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Summary. We obtained movement detection 
thresholds for two-dimensional random speck-pat- 
terns ("Julesz" patterns) homogeneously moving 
over the whole target field (5.21 x 5.31 degrees of 
visual angle). We alternated between two uncorre- 
lated but otherwise similar patterns, one moving with 
velocity Vi, the other with velocity V2, such that each 
pattern was on for T ms. We masked this pattern 
(signal) with spatio-temporal white noise ("snow"). 
The total r.m.s, contrast was kept constant, whereas 
the ratio of the r.m.s, contrasts of signal and noise 
was varied. The square of this ratio was designated 
SNR. 

At low SNR values the pattern was not perceptu- 
ally different from the snow alone. At  high SNR 
values the subject detected spatio-temporal correla- 
tion (e.g., movement). In these experiments we 
determined the threshold SNR values as a measure of 
the detectability of spatio-temporal correlation as a 
function of the parameters T, Vi and V2. 

When ~i and V2 were sufficiently dissimilar one of 
three percepts occurred: for very large T the alterna- 
tion could be followed, for very small T two transpa- 
rent, simultaneously moving sheets of noise-pattern 
with different velocities could be seen. For inter- 
mediate T-values no systematic movement at all 
could be observed. At these T-values the threshold 
SNR was maximal. This "critical" T-value decreased 
with increasing velocity. 

We found that it was possible to have more than 
one percept of uniform smooth movement at a single 
location in the visual field if these movements had 
velocity vectors with an angular difference of at least 
30 deg or if their magnitudes differed by at least a 
factor of 4. 
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Introduction 

The visual system of man and many animals is very 
sensitive to spatial patterns moving with respect to 
the retina, even to the extent that stabilized images 
have proved to be insufficient to sustain vision. Thus, 
movement with respect to the retina is a necessary 
condition for the sustained vision of spatial detail. 
Quantitative studies on visual detection of movement 
have a relatively long history in psychophysics. 

Up to now most data on movement perception 
refer to specific moving stimuli: certain figures, 
either localized (e.g., points) or non-localized (grat- 
ings). In general, these stimuli share a common 
property, i.e., if one considers two momentary 
spatial configurations a finite time difference apart it 
is possible to observe a well-defined displacement. 
This introduces a problem: in this way it is possible to 
detect movement by way of successive estimations of 
position, much like seeing the movement of the hour 
hand of a watch. It is generally agreed that the 
movement of the second hand is seen in a different 
way, i.e., this movement is detected "directly". We 
were interested in this second way of detecting 
movement. Thus, we could not use stimulus patterns 
with clearly-marked local features. We used 
homogeneously moving random speck-patterns (such 
as were introduced by Julesz (1971) in the study of 
stereopsis) over the entire target field. 

If two single frames are presented to the subject, 
the subject is not able to detect the shift; in fact he is 
not even able to detect whether the patterns are 
identical but displaced or totally uncorrelated pat- 
terns (Fig. 1). 
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Fig. 1. a and la are completely correlated Julesz patterns except for 
a small strip. The pattern in c is completely uncorrelated with the 
patterns in a and b. Note that the fact that a is correlated with b, 
and not with c, is not perceived spontaneously but only after 
intently scrutinizing the patterns. When a and h form part of a 
regular sequence the correlation is at once apparent and a smooth 
flow is perceived 

If  a ser ies  o f  success ive  f r ames  a r e  p r e s e n t e d  in 
quick success ion (in ou r  case  10 ms p e r  f r ame)  a 
s m o o t h  un i fo rm  m o v e m e n t  ove r  the  w h o l e  t a rge t  
f ield is i m m e d i a t e l y  pe r ce ived .  Thus ,  m o v e m e n t  
pe r cep t  is a resul t  of  the  d e t e c t i o n  of  spatio-temporal 
cor re la t ion ,  because  t he  shift  in success ive  f r ames  is 
in gene ra l  no t  a p p a r e n t  when  the  f r ames  a re  no t  
p r e s e n t e d  in quick  success ion.  

