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Speed of apparent motion and
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The speed of apparent movement of a stroboscopically illuminated spoked wheel was measured
by counting the number of spokes passing a particular position per unit of time. This measure
gave very stable values of speed, which compared closely to predicted speeds calculated from stimu
lus onset asynchrony and angular displacement values. The results provide, for the first time,
a reliable measure of speed of one form of apparent motion. The traditional explanation for the
wagon-wheel effect in terms of beta motion is discussed in light of several differences between
the classical demonstrations of apparent motion and stroboscopic motion as seen on the wagon
wheel.

Regularly repeating stimuli, such as the spokes of a
rotating wheel, often appear to reverse their direction of
movement when presented stroboscopically. This effect,
known as the wagon-wheel effect (WWE), is commonly
seen in motion pictures and serves to highlight the artifi
cial nature of all movement perception experienced when
watching a movie. When a clockwise rotating wheel is
illuminated stroboscopically (e.g., by the frames of a
film), the successive exposures will catch the spokes
slightly before, after, or exactly in the position occupied
by other spokes on previous exposures. The wheel will
appear to rotate in a counterclockwise or clockwise direc
tion or will appear to be stationary. Wertheimer
(1912/1961) proposed that the WWE is a form of beta
motion, the form of apparent object motion seen between
a pair of briefly presented stimuli under suitable spatial
and temporal separations. More complex forms of appar
ent motion, such as that between two- or even three
dimensional outlined geometric figures, have been studied
extensively (e.g., Foster, 1975; Kolers, 1972), although,
as we discuss later, it is not certain that they can all be
classed as beta motion.

In a previous study, we examined the WWE under a
variety of stimulus and exposure conditions (Finlay, Dod
well, & Caelli, 1984) and argued that beta motion was
an inadequate explanation for some of the effects we ob
served with even the simplest display, in this case a rotat-
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ing black wheel with four white spokes illuminated
stroboscopically. We found that nearest-neighbor relation
ships (NNRs) would predict motion velocity (direction and
speed), although the specification ofNNRs was not itself
simple, requiring the postulation of a filter to mediate
spatiotemporal separations. In other words, apparent mo
tion (AM) could not be predicted from simple physical
or geometric principles. Moreover, at moderate and high
rates of flicker, both visual persistence and masking com
plicate the picture, and AM can be generated between
spokes that are currently illuminated and persisting im
ages of other (or the same) spokes. The actual rotation
rate of the wheel can bias the direction of AM at certain
flash frequencies. It was also necessary to postulate a top
down organizational process to determine a best fit of the
complex spatiotemporal display to the smooth, uniform
motion actually perceived. We were able to model the
process with some success, but the picture that emerged
was of a highly interactive system in which the WWE is
strongly constrained by coding and organizing characteris
tics of the observer's visual system.

There have been many discussions about the perceived
velocity of apparent motion, but no successful analysis
of the situation has been given before in detail. Kolers
(1972), for instance, argued that the calculation of per
ceived velocity was not possible because it was not clear
what the appropriate temporal parameter was. This con
clusion was reached after lengthy consideration of both
interstimulus interval (lSI) and stimulus onset asynchrony
(SOA) measures. A similar problem arises in deciding
about the appropriate spatial parameter. For instance,
many studies have shown that proximal distances may not
be the appropriate measures of interstimulus separation
(Attneave & Block, 1973; Finlay, 1982; Rock & Eben
holtz, 1962). Kaufman, Cyrulnik, Kaplowitz, Melnick,
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and Stoff (1971), with a very limited set of stimulus con
ditions, proposed that AM occurs at velocities greater than
those at which objects in real motion can be seen clearly.
Bartley (1941) expressed the belief that AM may have
a narrower range of speeds than does real motion (RM).
No one has previously found a paradigm within which
speed of AM could be accurately and easily measured,
so there has been no ready way to compare AM and RM.

The issues we address are (1) the nature of the spatial
and temporal parameters underlying the AM seen in the
WWE, (2) the question of whether the WWE is related
to beta motion, and (3) the question of how perceptual
organization enters into the picture.

GENERAL METHOD

Subjects
Complete data from one subject (D.F.) were collected in the three

experiments reported. Less extensive results were obtained for other
subjects in each of the experiments as a check on generality. The
results of these subjects showed no differences from the highly regu
lar pattern of results shown by D.F.

