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Abstract-We present data on the signal to noise threshold (SNR) for the impression of coherent. smooth 
motion in stroboscopicall? moving dot patterns (frame repetitionrate 100 Hz) degraded with additive 
noise (uncorrelated pattern each new frame). (Both patterns were 250 x 255 square arrays in which a pixel 
tv~ randomly assigned a light or dark value with probability SO%.) it is found that the threshold varies 
roughly as the inverse square root of the number of available basic dot correlation pairs. subject to certain 
constraints that can be interpreted as due to the geometry of basic correlator units subserving the 
detection of motion. This geometry is estimated from the data and compared with values that have been 
obtained with independent methods. Phenomenologically the results are simple: when the target field is 
enlarged in the direction perpendicular to the motion the SNR threshold follows the theoretical 
expectations. Otherwise the variation is stronger. which points to a recruitment of new units. For an 
impression of movement to occur the smaliest targets are short thin strips elongated in the direction of 
motion (e.g. 2.5’ x L2’ for Z.OSdegsec-‘), but the threshold continues to fall at least to 5’ x 5’. There is a 
trade-off between target area and presentation time. For a 5” x 5” target coherent motion can be seen in 3 
succcssivc frames. but for a IO’ x to’ target ten times as many frames have to be presented, whereas an 
impression of movement is not obtained for still smaller targets. 

INfRODUcTJON 

Hum;tn performance in the detection of coherence in 
moving random speckle patterns can be conveniently 
described with correlation models (Lappin and Bell, 
1976). In previous papers (van Doorn and Koender- 
ink, 1982a. b) we have shown that the model 
proposed by Reichardt (1961) as the mechanism 
behind the optomotor responses of insects is also 
applicable to human vision. This model consists of 
an ensemble of structurally identical basic units (Fig. 
I ). consisting of two sub-receptive fields (diameter 6) 
at a mutual distance A, whose output signals are 
currelated for some fixed delay T. Such a unit is 
sclcctively sensitive to motions with velocity A/T. A 
detection of motion would occur if the pooled 
response of a number (iv say) of basic units exceeds 
the noise level. Simple reasoning shows that one 
should expect threshold signal to noise ratios appro- 
ximately equal to N- f (van Doorn and Koenderink, 
1987a; Lappin and Bell (1976) have derived a similar 
equation). We have shown that this model is able to 
predict many of the peculiarities of human motion 
detection, and we succeeded in determining the 
parameters A and T as a function of the velocity (van 
Doorn and Koenderink, 1982a, b). 

From these experiments it appears that a great 

many basic units cooperate for a detection threshold. 
Threshold signal to noise ratios as low as 10s2 were 
found. In this paper we present results that enable a 
more precise estimate of the number of basic pair 
correlations necessary for the impression of coherent 
movement. 

Xi ETHODS 

Random dot patterns of 250 x 255 dots were 

electronically generated and displayed on a HP- 

monitor (model 13 i 7-A. P4 phosphor, 470 psec decay 
time to 1% intens~ty~. Each 10 msec a new frame was 
gcncrated. The impression of coherent motion is 
obtained when the patterns in different frames are 
mutually shifted in position. The velocity of this 
stroboscopic movement can be varied by adjustment 
of the spatial shift and the adjustment of the number 
of frames between successive shifts. Apart from this 
stroboscopically moving pattern another electronic 
generator generated a fresh uncorrelated speckle 
pattern every new frame. This signal in isolation 
looks like a “snow storm”. It is spatially and 
temporally completely random. In both patterns the 
probability for the generation of a dot is 50% for any 
pixel. In our experiments the correlated and the 
uncorrelated pattern are electronically mixed in such 
a way that the root mean square contrast is held 
invariant whereas the ratio of the variances of the 
luminance in the two patterns (that is the signal to 
noise ratio, henceforth abbreviated as SNR) is 
variabic. The subject controls the SNR and seeks the 
threshold for the impression of coherent motion. 
When coherent motion is detected the subject is 
always sure of its direction. The threshold is 
bracketed at least 16 times. 

In all experiments the field subtended 5.21 
x 5.31 deg of visual angle, mean luminance 
180cd/m*. The surround was dark. The subjects 
viewed the screen binocularly with the natural pupil. 
They had normal, or corrected to normal vision. 