In  quan t i t a t ive  s tudies  of  h u m a n  m o v e m e n t  per -  
cep t ion  two gene ra l  ways  a re  o p e n  to assign n u m b e r s  
to the  de t ec t ion  p e r f o r m a n c e :  O n e  e i the r  d e t e r m i n e s  
the  e x t r e m e  cond i t ions  of  ve loc i ty  for  which  a 
p e r c e p t  of  m o v e m e n t  occurs  o r  d e g r a d e s  the  s t imulus  
in some  r e p r o d u c i b l e  m a n n e r .  T h e  first  poss ib i l i ty  
has o f ten  b e e n  used ,  bu t  is ap t  to  y ie ld  r a the r  
i ncomple t e  da ta ,  i . e . ,  wi th  this  m e t h o d  it is no t  
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possible to quantify the detection performance for 
intermediate velocities. This limitation is similar to 
the study of flicker by means of the critical flicker 
frequency only. The other manner is more suitable to 
yield comprehensive results. Most previous studies 
have used contrast as a variable. Obviously the 
impression of movement vanishes if the contrast is 
too low. However, there is the problem that we are 
not specifically interested in the detection of contrast 
but in the detection of movement. And several 
studies have indicated that the detection thresholds 
for pattern and movement detection differ (van Nes 
et al. 1967). 

To avoid problems with the interpretation of 
results with respect to detection of spatio-temporal 
contrast and spatio-temporal correlation we used 
patterns with a constant supra-threshold r.m.s, con- 
trast of the compound stimulus, i.e., the superposi- 
tion of signal and noise. We degraded the spatio- 
temporal correlation (at constant r.m.s, contrast) in 
the following manner: the stimulus consisted of a 
superposition of two sequences of Julesz-patterns. In 
one sequence each pattern was shifted by a fixed 
amount for every new frame (the signal). In the other 
sequence all frames were completely uncorrelated 
(noise; this sequence alone looks like "snow"). The 
ratio of the r.m.s, contrasts of signal and noise was 
used as a variable that determined the amount of 
available spatio-temporal correlation. We called the 
square of this ratio the signal-to-noise ratio (SNR). 

We determined the threshold SNR for several 
values of parameters that described either the spatio- 
temporal configuration of the stimulus or the veloc- 
ities present in the signal. 

Concerning the temporal behavior of movement 
perception, Clarke (1977) described a phenomenon 
caused by the interaction of moving patterns. When 
he akernated the direction of movement of a visual 
noise stimulus he obtained different kinds of appear- 
ance of the stimulus depending on the rate of 
alternation. For high alternation rates the oppositely 
directed movements of the alternated noise patterns 
were simultaneously visible at any location of the 
target field. With our equipment we found a similar 
phenomenon. We interpreted the results in terms of 
a simple and very general mechanism for the detec- 
tion of spatio-temporal correlation. Our experimen- 
tal results allowed us to estimate the temporal 
parameters of such mechanisms. 

Material and Methods 

The stimulus was generated on a CRT display (HP, model  1317-A, 
P4 phosphor,  470 ~ts decay time to 1% intensity). The display 

contained 250 x 255 points. Each point subtended 1.25 min of arc. 
Every 10 ms a new frame could be written line for line. We 
presented the subject with moving two-dimensional white noise 
(Julesz pattern). In such a pattern, each point was randomly 
assigned a light or dark value with probability 0.5 as follows: 
successive frames cont~ned  identical Julesz patterns displaced 
over a certain small visual angle. At  the border  where new pattern 
was coming in, the image was completed with uncorrelated noise. 
A velocity value of 1.25 min per  10 ms (i.e., 2.08 deg of visual 
angle per second) was obtained when every 10 ms the pattern was 
displaced just one point on the display. Higher values of the 
velocity were realized by a displacement of the pattern by more 
than one point. Smaller values of the velocity were realized by 
writing identical patterns for a number of successive frames and 
then displacing the pattern over 1.25 min of arc. Because the 
magnitudes of the horizontal and vertical components  of the 
velocity could be adjusted separately the direction of movement  
could be varied, too. With present electronic devices significantly 
better methods of generating these stimuli were not available. 

In principle, the movement  generated with this method was 
not continuous. In fact the stimulus consisted of stroboscopically 
displayed moving spatial noise patterns 1. Nevertheless, the percep- 
tion was always that of uniform smooth movement.  