Materials
A direct-eurrent synchronous motor (BodineElectric Companies,

Series 200 Control Motor NSH lQR Type) with speed control was
used to rotate a 6O-mmblack disk with four equally spaced, 1 mm
wide, white radii in a counterclockwise direction. At the viewing
distance of 1,000 mm, the black disk subtended a visual angle of
3.5°. The stroboscopic illumination was produced with a detacha
ble light box and timing equipment from a Gerbrands four-field
tachistoscope. This device allowed strobe on and off times (and
hence strobe frequency), as well as the illuminance on the display,
to be varied independently.

EXPERIMENT 1:
Apparent Motion as a Function of SOA

Procedure
The speed of the wheel was constant at 10 Hz and the wheel ro

tated in a counterclockwise direction. We used temporal frequen
cies in the range of about 8-16 Hz. Under these conditions the
spokes appear to move at a steady angular velocity (for a given strobe
frequency), which can be easily measured by counting the number
of spokes appearing to pass a given position (usually the lower ver
tical radius) per unit of time. The display was always viewed
binocularly.

Eleven "starting point" combinations of strobe on and strobe
off durations were chosen: 40/60, 50/50, 60/40, 75/25, 25/75,
40/51,40/41,60/31, 75/16, 75/2, and 1/99 msec, with the first
number of each pair being the on duration and the second the off
time, or lSI. For a given combination of duration and lSI selected
from the above list, the apparent rotation speed was measured and
the direction of movement noted. The lSI was then increased by
1 msec, thereby changing the effective strobe frequency, and mea
surements were taken of apparent speed and direction. The lSI was
again increased by 1 msec and further measurements were made.
This process continued until the speed of AM was too fast to mea
sure or until the AM display became unstable. Then, returning to
the same starting point, the lSI was decreased in l-rnsec steps until
the same conditions of instability were met. Likewise, with the lSI
constant, the duration value was increased in l-rnsec steps from
the starting point and measures of speed and direction were made
for each millisecond change. The duration values were then

decreased from the starting point. When a series of both increases
and decreases to both lSI and duration had been completed for a
given starting point, another starting point was selected and the
process was repeated.

In this way about 10 data points were obtained for each approxi
mately 0.2-Hz increment in strobe frequency between 8 and 16 Hz.
As is apparent, the values selected for starting points provided a
wide range of durations (from 1 to 74 msec) and lSI values (from
2 to 99 msec) and allowed for an examination of symmetry in the
effectsof duration and lSI. Some of the values chosen replicate those
used in an earlier study (Finlay et aI., 1984).

Results
In Figure 1, speed of rotation is plotted against strobe

frequency, both measured in hertz. The apparent speed
of the wheel increases linearly with respect to strobe fre
quency, regardless of the duration/lSI combination. That
is, the speed is independent of the stimulus duration and
the data are well described by an onset-to-onset measure,
or SOA. This contrasts with normal beta motion between
two discrete points, which cannot be fully described by
SOA (Kolers, 1972); in that case the actual temporal
parameter is difficult to specify. A second point is that,
under our conditions, apparent speed is symmetrical for
clockwise and counterclockwise motion; the actual direc
tion of wheel rotation has no biasing effect for any of the
stimulus duration values used. It is interesting to note that
although SOA determines the speed of AM, the on com
ponent of the strobe cycle determines certain other fea
tures of the very complex displays that are generated. For
instance, during a l-msec exposure at the rotation rate
used, a given spoke moves 3.6°, whereas during a 75
msec exposure it travels 2700

• At the I-msec exposure
four thin white spokes are seen, whereas at longer dura
tions wedges of various sizes appear, and they generally
appear to be moving at a steady angular velocity. Obvi
ously, with passes as great as 270°, the path swept by
one spoke will overlap that swept by its predecessor, so
doubly stimulated overlap regions are also seen, as are,
in some displays, light and dark regions resembling Mach
bands. Regardless of these large variations in display
properties, the speed ofapparent motion remains the same
for a given SOA. Thus the perceived AM is not affected
by the area swept by each spoke as it is illuminated. Ap
parently it is the physical leading edge of a wedge, created
by the illuminated spoke, that determines the speed and
direction of AM.