COHERENT MOTION K-4 LONG STRIPS 

The Reichardt correlator mechanism is aniso- 
tropic. Thus it is a priori likely that integration 
properties in the direction of motion and per- 
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Fig. I. A simphfied scheme of the mechanism proposed by 
Rechardt (1961. 1976) as the basic building block of the 
mechanism subserving insect optomotor responses. This 
simple model can also be used to understand many aspects 
of human motion detection in a semi-quantitative fashion 
(van Doom and Koenderink. 1982a. b). The mechanism 
consists essentially of two sub-receptive fields (drawn as 
square photocells here, in the text their sides are denoted b) 
at a separation S. The signal of one sub-field is delayed 
(delay box D, the delay is referred to in the text as Tmsec) 
and multiplied with the signal of the other sub-field 
(multiplier box M). The product-signal is fed into a linear 
filter (box L) which essentially computes a running time 
average. The output of the mechanism is an estimate of the 
spatiotemporal correlation of the fluxes collected by the two 
sub-fields. In general this correlation will be low. except 
when the input signal is a moving pattern with velocity A/T 
in the direction from left to right. Thus the system is 
“tuned” to this velocity. Much of the human performance 
in the detection of coherent motion in the presence of noise 
can be understood on the assumption that the summed 
signal of many of these elementary units distributed over 
large areas in the visual field has to exceed a certain fixed 

signal to noise ratio near to unity. 

pendicular to the direction of motion have to bc 
distinguished. In this experiment we investigate this 

in the following way: we generate a rectangular 

window in the target field of size A in the direction of 

motion and size B perpendicular to the direction of 

motion centered in the almost square target field of 

side D (Fig. 2). In the first experiments we took either 

A or B equal to D and varied the other parameter. 
The target field outside the rectangle was filled with 

uncorrelated noise patterns (“snow”). In the rec- 

tangle we presented stroboscopically moving noise 

patterns, degraded to the degree specified by the 

SNR. For low values of the SNR the rectangle is 

hardly visible or not visible at all, whereas for high 

values of the SNR it is clearly perceived with sharp 

boundaries. 

Results 

When the assumption of a simple pooling of 

responses of elementary correlation pairs holds, then 

t----A-----i 

Fig. 2. The target field configuration. The total screen was 
almost square: 5.21” x 5.31’. thus D = 5.31’. The sub-tield 
was variable with a length A in the dtrectton of motton and 

a height E perpcndtcular to the dtrectron of motion 

threshold and we expect the SNR threshold IO be 

inversely proportional with the square root of the 

width of the strip. Figures 3 and 4 show the results 

for velocities ranging from 0.26” to 33 3’sec- ‘. Thcrc 

are indeed conspicuous differences between the cases 

of movement along the strip or perpendicular to the 

strip. For a given velocity no coherent motion at all 

can be seen if the strip is too narrow except for the 

low velocities along the strip. These limiting strip 

widths are plotted in Fig. 5 as a function of the 

velocity. 

Discussion 

When the movement is along the fength of the strip 

we find a similar threshold behaviour for the lowest 
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Fig. 3. In this experiment we set rZ = D. The threshold SNR 
is plotted as a function of B. The velocities were: ‘I t’ 
=0,26’sec-‘, v t’ =0.52~ set-‘. A c = 1.04.sec~‘. A I 
= 2.08”sec-‘, W c = 4.17’sec-‘. I c = 8.33”sec-‘. 0 c 

the number of stimulated pairs should determine the = 16.7” sec. ’ . : , = 33.3 se.-’ 
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Fig. -1. In thts esperiment we set 5 = D. The threshold SNR 
is plotted as ;L function of A. The symbols are identical to 

those used in Fig. 3. 

velocities. In fact the behaviour is identical within the 
accuracy of the experiment for velocities of 0.26” to 
f .04'sec- I. A regression line in log-log coordinates 
yields 

SNR = (&&)-“” 
(regression coeflicient -0.92). Thus the assumption 
of simple pooling is well borne out. The square root 
behaviour can be detected even for velocities up to 
16.7’s_ ‘, Thus the same kind of pooling appears to 
apply to a wide velocity range. However, for the 
highest velocities a minimum strip width is required, 
This can be understood if we assume that the sub. 
fields of the Reichardt correlator have equal height 
and width (8). When the strip width B is smaller than 
6 the noisy surround encroaches on the signal for all 
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Fig. 5. The critical values of A from Fig. 4 and B from Fig. 
3 for which the threshold tends to infinity and here plotted 

as a function of the velocity. 

elementary units. Thus an increased SNR threshold 
has to be reckoned with whenever 5 < a. 

