
Perception & Psychophysics

1988. 43, 179-188

Apparent rotation in three-dimensional space:
Effects of temporal, spatial, and structural factors
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Several experiments were performed in an effort to determine the different combinations of
display parameters that can reliably elicit a perceptually compelling impression of a solid object
rotating rigidly in three-dimensional space. All of the displays were computer-generated simula­
tions of rigid objects rotating in depth under parallel projection. The parameters investigated
included the number of frames in the apparent motion sequence, the temporal and spatial dis­
placements between frames, the number of elements in the depicted object, and the structural
organization of those elements. The results indicated that there are large interactions among
these different parameters in their effects on the perception of structure from motion.

In a classic series of experiments performed over three
decades ago, Wallach and O'Connell (1953) demonstrated

that the pattern of optical distortion produced by a mov­
ing object provides perceptually compelling information

about its 3-D structure. Numerous computational anal­

yses have been reported in the literature in an effort to

provide a theoretical explanation of this phenomenon.

Some of these analyses have been primarily concerned
with smoothly varying patterns of optical flow, such as

those produced when an observer locomotes over a rigid

ground surface (Clocksin, 1980; Koenderink, 1986; Koen­

derink & van Doom, 1975, 1977; Lee, 1974; Longuet­

Higgens & Prazdny, 1980; Nakayama & Loomis, 1974;

Prazdny, 1980), whereas others have examined more

general configurations of moving objects, such as wire­

frame figures rotating in depth (Hoffman & Bennett, 1985,

1986; Todd, 1982; Ullman, 1979, 1984; Webb & Ag­
garwal, 1981).

A considerable amount of psychological research has

been designed to establish the psychological validity of
these analyses (Braunstein & Andersen, 1984; Braunstein,

Hoffman, Shapiro, Andersen, & Bennett, 1987; Doner,

Lappin, & Perfetto, 1984; Lappin, Doner, & Kottas,

1980; Lappin & Fuqua, 1983; Todd, 1981, 1982, 1984,

1985). Much of this research has focused specifically on

the theoretical limits suggested by different models on the
minimal number of points and/or views of an apparent

motion sequence required, in principle, to provide reli-
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able information about an object's 3-D structure. The basic

idea has been to compare these theoretical limits with the

perceptual capabilities of actual human observers.

It is important to keep in mind that even when a dis­
play is computationally sufficient to determine an object's

3-D structure, an observer may be unable to perceive that

structure because of spatial, temporal, or structurallimi­

tations of the human visual system. This is particularly

true for apparent motion sequences under minimal con­

ditions. If the individual views of an object are presented
too briefly, or its spatial displacements are too large, or

it is structurally too complex, a human observer may be
unable to cope with available information that would be

adequate, in principle, for an ideal observer.

To what extent do these biological limitations arise in

current research on the perception of structure from mo­

tion? There are surprisingly few data to answer this ques­

tion with any degree of confidence. Although there is a

vast literature on the perception of apparent motion, it
has been largely restricted to two-frame sequences depict­

ing simple translations in 2-D space. There is some evi­

dence to suggest that the results for this type of display
may not generalize to other conditions. Within the do­

main of 2-D motion, for example, Sperling (1976) ob­

served that the optimal timing and displacement

parameters for two-frame sequences may differ by an

order of magnitude from those that are appropriate for

multiple-frame sequences. A similar result was also ob­

tained for the perception of motion in depth. Shepard and

Judd (1976) reported that the perception of rigid rotation
from a two-frame apparent motion sequence in oscilla­

tion requires a minimal stimulus onset asynchrony (SOA)

of several hundred milliseconds-a value that is many

times greater than that typically employed with longer

length sequences (e.g., in cinematography).
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The present series of experiments was designed to ex­

amine the biological limits on the perception of structure

from motion over a much broader range of conditions than

has been considered in previous investigations. All of the

displays employed in these experiments were computer­
generated simulations of rigid objects rotating in depth

under parallel projection. The goal of the research was

to determine empirically the different combinations of dis­

play parameters that can reliably elicit a perceptually com­

pelling impression of rigid rotation in 3-D space. The

parameters investigated included the number of frames

in the apparent motion sequence, the temporal and spa­

tial displacements between frames, the number ofelements

in the depicted object, and the structural organization of

those elements.