The direction of AM is readily understood. At 10 Hz
(and at 13.3 Hz), the four-spoke wheel exactly repeats
itself and the wheel appears to be stationary. For strobe
rates just above 10 Hz (and 13.3 Hz), the spokes fall short
of exact repetition and, as with classical AM, movement
is from the initial to the subsequent exposure; that is,
clockwise. The counterclockwise motion is similarly ex
plained. For strobe rates of about 9 and 11 Hz, the dis
play becomes unstable, as the currently illuminated spoke
finds itself approximately midway between two spoke p0

sitions exposed on the previous illuminations. Crossovers
from clockwise to counterclockwise as a function of strobe
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Figure 1. Averaged judged rotation speeds for all interstimulus interval combinatioos (strobe frequencies) andjudged
direction of IDOvement. Tbe error bars are standard. errors, which for most points are included within the data point
markers. Tbe crossing points at 10 and 13.3 Hz are points of exact repetition for the pattern and rotation rate used.

rate are very rapid in these regions (cf. Finlay et al.,
1984). Experiment 1 thus demonstrated that SOA pro
vides an adequate description of the temporal parameter
underlying the WWE and, furthermore, that the actual
direction of the movement of the wheel did not bias the
speed of apparent rotation.

EXPERIMENT 2:
Effect of Wheel Rotation Rate

Procedure
Only one combination of duration and lSI, 1/99, was used as a

starting point in this experiment. The lSI was varied in I-msec steps,
as before, to produce a range of temporal frequencies from 8 to
12.25 Hz. The speed and direction of the AM were measured at
each increment or decrement in lSI over the entire range of tem
poral frequencies. This was repeated for each of the following ro
tation speeds of the wheel: 1,2, 2.2, 3, 4, 5, 6, and 7 Hz.

Results
The effects of changing strobe frequency for different

rotation rates of the wheel are illustrated in Figure 2.
Several of the curves, for example, those for 6- and 4-Hz
rotation rates, have two limbs. It is not possible to con
nect them because AM becomes unstable in the regions
between the limbs, for instance, between the 9- and lO-Hz
strobe rates for the 6-Hz rotation rate. Apart from these
regions, the obvious feature of the curves is their ex
tremely regular nature.

These data can be explained on exactly the same basis
as the findings of Experiment I. Consider the strobe fre
quency of 8 Hz (duration I msec, lSI 124 msec); at this
strobe frequency the 2-, 4-, and 6-Hz rotation rates will
produce exact repetitions by traveling 90°, 180°, and
270° , respectively. Small increments or decrements from

these values induce prograde or retrograde AM, as be
fore. Similarly, the 3-,5-, and 7-Hz rotation rates cross
the zero AM axis at 12, 10, and 9.33 Hz, respectively,
the values at which the spokes travel through 270°, 180°,
and 90°. The three curves also converge in a point at
8 Hz, with rapid counterclockwise AM. At that strobe
rate, the successive displacements are 315°, 225°, and
1350, respectively, that is, just halfway between exact
repetitions. These are the greatest displacements possi
ble and perceived speed becomes unstable, as does the
direction of apparent rotation. Following similar logic,
the other crossing points can be explained. For example,
a rotation rate of 2.2 Hz was selected to include a nonin
teger value. At this rotation rate, the wheel traverses
0.792°/msec per flash and will therefore travel 90° (an
exact repetition rate) after approximately 113 msec-a
strobe rate of 8.8 Hz.

The data for the I-Hz rotation rate appear to provide
a lower bound to the effect. As in the other curves, the
missing data refer to points at which the AM was either
unstable, that is, oscillating, or too fast to measure. It is
important to note here, as we did earlier (Finlay et al.,
1984), that the apparent number of spokes seen can in
crease with strobe rate, the persisting spokes generally
contributing to the instability seen at high strobe rates.
This issue will be taken up later.

EXPERIMENT 3:
Apparent Motion as a Function

of Spatial Separation

There have been many discussions about the perceived
velocity of AM. Kolers (1972), for instance, argued that
"we do not know at present how best to calculate the per-
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Figure 2. Averaged judged rotation speed as a function of strobe frequency. For all judgments of speed, on duration was 1 msec,
The parameter appearing beside each curve is the rotation rate of the wheel.

ceived velocity of the illusory object" (p. 19) because,
among other things, it was not clear what the appropriate
temporal parameter should be. Experiments 1 and 2 show
that SOA provides an adequate parameter for-the WWE
and that the range of speeds reported here for AM lies
comfortably within the range over which RM is seen. Two
questions remain: Can we find a simple and appropriate
spatial parameter to describe the WWE motion effects?
How closely is the WWE related to the beta motion clas
ically defined as object AM between collections of two
or more discrete displays?