Simple geometrical considerations show that the 
number of stimulated pairs equals ,V = DB d’. Thus 
theory leads us to expect that the SNR threshold 
should equal [B (a’ D)]-“j. Comparison kvith [he 
regression line reveals & = I .6’. This value is compar- 
able to the value of A found in previous experiments 
(van Doom and Koenderink. 1982b). It appears 
that the sub-fields of the Reichardt correlator must 
be nearly contiguous or even overlapping. 

In the case where the patterns move perpendicular 
to the direction of the strip we find again that the 
results for the velocities from 0.26’ to 1.04’s_’ 
merge. A regression line for the data for stripwidths 
in excess of IO' is 

(regression coetlicient -0.92). Thus the simple 
pooling idea is not borne out here. in fact if Eve wish 
to stick to this notion we have to assume that the 
number of stimulated pairs grows with the 1.6 th 
power of the strip width. This appears to be the case 
for the whole velocity range. Odd as this may seem at 
first sight, it is understandable if we assume that the 
elementary correlators occur in a continuous spec- 
trum of A, T values. In that case extra pairs with 
large separations are progressively recruited as the 
strip width is increased. 

In this case we find a minimum strip width for all 
velocities. Figure 5 shows the minimum strip widths 
as a function of the velocity. For vetocities up to 
8.33” s- ’ the regression line yields 

A - 3 1 tP - . 

(regression coefficient 0.96), (A in minutes of arc. 11 in 
degrees per second). 

This is in excellent agreement with the dependence 
of A on the velocity found in previous experiments 
(van Doorn and Koenderink, 1982b): A = 4.7r;“,6 (A 
in minutes of arc, c in degrees per second). Thus the 
minimum strip width equals the separation of the 
Re~chardt machine, which seems intuitively reason- 
able. However, for the highest velocities the mini- 

mum strip width rises much faster with the velocity 
than A does. 

COHERENT MOTJON JN RE(X$.NGCLAR ARE.XS 
OF Vi\RIOUS SHAPES 

In the previous experiment it appeared that the 
concept of simple pooling works well except for the 
fact that there seems to be recruitment of units of 
different size. fn this experiment we vary the shape of 
the rectangular window (A/B) for constant area (AB) 
in order to see if there is any optimal shape. From the 
theory we can predict the SNR as a function of the 
shape as follows. From geometrical considerations we 



find that the number of stjmulated submechanisms 

equals approximately 

Thus 

with 

This experiment was done with the velocity 

2.08”sec-‘, for which the pattern shifts by exactly 

the width ot’ one pixel spacing every new frame. 

Results and cfiscussim 

We used areas subtending 800. 400 200 and 100 

square minutes of arc. Figure 6 shows the threshold 

SNR as a function of the shape parameter &B. The 

results are unequivocal. The theoretical prediction is 

well borne out. For the largest area (800 square min 

of arc) we empirically determine C z IO-’ from 

which we find d : 2.8’. This is in excellent agreement 

with the previous experiment: the curve in Fig. 3 for 

the same velocity as in the present experiment 

(2.08” set- ‘) can be described with regression line 

SNR = (B/0.22)-“.‘, from which we find 6 = 2.6’. 

The point where the SNR threshold in Fig. 6 goes 

to infinity provides a mcasurc of A. For the areas of 

800 and 400 square min of arc we find A = 4.9’. for 

the two smaller areas (200 and 100 square min of arc) 

A = IO‘. These values are somewhat larger than the 

values determined in previous experiments (van 

Doorn and Koenderink, 1982b): A = 2.7, although 

the discrepancy is not large for the largest freIds. 

From this experiment it is clear that the lowest 

threshold for constant target area is obtained when 

A/l9 

Fig. 6. The SNR thresholds for rectangular targets with 
fixed area A5 are plotted as a function of the shape 
parameter A/B. This experiment was done with u 
= 2.08” set-‘. Four values of the area were used: 0 800 
square min of arc, 2 400 square min of arc. 0 200 square 

mm ot’ arc. 0 100 square mm of arc. 
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A (rn~n of arc) 

Fig. 7. The target is a thin strip elongated in the direction 01 

movement. The strip width is 2 5’ for the velocity range 
0.26’ SK- ’ < r g 2.08”secC’. 5’Ihr I. 2 417’s~-~. lo’ for 
I‘= g.M’sec-‘. and 20’ for r : 16.7. SK- ‘. These widths 
uere the minimum of 5 for lvhich rhe experiment was 
possible al all ~rnovcmen~ invtsrblc in long strips of smaller 
width). The threshold SNR IS plotted as function of the 

length A of the strip. The symbols denote the various 
velocities: v r = 0.26 see’ :. ,‘\ i _:.I) 52 sc‘c.‘. * [’ 
= l.OJ’sec-1. _i r = 2.08~sec-‘:-m t_ = 4.ii’sec -1, :.:’ 1: 

-8.33”sec-‘, * 1’= ih7”sec“. 

the target is a narrow strip extended tn the dtrecrion 

of motion. 