A single frame consisted of 250 • 255 dots that were light or 
dark with probability 50%. Thus, the screen consisted of many 
small patches with luminance either I1 or I2. The mean luminance 
of the screen was �89 whereas the r.m.s, contrast was: 

([7 _ (]-)2)�89 I1 - I, 

T I i + I 2 '  

The noise pattern ("snow") was generated in the same way as the 
signal. The only difference was that every new frame was 
completely uncorrelated with the previous one. The r.m.s, con- 
trast of the noise was defined in the same manner.  

The r.m.s, contrast of the superposition of signal and noise 
w a s  

C = ~/(r.m.s. contrastsig~a0 z + (r.m.s. contrastnoiso) z 

because for uncorrelated patterns variances add. The value of C 
was 35% in all experiments. 

The signal-to-noise ratio (SNR) was defined as 

(r.m.s. contrastsignal) 2 
SNR = 

( r .m. s .  contrast~ois~) 2 

This was the parameter that was varied by the subjects in our 
experiments. The SNR could be varied in steps of 0.2 dB from 10 -5 
up to 4 .  10 z. The parameter variations were all obtained by 
(digital) electronic means. 

The subject viewed the display with both eyes and natural 
pupils. He  used a head and chin rest, The total target field 
measured 5.21 x 5.31 deg of visual angle. Mean luminance was 
180 cd/m z. The surround was dark. A black fixation spot (diame- 
ter: 4 rain of arc) was presented in the center of the field. The 
distance from subject to screen was 2.75 m. The subjects (the 

1 With such a stimulus file observer can have a percept of so- 
called a-stripes described by us in a previous paper (Koenderink 
and van Doorn 1980). The subject occasionally perceived a 
stationary grating pattern of which the bars were perpendicular 
to the direction of the moving noise. Apart  f rom these so-called 
a-stripes, smooth optimal movement  was seen. Adler and 
Griisser (1979) reported the same phenomenon.  It seems 
unlikely that this occasionally visible stationary irregular grating 
pattern influences our movement  threshold measurements.  
Near the threshold SNRs the a-stripes were not detectable 
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Fig. 2. The threshold SNR as a function of the r.m.s, contrast of 
the stimulus, v = 2.08 deg �9 s -~. For this experiment T = 1,000 ms 

authors) were normal trichromats (AD, female, 32 years, -2D 
myopic at both eyes; JK, male, 37 years, without correction). 

The experimental procedure was as follows: The stimulus was 
periodical with period 2T ms. In one half-period (T ms, T a 
multiple of 10 ms) one Julesz pattern moved uniformly with 
velocity ~ ,  the next half-period another (uncorrelated with the 
first) Julesz pattern moved uniformly with velocity 4 .  The 
threshold SNR was determined as a function of T, ~ and ~z. 

The subject fixated the center of the field and took his own 
time to reach the threshold. Starting with maximal SNR he 
lowered the SNR until the stimulus looked completely snow-like, 
then he raised the SNR until the signal appeared again, etc. This 
he repeated 16 times. The mean value of all upper and lower 
settings was taken as the threshold SNR. 

The SD of the means of successive upper and lower settings 
(except for the first and final setting) was also calculated. The 
same combination of T, ~a and ~2 was repeated three times on 
different days. From those three mean threshold values the 
weighted mean (the final threshold value) was determined with its 
standard deviation. 

The mgasurements were performed within 1 month. Repeat- 
ability was good, and both subjects showed the same threshold 
behavior. 

For the interpretation of the results it was important to check 
that the threshold SNRs did not depend on C. If the thresholds 
were independent of C we could be sure that the subject detected 
movement on the basis of spatio-temporal correlation present in 
supra-threshold patterns (with respect to contrast). We have 
checked this in an experiment in which we determined threshold 
SNRs as a function of C. (Note that in all experiments reported in 
the remainder C was kept at a constant value.) Figure 2 displays a 
typical result. It can be seen that the threshold SNR was invariant 
against changes of C (within the experimental spread) for a range 
of supra-threshold contrast values of about 6 dB. The value for the 
contrast used in the remainder of this report corresponded to the 
0 dB value in Fig. 2. 