GENERAL METHOD

Apparatus
Stimuli were produced using a Lex-90 graphics system and were

displayed on a 19-in. color monitor. When the red, green, and blue

phosphors of this monitor were illuminated together at maximum
intensity, they decayed by 97 % within 2 msec. The approximate
viewing distance was 115 em; there were no restrictions on ob­

servers' head or body movements. The stimuli were presented within

a rectangular region of the display screen that was 33 ern along the

horizontal axis and 26 cm along the vertical axis. The spatial reso­

lution within this viewing window was 320x256 pixels. Thus, each

pixel had a horizontal and vertical extent of approximately 0.1 cm,

producing a visual angle of approximately 3'.

To generate a moving display, up to nine separate images could

be loaded simultaneously into the graphics frame buffer. The ef­
fect of motion was obtained by presenting these images in rapid

succession, cycling back and forth through the sequence at a fixed

rate. The motion sequence was controlled directly by the graphics
processor so that each shift from one image to the next always oc­

curred within the vertical retrace period of the raster display cy­

cle. The refresh rate of the system was 60 Hz. Thus, the minimal

SOA that could be achieved was 16.7 msec. The interstimulus in­
terval (lSI) could also be manipulated by inserting blank frames

into the sequence, but the total number of frames, including blanks,

could not exceed nine.

Figure 1. Examples of stimulus configurations used in the present
experiments. Clockwise from upper left are a 4-line configuration
from Experiments 1-5, a 64-1ine configuration from Experiments 6
and 7, a 4-line configuration with 4 dots per line from Experiments
8 and 9, and a SOCklot cylindrical surface from Experiments 10 and
11.

bility density functions of projected displacements for the different
rotation angles (6°, 18°, and 30°) and spatial configurations used

in our experiments. Each of these curves was generated empiri­

cally from a sample of 1,200,000 displacements.

The number of frames in a display sequence and their timing were

varied in the different experiments. A O-msec lSI was used in all

cases, except in Experiment 5, in which lSI was systematically
manipulated for two-frame sequences. In several other experiments

the SOAs were varied between 33 and 800 msec, and the number

of distinct frames in a sequence was varied between two and nine

for a wide range of accompanying conditions.

Visual Angle (min)

Figure 2. The probability density distributions of projected dis­
placements that were produced when the structural configurations
used in the present experiments were rotated in 3-D space with an­
gular displacements of 6° ,18°, and 30°. Each curve was generated
empirically from a sample of 1,200,000 displacements.
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Stimuli

The stimuli were created from computer simulationsof wire-frame

figures rotating in depth under parallel projection. The specific con­
figuration of line segments used in the simulation was generated

at random on every trial. Each line segment had one of its end­

points randomly positioned in 3-D space at a distance of between

80 and 120 pixels from the origin at the center of the display screen.
Three of the line segments in each display had their other endpoints

positioned at the origin. All additional lines were connected to the

endpoints of other segments. In most of our experiments, the rotating
figures were composed of only 4 line segments, although in Ex­

periments 6 and 7, the number of line segments was systematically

varied. (Examples of configurations with 4 and 64 line segments
are shown in the upper panels of Figure 1.)

Between the frames of a motion sequence, the randomly gener­
ated configuration of line segments was rotated in 3-D space by

a fixed angular displacement of 6°, 18°, or 30° about a vertical

axis. It is important to keep in mind that there is only a probabilis­
tic relationship between the rotation of a point in 3-D space and

its corresponding displacement on the display screen. The projected

displacement of a point varies with phase from 0 to d sin(OI2), where
ois the angular displacement of the point in 3-D space and d is

the diameter of its circular trajectory. Figure 2 shows the proba-
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Figure 3. Mean rigidity ratings of 4 observers as a function of SOA

for the nine-frame sequences in Experiment 1, with 6°, 18°, and
30° angular displacements.
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Figure 4. Mean rigidity ratings of 4 observers as a function of SOA
for the two-frame sequences in Experiment 2, with 6°, 18°, and 30°

angular displacements.