THE >lINI.3lLM AREA IN WHICH COHERENT 

\IOTION C.AN BE IXTEC-ITI) 

The previous experiment show& that the lowest 

thresholds arc obtained for narrow targets elongated 

in the direction of motion. In the present experiment 

we choose targets which are as narrow as possible 

(while still leading to the percept of coherent motion) 

and WC vary the length of the :urgct in order to 

determine the minimum area for which the detection 

of coherent motzon can be obtained. For the lowest 

velocities (the range irom tt 26 to 2 08 set .!) ue 

choose B = 2.5’: for I - 4. I? FCC !. R = 5’: for ! 
= 8*33’sec- ‘, B = IO’ and for I -7 i6.7‘scc-‘. !j 

I- 20’. 

Theoretically we uould expect that the shortest 

length for which an impresston or coherent motion is 

possible should equal A. as tn the first experiment 

(Fig 4). 

ReSl&S 

Figure 7 shows the results. The threshold SNR t‘or 

the total range of velocities is plotted as a function 01 

the length of the strip. Only for the lowest velocities 

do we find a limiting length beyond which further 

elongation does not lead to a lower threshold. For all 
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Fig. 8. The critical length of the narrow strip for which the 

threshold SNR in the experiment shown in Fig. 7 tends to 

infinity plotted as a function of the velocity (points). A 

rcgrcssion line through the points is 4 = 18~:“.~ (regression 
coellicient 0.97, regression line not drawn). The drawn line 

is the dependence of A on L! as determined in an earlier 

(Independent) experiment: A = 42v”.“. (A and A in min of 

arc, L’ in dcg set-‘). Clearly the critical length is propor- 

tional to C. 

curves the threshold SNR depends strongly on the 
length of the strip. Figure 8 shows the shortest 
lengths for which an impression of coherent motion 

is possible at all. 

The regression line through the points plotted in 

Fig. 8 is 
A = 18u”.6 In,” 

(regression coefficient 0.97), (Ami, in minutes of arc, v 

in degrees per second). 
The straight line plotted in the figure shows the 

dependence of A on the magnitude of the velocity 

determined in a previous experiment (van Doorn and 
Koenderink. 1982b): A = 4.2v”.‘j (A in minutes of 

arc. c in degrees per second). 
Obviously the dependence of the minimum length 

and of A on the velocity are identical: a 0.6 power- 
law. But it is found that the minimum strip length 

must bc 4.3 times the (average) value of A for an 

impression of smooth movement to be obtained. In 
this respect the result of this experiment differs from 
the result of the first experiment. Obviously the width 

of the strip is of importance here. This was also 
found in the previous experiment where the mini- 

mum length of the strip was found to increase with 
diminishing surface area. 

DETECTIOX OF COHERENT lMOTION IN SQUARE 
FIEI.DS WITH RESTRICTED PRFSENTATION TIME 

In the previous experiments the subjects could take 
as long a time as they wished to set the threshold. But 
obviously the presentation time must be an import- 
ant variable too because the theoretical number of 
available pair correlations is proportional to it. In 
fact. asymptotically we expect the SNR to vary 
inversely proportionally with the square root of the 

product of the target area and the presentation time. 

It is to be expected that etfects of recruitment would 

confound this simple relation. However, it is of 

interest to check whether a trade-off between target 
area and presentation time is obtained. This experi- 
ment bvas again performed with the velocity of 

2.08' set- ’ (a single pixel shift per frame). 

Figures 9 and IO show the threshold SNR as a 

function of the side .-I of the square target fields and 
the presentation time T for the velocity c = 7.08” s- ‘. 

In Fig. I I contours of equal threshold SYR are 
drawn (by linear interpolation) in the (A, T) plane. 

For the presentation times used (up to I280 msec) we 
do not find a saturation value for the threshold SNR. 
Instead there appear to be minimum values for the 
size of the target and the presentation time below 

which no perception of coherent motion is possible, 

whereas in the other regions we find a dependence 
somewhat stronger than inversely proportional with 
either size or presentation time. 