R e s u l t s  

Experiment 1 

I n  t h i s  e x p e r i m e n t ,  t h e  m a g n i t u d e s  o f  t h e  v e l o c i t i e s  V1 

a n d  V2 w e r e  e q u a l ,  b u t  t h e  d i r e c t i o n  w a s  p e r i o d i c a l l y  
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Fig. 3. The threshold SNR for the case that patterns moving with 
the same velocity in opposite directions are alternated. (Expt. 1: 

= -V2). The inset at the top right of the figure schematically 
indicates the experimental condition. The numbers along the right 
side of the figure denote the values of the velocities used in the 
experiment (in deg-s- l ) .  For each velocity the height of the 
bottom of the SNR-scale (SNR = 0.001) is indicated with a mark 
along the vertical axis next to the value of that particular velocity. 
For v = 2.08 deg �9 s -1 this coincides with the bottom of the figure. 
This shift makes the curve more easily readable: they form a dense 
tangle if in the right position. 
Subject AD. Total target extent 5.21 x 5.31 deg of visual angle. 
Mean luminance 180 cd/m 2. Dark surrounding. Vertical bars 
through the data points denote the standard deviation (SD) (only 
depicted when they exceed the size of the symbols) 

c h a n g e d  f r o m  r i g h t  to  l e f t  i n t o  l e f t  t o  r i g h t ,  e tc .  

( T h u s ,  V1 = -V2). T h e  t h r e s h o l d  S N R  w a s  d e t e r m i n e d  

as  a f u n c t i o n  o f  t h e  a l t e r n a t i o n  p e r i o d  T ,  w i t h  t h e  

m a g n i t u d e  v ( =  [VI[ = IV2[) as p a r a m e t e r .  I n  Fig .  3 

t h e  r e s u l t s  a r e  g a t h e r e d .  
A t  s u p r a t h r e s h o l d  v a l u e s  o f  t h e  S N R  t h r e e  d i f f e r -  

e n t  p e r c e p t s  o c c u r r e d  d e p e n d e n t  o n  t h e  p a r a m e t e r  

v a l u e s .  F i r s t ,  f o r  l o w  a l t e r n a t i o n  r a t e s  t h e  s u b j e c t  

c o u l d  d i s t i n g u i s h  d i r e c t i o n  o f  m o v e m e n t  a n d  f o l l o w  

e a c h  r e v e r s a l  o f  d i r e c t i o n .  T h u s ,  h e  p e r c e i v e d  a b a c k  

a n d  f o r t h  m o v e m e n t .  T h e  t h r e s h o l d  S N R s  w e r e  
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Fig. 4. The threshold SNR for the case that patterns moving with 
the same velocity in the same direction are alternated. (Expt. 2: 
V1 = V2). The inset at the top right of the figure schematically 
indicates the experimental condition. The numbers along the right 
side of the figure denote the values of the velocities used in the 
experiment (in deg. s4). For each velocity the height of the 
bottom of the SNR-scale is indicated with a mark along the vertical 
axis next to the value of that particular velocity. For v = 2.08 
deg �9 s 4 this coincides with the bottom of the figure. 
Subject AD. Total target extent 5.21 x 5.31 deg of visual angle. 
Mean luminance 180 cd/m 2. Dark surrounding. Vertical bars 
through the data points denote the standard deviation (only 
depicted when they exceed the size of the symbols) 

re la t ive ly  low (in Fig.  3 all t h r e sho ld  da ta  at  the  r ight  
side of  the  max ima) .  Second ly ,  for  h igh a l t e rna t ion  
ra tes  the  sub jec t  cou ld  no t  fo l low the  a l t e rna t ion ,  
ins tead  he  could  see  two p a t t e r n s  mov ing  s imul tane-  
ously over  the  en t i r e  f ie ld  in o p p o s i t e  d i rec t ions .  The  
pe rcep t  was tha t  of  two t r a n s p a r e n t  mov ing  sheets ,  
the  a l t e rna t ion  f r e q u e n c y  was in no  way  a p p a r e n t  (in 
Fig. 3 the  t h r e sho ld  S N R s  at  the  lef t  s ide of  the  
max ima) .  Th i rd ly ,  t h e r e  was an i n t e r m e d i a t e  range  
of  a l t e rna t ion  ra tes  for  which  the re  was no p e r c e p t  of  
m o v e m e n t  at  all. In  those  cases  the  d i sp lay  l o o k e d  
l ike "snow".  T h e  sub jec t  d id  no t  pe rce ive  cohe ren t  
m o v e m e n t  ove r  a p p r e c i a b l e  a reas  no r  was the  a l ter -  
na t ion  appa ren t .  I t  was at  these  a l t e rna t ion  ra tes  tha t  
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Fig. 5. The threshold SNR in the case that a Julesz pattern moving 
with velocity Va is alternated with a Julesz pattern moving with 
velocity ~2. The inset at the top right of the figure schematically 
indicates the experimental condition (Expts. 1-3). 
�9 V1 and Vz have equal magnitude and orthogonal directions. 