50 msec. The average rating in that case was 8.1, indicat­
ing that the perception of nonrigid motion was negligible
for most of the displays. The ratings decreased sharply
with larger angular displacements [F(2,6) = 42.7,

P < .001], and, to a lesser extent, with larger SOAs
[F(4,12) = 3.32, p < .05].

The two-frame sequencesproduced a very different pat­
tern of results. As shown in Figure 4, the ratings in that
case were affected only slightly by the variations in an­

gulardisplacement[F(2,6) = 19.54,p < .005], and were
increased dramaticallyby larger SOAs [F(4,12) = 94.65,

Experiments 1 and 2 were designed to determine how
changes in SOA influence the impression of rotation in
depth for nine- and two-frame motion sequences.

Procedure

The observers' task in all of the experiments was to rate each

display on a lO-point rigidity scale by hitting the appropriate key

(0-9) on the computer keyboard. The maximum viewing period

for any given display was 20 sec, although a new trial was never

initiated until an appropriate response was recorded. In most in­

stances, observers did not use the full 20-sec viewing period to select

their ratings.

The phenomenological impression produced by these displays is

dependent on several variables. Under optimal conditions, a dis­

play will be perceived as a 3-D object rotating rigidly in depth.

As the parameters of motion depart from their optimal values, the

impression of rigid rotation breaks down in stages. With slight devi­

ations from the optimal parameter values, the impression of rota­

tion in depth is retained, but it does not appear to beperfectly rigid.

With more drastic deviations, the impression of motion is retained,

but it appears to be confined to the 2-D plane of the display screen.

Finally, the impression of motion can be eliminated altogether, in

which case the display will be perceived as a 'flickering static form

or as a chaotic. succession of unrelated forms.

The 10-point rating scale employed in our experiments was

designed to reflect the overall pattern of these phenomenological

impressions (cf. Shepard & Judd, 1976). For example, if a display

was perceived as a perfectly rigid rotation in depth, it would be

given the highest possible rating of 9. If it appeared to be rotating

in depth with a moderate amount of nonrigid distortion, then the

rating would be lowered to, say, 6 or 7. If it appeared as an ambig­

uous combination of 2- and 3-D motion, then the rating would be

lowered still further, to, say, 3 or 4. If there was a complete ab­

sence of perceived motion in depth (including the case of no mo­

tion at all), then the display would be given the lowest possible rat­

ing of O.

Each of the reported experiments was divided into three blocks

of75 trials. The first block in each experiment was intended primar­

ily to familiarize the observer with the overall range of displays

in a given set of conditions, and was excluded from subsequent

analyses.

Observers

Ratings were provided by all 4 authors over a period of several

months. Each observer viewed several thousand displays during

the course of the investigation.

EXPERIMENTS 1 AND 2

Results
The data for the nine-frame sequences are presented in

Figure 3. The impression of rigid rotation for these se­
quences was greatest with the smallest possible angular
displacement of 6° and the smallest possible SOA of

Method

Displays were presented with frame-to-frame angular displace­

ments of 6°, 18°, or 30°, and with SOAs of 50, 100, 200, 400,

or 800 msec. Each possible combination of angular displacement

and SOA occurred five times during each block of trials. Every

display contained 4 line segments, and the individual frames of a

sequence were presented with a O-msec lSI. Nine-frame sequences

were employed in Experiment I, and two-frame sequences were

employed in Experiment 2.
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p < .001]. Indeed, at an SOA of 50 msec, which was
optimal for perceiving rigid rotation in a nine-frame se­
quence, a two-frame sequence appeared as an incoherent
pattern of flickering lines in the plane of the display
screen.

Another important difference between the two- and
nine-frame displays was noted by all 4 observers. Under
optimal conditions, with the nine-frame displays, the per­
ception of rigid motion was almost immediate, with no
effort on the part of the observer. This was not the case
with the two-frame sequences. Even under optimal con­
ditions the impression of rigid motion could take several
seconds. Often there was a conscious attempt to mentally
rotate the object or to mentally invert some of its line seg­
ments in depth so that they all appeared to rotate in the
same direction. Nevertheless, once the impression of rigid
rotation was achieved, it was quite striking.