Clearly there does exist a trade-off between target 

arca and presentation time. In fact, for large target 
areas presentation times down to 30 msec can lead to 
a perception of movement. This is somewhat amaz- 

ing in view of the fact that the (average) value of the 

delay of the Reichardt correlators as measured in 

previous experiments (van Doorn and Koenderink, 
1982a) was 66msec. for theory obviously predicts 

I- 

I I I 
IO 100 1000 

A (min of arc) 

Fig. 9. Square target fields of side A (=B) were presented 
for 7msec in a noisy background. SNR thresholds for the 
impression of smooth movement are plotted as a function 
of A for the velocity v = 2.08”sec-I. Parameter is the 

presentation time: 0 T = IBOmsec, 0 T = 640msec. A 
T = 320msec. A T = 160msec. V T = 80msec, V 

T= 60msec, 0 T=40msec, n T = 30mscc. 
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Fig. IO. Square target fields of side A (= i?) were presented 
for Tmsrc in a noisy background. SNR thresholds for the 
impression of smooth movement are plotted as a function 
of T for the velocity I: = 2.08” set-‘. Parameter is the target 
width: c? A = 320’. 0 A = 160’. il. A = 80’, A A = 40’. 3 

A = 20’, m A = lo’. 

that detection of motion should be impossible for 

phenomena shorter than the delay time. This may be 

taken as an indication that there exists a continuous 

spectrum of (A, T) values, a notion that was also 

suggested by the recruitment effect described in the 

first experiment. Moreover. the pure delay in the 

Reichardt machine is of course an idealization. In 

practice, a leaky integrator appears physiologically 

more reasonable and this would automatically entail 

a finite response of the mechanism for a range of 

velocities. In previous experiments we have indeed 

obtained abundant evidence for an appreciable tun- 

ing width (van Doorn and Koenderink, 1982~ 1983). 

The theoretical prediction that the SNR would 

depend primarily on the product of target area and 

presentation time is not borne out. In fact, in the low 

threshold region we have (very roughly) a 

dependence 

SN Rt,,rer~o~~ = T;--. 
- - I 
3000 

This may be due to recruitment, but to ascertain this 

a further study is necessary. For the size of the target 

field we find a hard limit of IO’. which is four times 

larger than the theoretical limit (A). This is in 

agreement with the previous experiment. Even for 7 

= 30msec (3 successive frames) an impression of 

coherent motion is possible. 

This result can be partly compared with that of a 

study by Morgan and Ward (1980) who determined 

the parameter region for which an impression of 

coherent motion is obtained when successive pairs of 

Li (min of arc) 

Fig. I I. Contours of equal StiR threshold for the data 
presented in Figs 9 and IO are here plotted in the parameter 
(A. T) plane. The contours are obtained through linear 
interpolation. The contour SNR = 7: is the boundary of 
the shaded area that contatns the parameter values for 
which no impression ofcoherent motion is obtainable at all. 

random dot patterns arc present& wtth the spatral 

shift and the intcrstimulus times as variables. For the 

shift used in our experiment (1.75’) their “motion 

identified” region extends from interstimulus times of 

5-60mscc. In our cast the frame repetition period 

was IOmscc. and thus well within their “motion 

idcntificd” rqmn. 

This study has yicldcd several new results. We hnvc 

shown that the detection of cohcrcnt motion is 

possible when only a very few basic correlator units 

are stimulated, whereas the periormance improves 

when the number of stimulated units goes up to IO4 

or more. We have identified cases in which the 

threshold SNR varies in accordance with a simple 

pooling model. Howcvcr. we also have found 

evidence of the recruitment of units of different size. 

In general, the minimum target area in which 

coherent motion can be detected is obtained when 

the stimulus is presented in the form of a narrow strip 

elongated in the direction of motion. The minimum 

width and length of the strip are connected with the 

geometrical properties of the Reichardt correlation 

units as obtained from independent experiments. 

These experiments have yielded some results which 

we have tentatively explained by means of the 

hypothesis of a continuous spectrum of correlation 

units, from which units can bc progressively recruited 

when presentation time or target size are varied. This 

notion certainly merits further study. The problem is 

a complicated one because the individual units are 

certainly not sharply tuned, but respond to a certain 

restricted range of velocities. In order to be able to 

predict the course of SNR thresholds as a function of 

spatiotemporal variables it would be necessary to 

know the tuning properties and the density of 

correlators with different parameters that arc 

stimulated on a supra-threshold level 
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