Iv ,  I = 1 4 1  = 2 . 0 8  ~ s -1 
V V~ and ~ have equal magnitude and opposite directions. 

I ~ l  = I~zl = 2.08~ s -1 
�9 v1 and V2 have equal magnitude and equal directions. 

Iwll = I%1 = 2.08~ s-1 
A I w ,  I = 2.08~ s -1, [w=l = O~ -* 
Subject AD. Total target extent 5.21 x 5.31 deg of visual angle. 
Mean luminance 180 cd/m z. Dark surrounding 

the  m a x i m a  in the  t h r e sho ld  curves  occu r r ed  (Fig.  3). 
The  va lue  of  this critical period was seen  to  d e p e n d  
on  the  ve loc i ty  v (Fig.  3). 

Experiment 2 

In this e x p e r i m e n t ,  a Julesz  p a t t e r n  tha t  m o v e d  
un i formly  with  ve loc i ty  V was a l t e r n a t e d  pe r iod ica l ly  
with a no the r  Julesz ]pattern tha t  m o v e d  un i fo rmly  
with the  same  ve loc i ty  ~ (71 = V2). In  this  cond i t ion  
the  pe rcep t ions  of  back  and  for th  m o v e m e n t  or  
t r anspa ren t  shee ts  did ,  of  course ,  no t  occur .  The  
i n t e rme d ia t e  r eg ion  w h e r e  the  p e r c e p t  was "sn0w"-  
l ike d id  occur.  T h e  t h r e sho ld  S N R s  a re  g a t h e r e d  in 
Fig. 4. In  this case,  as in Exp t .  1, we f o u n d  re la t ive ly  
high values  of  the  t h r e sho ld  S N R  in the  reg ion  of  
i n t e rme d ia t e  a l t e rna t ion  ra tes  w h e r e  the  p e r c e p t  was 
snow-l ike.  

This e x p e r i m e n t  was of  in te res t  be c a use  the  
pe rcep t  nea r  the  t h re sho ld  S N R  was a lways  the  same ,  
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Fig. 6. The threshold SNR in the case that a Julesz pattern moving 
with velocity vl is alternated with a Julesz pattern moving with 
velocity v2 in the same direction, vl is always the same, v2 is varied. 
The inset at the top right of the figure schematically indicates the 
experimental condition. 
0 V 1 = 2.08 ~ s -1, v2 = 0 ~ s -1 
�9 vl = 2.08 ~ S - I ,  V2 = 2.08 ~ s 4 
V v~ = 2.08 ~ s -1, v2 = 4.17 ~ s -1 
A vl = 2.08 ~ s -1, v2 = 8.33 ~ s -I 
�9 vl = 2.08 ~ s -1, v2 = 16.7 ~ s -1 
Subject AD. Total target extent 5.21 x 5.31 degrees of visual 
angle. Mean luminance 180 cd/m 2. Dark surrounding 

a degraded uniformly moving Julesz pattern.  Thus, 
we were sure that  the subject 's  detection criterion 
was the same for all al ternation rates. 

It  will be seen f rom Figs. 3 and 4 that the 
threshold SNRs for large values of T differed some- 
what for the two conditions. We did not investigate 
the cause of this difference. Intuitively, we expect the 
direction reversal to be important  here as it makes  
the patterns more  conspicuous. 

Experiment 3 

In this experiment  the directions of the velocity in 
successive periods were perpendicular  to each other. 
The results of this exper iment  were completely 
analog to those of the first experiment .  We measured 
about  the same threshold curves, and again three 
possible percepts could be distinguished. In Fig. 5 
some typical results obtained in the situations of 
Expts. 1, 2, and 3 are compared.  

