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Visual Movement 

The perception of movement _corresponds only partly with the actual 

speed of objects in the field of view. First, apparent movement slows down 

during viewing. Secondly, a striking afterimage of movement is 

observed when the field of view is brought to a standstill. This applies 

equally to horizontal movement (train panorama effect) and to vertical 

movement (waterfall effect). It also applies equally to rotary move

·ment (gramophone disc effect) and to contracting or expanding patterns 

(size effect). Thirdly, in Wertheimer's phi-phenomenon, two lights 

which are alternately switched on and off will sefjm to swing back and 

forth right across the dark gap between the lights. 

The afterimages are confined to the area of the retina exposed to 

the moving object and to its immediate surroundings. This property 

provides a major argument against the hypothesis that the illusions of 

movement are caused by a persistence of the tracking movements of 

the eye. 

In fact, the phenomenology of both the slowdown and the negative 

afterimage is adequately described by Gibson's (1937) principle of 

"adaptation with negative after-effect." Recently, Taylor (1963) care

fully measured the decay of the negative afterimage of rotating 

irregular patterns. 
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Neurophysiological Background 

Gibson's principle applies equally to movement, color, brightness, 

heat, etc. MacKay (1961a) ventured the idea that the visual system 

might incorporate "detectors of motion as such." Lettvin, Maturana, 

McCulloch, and Pitts (1959) discovered "moving-edge detectors," 

neurons specifically sensitive to movement in a particular direction, 

in the visual system of the frog. Similar neurons were discovered by 

Hubel and Wiesel (1959) in the visual system of the cat and by Barlow 

and Hill (1963) in that of the rabbit. 
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The existence of movement detectors in the human visual system is 

still a matter of inference. 

A Model of Movement Detectors and Its Consequences 

It seems inevitable to assume that a neuron, in order to react 

specifically to movement in a particular direction, must obtain its 

information from at least two retinal receptors, Rs and~. spaced 

some distance A apart and characterized furthermore by a time constant 

T (see Figure 1). 

Fig. 1. Model of a movement detector. (Two retinal recep
tors R1 and Ra, spaced A apart, feed into the movement de
tector MD. The movement detector reacts if the light L first 
hits receptor JR.1 and then, after or within a time T, hits 
receptor Ra.) 

The operational requirement of this unit would be that the neuron 

responds if and only if receptor R1 is stimulated first and receptor Ra 

at or within a time T later. Then this simple space-time coincidence 

unit will act as a movement detector (MD). It will re13pond only to the 

component of movement in the direction of its two receptors and within 

a certain range of speeds determined by its .X and T. 
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Let us assume that the human perception of movement takes place 

by virtue of such movement detectors. We do perceive movements in 

all directions anywhere in the field of view. Hence the visual system 

should have detectors of different orientations in each area of the 

retina. 

This model elegantly accounts for the phi phenomenon since the 

movement detector will report movement when one light moves 

continuously from receptor R 1 to receptor ~, but equally when one 

light strikes R 1 first and then another light strikes R 2• In fact one 

movement detector would be unable to distinguish between these two 

widely different stimulus patterns. 

We perceive a wide variety of speeds. This could be explained by 

two different hypotheses. First, we can assume that all detectors 

respond universally to any speed. Then the measure of movement 

would be given by the number of detectors responding per second. 

Second, we can assume that the individual detectors respond specifically 

to particular speeds V. This wpuld involve a range of either X's or T's 

or both for each area of the retina. In either i::ase, however, -the 

assumption of a finite spacing ;\ between the two receptors feeding 

into one movement detector leads us to an inevitable consequence. 

Suppose a regular black- and-white striped pattern moves across 

the retina. If the spacing S between the stripes is large compared to 

the receptor spacing ;\ then the movement detectors will obtain faithful 

information on physical speed. If, however, Sis of the order of 

magnitude of ;\ stroboscopic illusions should occur. 

Such subjective stroboscopic illusions were demonstrated beautifully 

by Hassenstein and Reichardt (1956), by Reichardt and Varju (1959), 

and by Gotz (1964) for the facet eye of insects. When the insect follows 

a regularly striped pattern with spacing S, a reversal of the direction 

of flight was found when this spacing, in terms of angle, became of 

the order of the angle ;\ between adjoining facets (see Figure 2). This 

is readily understood in terms of the moire pattern produced by two 

superposed regular gratings of almost identical spacing. 

