracy of discriminating the 
direction of displacement is an increasing function of 
the size of the pattern clearly indicates that the under- 
lying process is a global operation on the whole pat- 
tern rather than a local operation applied to a limited 
subset of elements of the pattern. These results are 
inconsistent with the hypothesis that the perceived 
motion of a few component elements is used to infer 
the motion of the complete pattern. The results are 
consistent with the statistical properties of a cross- 
correlation of the two successive patterns. 

As in experiment 1, performance was found to de- 
crease with the distance of displacement. The measure 
of this distance appears to be based mainly on the 
number of elements of the pattern rather than on the 
angular distance across the retina-a relative rather 
than absolute measure. With the closer spacing, dis- 
placements of two and three columns corresponded 
to absolute retinal displacements of approx 75’ and 
11.25’ and produced averages of 84.1 and 69.4% cor- 
rect discrimination; whereas doubling the space 
between elements resulted in absolute displacements 
of approx 15’ and 22.5’ but the discrimination accu- 
racy dropped to only 80.4 and 67.5% correct for the 
relative displacements of two and three columns re- 
spectively. There was no interaction between spacing 
and distance of displacement (F < 1.0). 

The finding that the relative distance of displace- 
ment was more important than the absolute distance 
conflicts with a recent study by Braddick (1974) that 
reaches the opposite conclusion: that “the limit on 
the displacement was its absolute size (maximum 
about 15’) rather than the number of elements’ 
widths.” The most reasonable explanation for this dis- 
crepancy is that when Braddick increased the abso- 
lute distance of displacement he also decreased the 
number of component elements, holding the outside 
dimensions of the pattern constant. Thus, for a given 
relative displacement, an increase in absolute dis- 
placement was correlated with a decrement in perfor- 
mance for a purely statistical reason. Decreasing the 
number of elements by a factor of four, as in Brad- 
dick’s experiment, would be expected to divide the 
signal/noise ratio in half for detecting the coherently 
moved pattern, which in turn might be counteracted 
by cutting the relative displacement in half, so that 
performance might be more highly correlated with 
the absolute than with the relative displacement. 

GENERAL DLSCUSSlON 

The results of this study reflect two complementary 
phenomena-the detection of motion and the detec- 
tion of coherent patterns invariant under displace- 
ment in retinal position. 

This investigation as well as that of Braddick 
(1974), demonstrates that the discrimination of the di- 
rection of displacement of these random-dot patterns 
is governed by processes different from those respon- 
sible for the perception of motion of simple patterns 
in the conventional stroboscopic motion paradigm. 
The discrepancy with the better-known stroboscopic 
motion phenomena concerns the effects of the tem- 
poral parameters and the interaction (or lack of it in 
the present case) between the spatial and temporal 

separations of the two successive patterns. The effects 
of spatial separation and of the number of elements 
in the patterns are also inconsistent with the hypoth- 
esis that the visual system “remembers” the positions 
of individual elements of the first pattern and then 
discriminates these from the positions of elements in 
the second pattern. Instead, the performance in these 
experiments seems to depend upon a global process 
for matching the two complete patterns. 

In addition to the detection of motion, an essential 
aspect of visual perception is the detection of the 
coherent patterns of stimulation that remain invariant 
under displacement on the retina. The world moves 
and the observer moves, but the observer’s perception 
of environmental objects must to some extent remain 
constant and invariant. The importance of this visual 
achievement has often been emphasized by James 
Gibson (e.g. 1966). The present study suggests the 
mechanism by which this perceptual invariance may 
be accomplished-by a cross-correlation of the 
sequentially occurring spatial patterns. Reichardt 
(1961), has explicitly proposed that movement percep- 
tion in the fly’s visual system is based upon an auto- 
correlation of the input optical patterns. Uttal (1973) 
has also recently proposed that the detection of 
stationary patterns embedded in random noise is 
based upon an auto-correlation of the input optical 
patterns. Insofar as cross-correlation is a linear, 
position-invariant operation for detecting periodicity, 
it is thus similar in several respects to a Fourier trans- 
form. The present results are therefore compatible 
with contemporary enthusiasm for Fourier analyses 
for describing the visual processing of spatial patterns 
(e.g. Campbell, 1974; Comsweet, 1970; Harmon and 
Julesz, 1973; Ratliff, Knight, Dodge and Hartline. 
1974). Similarly. the present investigation is also com- 
patible with analogies drawn between neural process- 
ing and holography (e.g. Julesz, 1971; Westlake. 1970). 

Although the neural basis for these behavioral 
phenomena is as yet uncertain, they do suggest two 
properties that seem likely to be associated with the 
underlying neural organization. First. the ability to 
visually fuse two successive patterns that are spatially 
displaced in relation to each other suggests an exten- 
sive interaction between neighboring elements of the 
visual system, which presumably must depend upon 
a densely interconnected neural network. Second, the 
finding that detection of the coherent relation is 
roughly proportional to the square root of the 
number of pattern elements indicates that the stimu- 
lated neural units are stochastically independent and 
function in parallel; this seems in turn to suggest a 
linear homogeneous network of functionally similar 
units. Identifying the neural basis for these pheno- 
mena remains, however, an intriguing problem for 
future research. 
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