Experiment 4 

In this experiment  we al ternated between two Julesz 
patterns moving uniformly in the same direction but 
with different magnitudes (Thus, V1 = aV2 with 
a--- 0). In this case the introspective reports  of the 
subject were similar to those in Expt.  2 when the 
magnitudes of ~1 and Vz were not too different (�88 < 

< 4). When the magnitudes of the velocities dif- 
fered more,  then t ransparency occurred at high 
alternation rates. The subject repor ted  two uniformly 
moving patterns that moved  simultaneously in the 
same direction with different velocities. There  was 
again an intermediate range of alternation rates 
where the impression of movemen t  was highly 
degraded. Some of the results are gathered in Fig. 6. 

Experiment 5 

In this experiment  we al ternated between two Julesz 
patterns moving uniformly with velocities of equal 
magnitude but different direction. We always used 
the highest alternation frequency (T = 10 ms). The 
angular difference of the velocities was varied and 
the task of the subject was to judge whether  transpar-  
ency occurred at an infinite value of the SNR (only 
signal, no noise). Irrespective of the magnitude of the 
velocities it was found that  t ransparency occurred 
whenever the angular  difference exceeded 30 deg. 

Discussion 

To be able to assess the capability of visual detection 
of uniformly moving Julesz patterns it is necessary to 
know the theoretical limit for the sensitivity of any 
system that is sensitive to movement .  This theoretical 
l i m i t  is set by the statistical fluctuations of  the 
pattern.  The relevant variable is the spat io- temporal  
correlation. The value of this correlation is a sum of 
elementary contributions due to the correlation of 
the signal at one location at a certain t ime with the 
signal at another  location at another  time. The 
summation extends over  all such pairs present  in the 
field of view of the mechanism and in the t ime 
window used by the mechanism. 

Let  the ampl i tude of the signal with respect to the 
mean luminance be +s ,  that of the noise +n .  Then 
the correlation of an e lementary  pair is s 2 or 0 
according to whether  the spat io- temporal  separat ion 
of the pair agrees with the Velocity of the signal or 
not. 

Let  there be N of such pairs in the field of view 
and time window of the mechanism for which the 
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spatio-temporal  separation agrees with the velocity. 
Then the total spat io- temporal  correlation equals 

N �9 S2. 

The variance in the correlation is due to the noise. 
This is because we treat  the ideal case of moving 
patterns "matched"  to the correlator structure. In the 
non-ideal case the signal also gives rise to variance 
because the correlators also process unmatched 
stimulus pairs. The noise pat tern does not contribute 
on the average to the correlation, but yields a 
variance equal to n 4 for each e lementary pair. Thus 
the total variance is 

N �9 n 4.  

The spat io- temporal  correlation is significantly 
different f rom zero if the average value exceeds the 
standard deviation which is, of course, an extra 
assumption. However ,  it should suffice for an order 
of magnitude estimate,  which is our aim; i.e., 
when ever: 

N . s2 > V ~ 7 ~ .  

We have defined the SNR as sZ/n 2. 
Thus, the theoretical limit is 

SNR > V~--1. 
N 

In two successive frames there are (250-1) x 255 
pairs that contribute. Thus,  N ~ 6.4 x 104, and we 
expect SNR - 10 -2. If  more  than two successive 
frames are processed the theoretical limiting value 
can be much less than that. (The number  of con- 
tributing pairs grows much faster than proport ional  
to the number  of frames.)  

In Fig. 7 we have gathered the threshold SNRs 
for the lowest and highest alternation rates as a 
function of the velocity. I t  can be seen that the lowest 
threshold SNRs are close to 10 -2. Consequently,  the 
visual system uses at least an amount  of information 
such as is present  in two successive frames, although 
it might be the case that more  than two frames 
contribute to the detection threshold, but then much 
of the available information must be discarded. It  is 
clear from Fig. 7 that the detection of movement  is 
much less efficient (in the sense that the theoretical 
available information is less well utilized) at higher 
velocities. 