The unavoidable consequence drawn from our model of movement 

detectors thus boils down to stating that the visual perception of the 

vertebrate eye, as far as movement is concerned, should display 

certain characteristics of the insect's facet eye . 
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Fig. 2. Reversal of movement. (A regular pattern with a 
spacing S larger than the spacing ,\ between the receptors is 
moved in counterdirection across the retina. The stripe L 1 
will hit receptor R1 first. Then~ will strike R2 .Hence the 
movement detector will report a movement which is the re
versal of the physical movement.) 

Experimental Considerations 
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In order to put the expected stroboscopic illusion to a test the follow

ing considerations were made: 

1. Unidirectional movement of parallel stripes was considered un

favorable since precautions would have to be taken against the 

natural tendency of tracking. 

2. Perceptual cumulation over not too small an area around the 

fovea was expected to enhance the illusion. 

3. Visual inacuity and the diameter of cumulation areas increase, in 

first approximation, linearly with the distance y; from the fovea. 

It was guessed that the average receptor spacing ,\ might increase 

similarly with Y'· Hence the spacing S of the black-and-white 

pattern should also increase with If· 
These considerations led to the choice of rotating discs with radial 

black-and-white sectors (see Figures 3 and 4). A set of 17 discs of 

30-cm diameter was made in which the number of black-and-white 

sector-pairs ranged between n = 1 and n = 90. The characteristic 

constants of such rotating discs are given by the sector angle rp = 
3600 , 
n 

which is independent of viewing distance and the frequency f at which 

sectors pass any point of the retina. This frequency f is given by 

f = ng if g is the turning rate of the disc. 

Experiments 

Though most of the phenomena to be described can be seen to some 

extent with all discs investigated, the most striking results were 

obtained with n = 18-60 sector-pairs. 
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Fig. 3. Sector discs and wedding cake cylinders. (Seven
teen discs with n = 1-90 sector pairs were used. The cylinders 
have 24 and 8 stripe pairs, respectively. When mounted on 
a gramophone turntable [50 cps, 78 rpm] the stripe frequencies 
are 3'!.2 and 10.4 cps. respectively. Changing the driving 
frequency permits easy alteration and calibration of the stripe 
frequency.) 

When slowly rotating any disc in daylight, while fixating the center, 

one clearly sees the slowdown in apparent movement. The same can 

be said for the negative afterimage of movement, which often is still 

perceptible after an hour or even longer. 

For sector frequencies below f = 5 cps the pattern gains in contrast, 

the black sectors becoming velvety black, the white ones shiningly 

white. The edges have colored fringes and, though remaining rather 

sharp, have a wavy appearance. 

At f = 8-12 cps the first stroboscopic effect sets in (a-stroboscopy). 

The pattern is still distinctly black and white. The disc partly seems 

to come to a standstill while other sectors look as though they are 

performing a hurdle race over the standing ones. Central fixation is 

still necessary. 

At f = 30-35 cps the distinctness of the pattern has all but dis-
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Fig. 4. Panel of nine sector discs. (Nine sector discs with 
n = 15, 18, 24, 30, 36, 45, 60, 72, and 90 sector pairs are 
mounted on a panel. The discs are coupled in such a way that 
all sector frequencies are equal. Thus, e.g., the disc with 
n = 90 sector pairs turns six times as slowly as the disc with 
n = 15. With this panel it can be ascertained whether the 
frequency f at which the reversal of movement [ {3 -stroboscopy] 
occurs is dependent on the number of sector pairs.) 

appeared. At times a definite counterrotation1 is seen of a grayish 

striped pattern ( /3-stroboscopy), very similar to the normal strobo

scopic pattern when viewing with ac lighting. Central fixation is 

helpful but not necessary. 

49 

At f = 40-100 cps the disc appears almost uniform except that at all 

lThis effect was first demonstrated at a meeting of the Royal Nether
lands Academy of Sciences on April 25, 1963. 
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sector frequencies a standing grayish pattern is seen (see Figure 5) in 

a quivery sort of standstill ( y-stroboscopy). This phenomenon is 

totally independent of fixation. At odd moments a part of the almost 

uniform disc is seen in a flash as a black-and-White zebra patch 

(Figure 5). 

Fig. 5. r-stroboscopy and zebra patch. ( [ Drawing of the 
author's impression.] At sector frequencies f = 40-100 cps a 
grayish pattern of sectors .is seen in quivery standstill [ y
stroboscopy]. At odd moments a clear black-and-white zebra 
patch is seen, the location of which on the disc is indicative of 
the direction and speed of the saccadic eye movement which 
causes it.) 

Discussion 

The heightened· contrast at low turning rates is easily understood by 

considering that each sector runs in the wake of the negative after

image of its predecessor. 