Experiment 3 examined the possibilitythat the appropri
ate spatial variable is the angular separation between an
illuminated spoke and its position at the next flash. That
is, for a given constant rotation rate and a given constant
strobe rate, successive exposures will illuminate the
spokes either in exactly the positions previously occupied
by spokes (exact repetition) or in positions at fixed angu
lar separations from the positions occupied by spokes at
the onset of the previous flash (Experiment 1). This may
seem to be too obvious a matter to be worth investigat
ing, but it should be noted that defining "nearest neigh
bor" in terms of spoke position implies a definite hypothe
sis about the way in which the display is perceived. At
the 5-Hz rotation rate used here, a l-msec increase or
decrease in SOA changes the angular separation between
spokes by 1.8°. The actual separation between "cor
responding" points on the two spokes varies systemati
cally, of course, as a function of their distance from the
center of rotation.

Procedure
The four-spoke wheel was rotated in a counterclockwise direc

tion at 5 Hz and the strobe frequencies were varied in l-msec steps
around the center frequencies, 80,40,20, 10,5,4,3.33,2.5, and
2 Hz, all of which provide exact repetitions of the stimulus pat
tern. The exact repetitions at these strobe rates require some ex
planation. Obviously, any progression through 90 0

, or a multiple
of 90° , will result in exact repetition for a four-spoke wheel. This
angular displacement occurred at a strobe rate of 20 Hz, whereas
the strobe rates of 10, 5, 4, 3.3, 2.5, and 2 Hz produced multiples
of900-2, 4, 5, 6, 8, and 10, respectively. For the 40- and SO-Hz
strobe rates the angular displacements for each strobe were 45 0 and
22.5 0. Displacements of this size for lower strobe rates would natu
rally produce AM, but this does not occur here, presumably be
cause of persistence (see below). The speed and direction of the
AM were measured as before for values on either side of the nine
center frequencies above, that is, by incrementing and decrement
ing the SOAs for the center frequencies in I-msec steps.

Results
In Figure 3, speed and direction of motion are plotted

against displacement angle away from exact repetition,
with the strobe center frequency as the parameter. Again,
it is clear that the data are very systematic and indicate
that increases in strobe frequency result in faster and faster
AM for a given angular displacement. In fact, the speed
of AM can be predicted almost exactly if the angular dis
placement and the appropriate SOA value are known:
speed of AM rotation = angular displacement/SOA. For
example, consider the angular displacement of -16.2°
that is, an angular displacement of 16.2° away from ex
act repetition, leading to clockwise AM. For the lO-Hz
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center strobe frequency curve, exact repetition (0°) oc
curs for an SOA of 100 msec and the 16.2° displacement
with a 9-msec decrement in this SOA (i.e., 9 X 1.8° =
16.2°, the SOA being 91 msec). The predicted value of
perceived rotation will therefore be 0.49 Hz [(16.2 X

1000)/(360 X 91)], compared with the measured value
of 0.5 Hz. Similar calculations can be made for any point
on the figure. The correlation between the measured
values of apparent rotation speed and calculated or
predicted speed for the data points in Figure 3 is 0.99.

Certain complications arise at higher strobe rates be
cause of visual persistence (see Finlay et al., 1984). For
example, at 40 Hz, the 4-spoke wheel is stationary and
appears to have 8 spokes. Exact repetition will occur,
then, if the wheel traverses 45°. Similarly, at 80 Hz, the
4-spoke wheel appears to have 16 spokes, and exact repe
tition therefore will occur with displacements of 22.5°.
Displacementsaway from exact repetitioncan be displace
ments from immediately preceding strobe flashes or from
flashes two or three strobes earlier. It is important to note
that when these persisting spokes move, they do so with
the same apparent velocity as other spokes. In fact, it is
not possible to discern which are spokes resulting from
more recent strobe flashes.