Our finding that  three different kinds of percept  
are possible, dependent  on the rate of alternation, is 
comparable to the phenomenon  described by Clarke 
(1977). At  each velocity there is a "critical" period 

- / /  
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velocity (deg / s ) 
Fig. 7. The threshold SNR for very small alternation period (all 
data indicated by e and open symbols) and very large alternation 
period (all data indicated by * and filled symbols) as a function of 
the velocity (in deg �9 s-l). Each period T a Julesz pattern moving 
with velocity V1 is alternated with a Julesz pattern moving with 
velocity V2. 
O �9 ~ and V2 have equal magnitude and directions opposite to 

each other 
A �9 ~ and V2 have equal magnitude and equal directions 
V �9 ~ and~ have equal magnitude and orthogonal directions 
e e ~ fixed (2.08 ~ - s-X), in this case is ~ the parameter along the 

horizontal axis. ~ and Vz have equal directions. 
Subject AD. Total target extent 5.21 x 5.31 deg of visual angle. 
Mean luminance 180 cd/m 2". Dark surrounding 

for which no movemen t  at all is perceived, and in that 
condition the threshold SNR always has a maximum 
value (see Figs. 3-6). 

In Fig. 8 the values of this critical period for 
which the threshold SNR is maximal,  are depicted as 
a function of the velocity for three different experi- 
mental  conditions: In all three cases the critical 
period decreases with increasing velocity. 



186 A.J. van Doom and J.J. Koenderink: Temporal Properties of the Visual Detectability 

EIO0 
r 

0 

50  
r 
O 

20 

10 I 

1 2 

01 

bars denote halfwidth 

I I 1 I 

5 10 20 50 

ve loc i ty  (deg / s ) 

Fig. 8. The critical alternation period T* (in ms, T* is defined as 
that alternation period at which the threshold SNR curve reaches 
its maximum), as a function of the velocity (in deg �9 s-Z). The 
vertical bars through the data points indicate the halfwidth of the 
threshold SNR curves. Subject AD. Total target extent 5.21 x 
5.31 deg of visual angle. Mean luminance 180 cd/m z. Dark 
surrounding. Successive periods alternately contain Julesz patterns 
moving with velocity Vl and 72. 
�9 ~x and ~ have equal magnitude and directions opposite to each 

other 
�9 ~1 and Vz have equal magnitude and equal directions 
Zx ~ and ~z have equal magnitude and orthogonal directions. 
If the threshold SNR curve does not drop to half its top value, this 
is indicated by an arrow 

A least square fit in double logarithmic coordi- 
nates results in the following functional relation: 

T* = 89 �9 v -0"40  

(T*: critical period in ms, v: velocity in deg �9 s -1) 
The regression coefficient is -0.86. 

In the threshold SNR curves we looked for those 
values of T at either side of the max imum for which 
the threshold SNR is half of the max imum value; the 
interval between these T values we called the half- 
width. The dependence of these halfwidths on the 
velocity is indicated by the vertical bars through the 
data points in Fig. 8. 

Due  to experimental  scatter the halfwidths could 
not be determined very precisely. The relative half- 
width AT/T* was not significantly different for the 
various velocities. Its value was rather  large. (The 
halfwidth was about  0.4 log units.) 

The relevance of the critical period can be 
interpreted in terms of a simple mechanistic model  
for the detection of spat io- temporal  correlation. 
Elementary contributions to the correlation are due 
to retinal excitations at a distance A and at times 
differing by x, where A and �9 are related to the 
velocity of the pat tern as follows: 

A 
V ~ - - "  

T 

A 

,)/ 

Fig. 9. A schematic representation of Reichardt's model. It is 
constituted of a pair of inputs, a distance A apart from each other. 
The signal from one input, with a delay indicated by ~, is 
multiplied with the signal from the other input 

Any mechanistic implementat ion of such a contribu- 
tion must take the form of a system with two spatially 
separated inputs connected to a coincidence detector 
(e.g., a multiplier) by way of a direct link for one 
input and a delay for the other. Several possible 
implementations have been suggested (Schouten 
1967; Barlow and Levick 1965; Reichardt  1961). 
Reichardt 's  model  is perhaps  the most  general and 
certainly the most  convenient  for mathematical  treat- 
ment.  An adaptat ion of this model  was proposed by 
Foster (1971a, b) to explain psychophysical contrast  
detection thresholds for spat io- temporal  modula-  
tions. 