The reversal of rotation observed at f = 30-35 cps ( {3 -stroboscopy) 

was the one we set out to demonstrate as a consequence of the hy

pothesis of the paired receptors R 1 and ~ • This reversal was clearly 

seen by many observers with discs covering a wide range of n = 15-90. 

Very much to our surprise, though, the required sector frequency 
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turned out to be about 30 to 35 cps for all discs. Moreover this 

frequency is scarcely dependent, if at all, on illumination level up to 

bright sunlight. This is the more surprising since the critical fusion 

frequency is known to be strongly dependent upon illumination level. 

The higher the level of illumination the more pronounced the effect of 

reversal of rotation becomes. 

The /3 -stroboscopy is thus determined by a universal time constant 

2T = 30 msec ± 10%. Then, if the speed observed is determined by the 

relation between A and T, the consequence is that the A 1s cover a wide 

range of values. Since the reversal is also seen in noncentral fixation, 

proof is lacking as to whether we were right in guessing that the 

average spacing increases with increasing distance from the• fovea, 

Yet, sectors with low n often show the reversal more pronouncedly in 

peripheral rather than in central vision. 

The partial standstill above f = 8-12 cps ( a-stroboscopy) was not 

predicted by our simple model. It provides a test, however, to any 

more detailed assumptions regarding its properties. 

The black-and-white zebra patches are evidently caused by saccadic 

eye movements. If the eye makes a sudden jerk in a certain direction 

with a certain speed, a particular part of the rotating disc will throw 

a standing image on the retina. It is easily seen that the compass 

direction on the disc correlates with the direction of the jerk and the 

distance f from the center with the speed. Moreover the width of the 

zebra patch in the direction of f should give some indication of the 

duration of the jerk. 

Thus the zebra patches provide an extremely simple and elegant way 

of entoptically observing saccadic eye movements and even of obtain

ing their statistics in terms of rate, direction, speed, and, to some 

extent, duration. 

The y-stroboscopy at frequencies above f = 40 cps, consisting in a 

quivery sort of standstill independent of frequency, baffles us for an 

explanation. As far as we can judge, it is either due to slight ir

regularities in rotation, or to the irregular movements of the eye which, 

according to Ratliff and Riggs (1950), have an amplitude up to two 

minutes of arc and frequencies between 30 and 70 cps. 

We did find that similarly small movements of the field of view 

(e.g., by looking through a vibrating mirror) or of the eye (by applying 

a vibrator to the upper eyelid) cause a striking standstill, often of 

surprising sharpness, if the vibrator frequency is in synchronism with 
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the sector frequency. Also the smallest shock to the eye. as caused 

even by clenching one's teeth. is sufficient to see a momentary st.and

still. In both cases the evidence points strongly towards the assumption 

that the standstill is caused by the moments of standstill of the image 

on the retina. In both cases, be it irregular rotation or irregular eye 

movements, the retina would obtain many glimpses a second of a 

standing pattern which, since its phase would be different from glimpse 

to glimpse, would lead to the observed quivery aspect of the standstill. 

Even though we feel satisfied that irregular eye movements could ex

plain the very phenomenon observed, we are not certain that minute 

irregularities in disc rotation can be ruled out as a possible cause. 

Other Phenomena 

Of the many phenomena encountered, we particularly want to draw 

attention to the three following ones. 

The Fast Swirl. If, immediately after looking at a slowly rotating 

disc, the eye is shifted towards a dark surface, a fast and fine-grained 

countermovement is seen. lasting for no more than second or two. 

This swirl is evidently identical with the one described by MacKay 

(1961b) after looking at standing sector discs. MacKay's observations 

on the swirl may be interpreted in terms of the aftereffects induced 

in the motion detectors by the small erratic movements of the eye. 

The swirl, as observed as a brief afterimage of a rotating disc, has 

three curious features: 

1. It is very fine-grained, possibly as fine as the resolving power of 

the eye. 

2. The center rotates faster than the outside, It is not inconceivable 

that its angular speed across the retina is a constant which is 

vaguely estimated at some 20° -30° per sec. In any case the 

speed is far in excess of the initiating sector speed of say 

5 ° -10° per sec, 

3. This short-lived afterimage, though negative with respect to move

ment, is positive with respect to brightness. It is seen as a 

persisting sensation of brightness, preferably against a uniform 

dark background. The long-lived afterimage of movement, 

though also negative with respect to movement, is negative with 

respect to brightness in that it is visible when viewing details and 

contours of a luminant field of view but scarcely, if at all, in total 

darkness. Hence it relates to the sensitivity of the visual system. 
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Subjective Stroboscopy in Everyday Life. The author, after having 

become familiar with the stroboscopic illusions, had many occasions 

to observe them in everyday life. If, from a train which is gathering 

speed, one looks in sunlight at the sleepers (ties) of the neighbouring 

track while keeping fixation constant in relation to .the window, the 

following phenomena are observed. Normally the sleepers are seen 

to run backward with respect to the train. At a sleeper rate of about 

10 cps the sleepers seem partly to run along with the train (a-strobos

copy). If the sleeper rate reaches the value of about 30 cps they 

suddenly seem to run ahead of the train ( {3 -stroboscopy). 