The insert in Figure 3 is an attempt to display the data
in a form more directly comparable to the usual method
of depicting beta motion. The data graphed are speeds of
clockwise apparent motion against center strobe fre
quency, the parameter being angular displacement away
from exact repetition. For large angular displacements,
the center strobe frequency range over which AM occurs
is quite narrow, and with decreasing angular displacement
both the strobe frequency range and the apparent speed
measured increase.

DISCUSSION

It is clear that apparent speed of the WWE in the con
ditions of these experiments is determined by SOA and
the angular displacement of successively illuminated
spokes away from exact repetition. Such a simple con
clusion has never been possible with the classical beta mo
tion displays. There are certain differences between the
AM of the WWE and the beta motion of the traditional
demonstrations. In the first place, we note that our cal
culations of predicted speed involve angular displacements
on the wheel, but not visual angle subtended at the eye.
It is well documented that AM in two-point displays is



34 FINLAY AND DODWELL

very dependent upon visual angle (Neuhaus, 1930), but
doubling the viewing distance to the wheel, and thus vary
ing visual angle substantially, has no effect on the speed
of apparent rotation. In other respects, too, the WWE is
incredibly robust; it is not affected, within obvious limits,
by the ambient illumination or the strobe intensity. It is
also unaffected by contrast reversal (black spokes on a
white wheel). The WWE thus displays many of the con
stancy properties associated with physical objects and real
motion.

Differences between the WWE and beta motion can be
summarized as follows. (1) The WWE is seen over a wide
range of temporal frequencies, whereas the temporal fre
quency range of visual beta motion is quite limited (Caelli
& Finlay, 1979; Finlay & Caelli, 1979). (2) As pointed
out above, visual angle subtended is a critical variable in
beta motion, but, at least for the limits used here, it is
not critical for the WWE. (3) The occurrence ofbeta mo
tion varies with stimulus duration, but for the WWE
stimulus conditions of these experiments, duration is not
at all critical. Given these differences, is it reasonable to
suppose that the WWE is just another manifestation of
beta motion, as Wertheimer (1912/1961) suggested? In
fact, although many alternative displays that give rise to
AM have been described, we lack an effective taxonomy
for AM or a consistent set of experimental paradigms that
define it. It is clear that factors of figural organization
play an important role in many cases (e.g., Caelli & Dod
well, 1980; Kolers, 1972), but the nature of the percep
tual organization involved has not always been clearly
identified. Ullman (1979) proposed that the correspon
dence process in AM is "low level and autonomous and
that it establishes matches between elementary constituents
of images on the basis of built in affinity measures and
local interactions" (p. 8). This proposal is too vague to
be useful, unless its terms are defined. Nevertheless, our
findings are consistent with it, to the extent that they are
explicable in terms of SOA and angular displacement.
This implies that spokes are image primitives, and that
angular separation is the appropriate nearest-neighbor (af
finity) measure. Thus a particular perceptual organiza
tion leads to a specific form of AM, and the question to
ask is whether it is sui generis or is to be subserved un
der a more general category such as beta motion.

In view of the number of differences we have identi
fied between the WWE and beta motion, it is tempting
to claim that they are separate phenomena. On the other
hand, the rate of spatiotemporal sampling, or the amount
of interpolation leading to the perception of motion, is
very different in the two cases. It is possible to obtain
a rotational component in AM between two nonparallel
lines, which seems to have classical beta motion charac
teristics. A wide range of AM with different rotational
components is possible right up to the full WWE, but the
properties of these displays have not been explored. It is
not known whether the robustness, constancy properties,
and ease of measurement of the WWE are mainly due to

the perceptual organization per se (a spoked wheel rotat
ing), to overdetermination through high sampling rates
that may approximate the stimulating conditions of real
motion, or both.

Contrary to some claims (e.g., Kaufman et al., 1971),
the range of speeds over which the WWE can be mea
sured overlaps the range of speeds for the perception of
RM. Perhaps more interestingly, there is no interaction
under the conditions of these experiments between the RM
of the wheel and the speed of AM reported. That is, there
is no biasing of the WWE's AM in the direction of the·
actual rotation of the wheel. This was unexpected, as
several studies have shown effects of RM on the percep
tion of AM (Clatworthy & Frisby, 1973; Finlay et al.,
1984; Green & von Griinau, 1983). Our results do not
speak directly to the issue of the relationship between RM
and AM, but they do suggest that the possible differences
in processing mechanisms for translational and rotational
components of both forms of motion are worth further
exploration.
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