In Fig. 9 a simplified version of Reichardt 's  
model in which the leaky integrator is replaced with 
an ideal t ime delay, is schematically depicted. Let  us 
now consider how this model  would react to the 
stimuli of ExpL 1. If  the alternation rate is very low 
(T >> ~) the model  responds normally in one half- 
period and not at all in the other. If  the alternation 
period is such that T = ~, the model  cannot react at 
all. The inputs of the multiplier can never  be  
correlated in this case. If  the alternation rate is higher 
(T < ~) the model  reacts again, although the average 
output will be lower than in the first case. Thus, the 
model is selectively insensitive to alternation rates 
with period T = z. 

In conceivable physiologic systems you cannot 
expect to find anything as schematic as this model.  
An ideal delay element  is improbable  and its place 
would probably be taken by a leaky integrator 
(Reichardt 1961). Moreover ,  in any ensemble of an 
appreciable number  of e lementary correlators the 
temporal  paramete r  (~) is likely to be statistically 
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distributed around some average value. All such 
effects have the consequence of smearing out the 
localized insensitivity of this simplified system. 

If  we interprete our measurements  (Figs. 3-6) in 
these terms it seems that  Reichardt ' s  model  is able to 
provide a likely explanation of the insensitivity peak. 
If  this interpretation is correct,  then Fig. 8 shows the 
dependence of the tempora l  pa ramete r  �9 on the 
velocity of the stimuli. 

The qualitative observation that patterns moving 
in the same direction with velocities that differ by a 
factor of 4 or more  can be perceived simultaneously 
at the same position in the visual field, shows that the 
coding of velocity in the visual system differs essen- 
tially from, for instance, the speed indication in an 
automobile. This points to the fact that velocity 
cannot be coded in terms of a single analogue 
variable. This can be understood in terms of move- 
ment  detection with a large set of e lementary  correla- 
tion detectors with mutually different paramete r  
values. In such a system the magnitude of the velocity 
is coded in terms of the group of correlation detectors 
that responds, and not in terms of the magnitude of 
these responses. In such a case it is very well possible 
that more than one group of correlation detectors are 
simultaneously excited. I f  this interpretation is cor- 
rect, our measurements  allow an estimation of the 
number  of significantly different groups involved. 
We will be presenting an experimental  estimate in a 
subsequent paper.  

Comparison with Previous Results 

There are few psychophysical data that  can be 
compared with the data presented here. The problem 
is that very few authors have used either the stimulus 
patterns or the method of quantifying the sensitivity 
used by us. Most authors that  have used noise 
patterns, have used patterns composed of relatively 
sparse clouds of specks (Bell and Lappin 1973; 
Lappin and Bell 1976; Levinson and Sekuler 1976). 
Most of these experimenters  have been interested in 
the movement  after-effect, and such results cannot 
be compared to ours (Levinson and Sekuler 1976), 
e.g., the transparency effect is absent in the after- 
image, instead a kind of vector addition prevails. 

Braddick (1974) and Morgan and Ward (1980) 
used dense dot displays, just as we did, but they 
presented only two successive frames in order to 
study the apparent  motion.  Our  results accord with 
theirs, although the conditions under  which we 
perceived smooth flow were somewhat  broader  than 
the conditions under which apparent  mot ion for pairs 
was observed. As did Braddick (1974) and Morgan 

and Ward (19"80), we find the classical Kor te ' s  laws 
(Graham 1965) inapplicable to our stimuli. 

Electrophysiologic studies in the field of move-  
ment  sensitive receptive fields are very abundant  and 
cannot be cited exhaustively here. Several of these 
studies throw light on the problem of whether  
movement  is coded as a simple analogue variable or 
by way of velocity specific groups. It  seems that 
examples of both types are to be found in the animal 
kingdom. An example of "speedometer  type coding" 
is described by Grtisser-Cornehls (1968). This author 
reported on motion detectors in the frog's retina. She 
found units for which the firing rate increased 
monotonically with the velocity over  a large range. 
On the other hand, in the cortices of mammals  the 
second type of coding has often been reported.  For 
instance, Orban and Callens (1977) described veloc- 
ity specific and velocity sensitive units in the cat 's 
visual cortex. Some of these units were also direc- 
tionally specific. Their results suggest that patterns 
moving in the same direction with velocities differing 
by a factor of 4-10 excite distinct units. 
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