Similar phenomena are observed in car driving with regular white 

stripes on the road or with black-and-white blocks on curbs or on 

tunnel walls. It is evident that these stroboscopic effects, if by chance 

striking a casual observer, may lead to dangerous distraction of 

attention. 

Finally, it may be recalle.d that parallel striped designs of dress 

material often have a weird appearance. This is usually ascribed to 

astigmatism. We may now assume that it may be caused also by 

subjective stroboscopic illusions, arising if the striped pattern moves 

with appropriate speed acros.s the field of view. 

Mental Afterimages. The author, after intense occupation with 

the discs during the day before, often clearly "saw" the discs in dim 

light when waking up the next morning. The patterns were very clear, 

mostly in central fixation, often still, but at times rotating and without 

strict correlation with the number of sectors of the discs viewed the 

day before. It should be mentioned that normally the author is not 

subject to visual hallucinations and remembers having experienced 

them only a few times in his life. Therefore it is remarkable that 

the discs produce them so vividly and so repeatedly. 

Conclusions 

1. The idea is pqt forward that movement detectors in the visual 

system must operate by virtue of their connection to at least 

two retinal receptors. The detector model is then chara-pterized 

by the spacing A of the receptor pair and by a time constant T. 

2. This model offers an elegant neurophysiological explanation of 

the phi-phenomenon, since the movement detector will report 

movement either when a light passes continuously from its one 

receptor to the other or when a light strikes the first rec~ptor first 

and a second light strikes the second receptor somewhat later. 
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3. The consequence of this model is that a stroboscopic illusion of 

reversed movement should occur, e.g., when the spacing of a 

moving periodic pattern is slightly larger than the receptor 

spacing A. 

4. This illusion of reversed motion ( {3-stroboscopy) was observed 

indeed. The most pronounced effect was found with turning discs 

having n = 18-60 sector pairs. The time constant T was found 

to be a universal constant 2 T = 30 msec ± l0o/o (sector frequency 

f = 30-35 cps), scarcely dependent upon either pattern or 

brightness. Bright sunlight is most favorable for observing the 

illusion. 

5. These findings strongly support MacKay's hypothesis that 

"detectors of motion as such" exist in the human visual system. 

6. It may be assumed that the adaptive effects of subjective move

ment occur in the movement detectors proper or in their sub

sequent neurons. 

7. An illusion of partial standstill ( a-stroboscopy) was observed at 

sector frequencies above f = 8-12 cps. No explanation is put 

forward. 

8. At sector frequencies above f = 40 cps black-and-white zebra 

patches are seen. These are evidently caused by the saccadic 

eye movements, which would provide an exceedingly simple way 

· of obtaining the statistics of one''s own eye movements with re

spect to rate, direction, speed, and possibly duration. 

9. At sector frequencies f = 40-100 cps a grayish sector pattern in 

quivery standstill is observed ( y-stroboscopy). This pattern 

is probably due to minute and fast irregular eye movements, but 

could also be provoked by slight irregularities in the turning rate 

of the discs. In both cases the apparent standstill would be 

caused by the rapid summation of individual standstills. 

10. A fast swirl in reversed movement is seen for a few seconds on 

a dark background as a short-lived afterimage of a slowly turning 

disc. This swirl seems identical with the one observed by MacKay 

with stationary discs. It is much more pronounced, though, and 

of unambiguous direction. This afterimage, though negative with 

respect to movement, is positive with respect to brightness. The 

suggestion seems reasonable that, when viewing a.standing disc, 

~he erratic eye movements produce similar afterimages, which 

would then be seen in either of two directions. 
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11. In general it seems highly promising to reconsider all known 

phenomena of perception of movement in terms of movement 

detectors. This applies particularly to the illusions of movement 

when looking at optical noise. 

12. Most work on flicker phenomena was carried out with one light 

source only; hence with pure time flicker. The flicker fusion 

frequency is known to depend strongly on brightness. The 

phenomena described above are essentially a space-time flicker. 

The time constant 2 T = 30 msec was found to be independent of 

brightness. It seems very promising to pay more attention to 

space-time flicker in general. This would also apply to the 

curious illusions of color when viewing the Benham disc. 
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