EXPERIMENTS 3 AND 4

Experiments 3 and 4 examined the effects of varying
the number of frames for 50- and 500-msec SOAs.

Method
Displays were presented with frame-to-frame angular displace­

ments of 6°, 18°, or 30° and with sequences of two, three, four,
six, or nine frames. Each possible combination of angular displace­

ment and number of frames occurred five times during each block

of trials. Every display contained 4 line segments andthe individual

frames were presented with a O-mseclSI. SOAs were 50 rnsec in

Experiment 3, and 500 rnsec in Experiment 4.

Results
The data from Experiment 3, with 50-msec SOAs, are

presented in Figure 5. An analysis of variance revealed
that there were large effects of angular displacement
[F(2,6) = 56.91, p < .001] and number of frames
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Figure 5. Mean rigidity ratings of 4 observers as a function of the
number of frames for the 5O-msec-80Asequences in Experiment 3,
with 6°, 18°, and 30° angular displacements.
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Figure 6. Mean rigidity ratings of 4 observers asa function of the
number of frames for the 500-msec-80Asequences in Experiment 4,
with 6°, 18°, and 30° angular displacements.

[F(4,12) = 61.12, p < .001]. In Experiment 4, with 500­
msec SOAs, there was a much smaller effect of angular
displacement [F(2,6) = 22.75, p < .001] and no effect
at all of number of frames [F(4,12) = 1.83, P > .05]

(see Figure 6).
To summarize briefly, our results thus far indicate that

there are at least two different sets of conditions in which

it is possible to perceive the rigid rotation in depth of a
wire-frame figure. One set of conditions includes multiple­
frame sequences with small angular displacements and
small SOAs. The other includes large SOAs and small
displacements, with no restrictions on the number of
frames. As a result of these observations, all stimulus
manipulations in Experiments 5-9 were considered
separately in two different contexts-with 5QO-msec SOAs
in two-frame sequences, and with 50-msec SOAs in nine­

frame sequences.

EXPERIMENT 5

Experiment 5 was designed to examine the effects of
varying the lSI for two-frame sequences. Nine-frame se­
quences could not be investigated with varying ISis be­

cause of the limitations of our apparatus.

Method
Displays were presented with angular displacements of 60, 18°,

or 30°. Each display contained only two distinct frames depicting

4 line segments, with an SOA of 533 msec. The ISIs varied from

one trial to the next, with possible values of 0, 67, 133, 267, and
467 rnsec. Each combination of angular displacement and lSI oc­

curred five times during each block of trials.

Results
The results are presented in Figure 7. As is evident from

the figure, there was a strong interaction between lSI and
angular displacement. With 30° angular displacements,
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Figure 7. Mean rigidity ratings of 4 observers as a function of lSI
for the two-frame, 533-msec-SOAsequences in Experiment 5, with
6°, 18°, 300 angular displacements.

increasing the lSI from 0 to 467 msec had a negligible
effect on the observers' rigidity ratings [F(4,12) = 2.33,
p > .05], but with 6° displacements the effect of increas­

ing the lSI was dramatic [F(4,12) = 42.25, p < .001].
Indeed, when the displays were generated with a 467-msec
lSI and a 6° angular displacement, the depicted line seg­

ments appeared to be blinking on and off without mov­
ing at all. It is interesting to note, in this regard, that the
condition using large ISIs was the only condition in all
of our experiments in which a large angular displacement
produced a more compelling impression of rigid rotation

than could be achieved under comparable conditions with
a smaller angular displacement.

EXPERIMENTS 6 AND 7

Experiments 6 and 7 examined the effects of varying
the number of line segments with optimal timing for nine­

and two-frame motion sequences.

Method
Displays were presented with 4, 8, 16, 21, or 64 line segments;

with angular displacements of6°, 18°, or 30°; and with a O-msec
lSI. Each combination of angular displacement and number of lines

occurred five times during each block of trials. Nine-frame se­

quences with 50-msec SOAs were employed in Experiment 6, and
two-frame sequences with 500-msec SOAs were employed in Ex­

periment 7.

Results
The results from the nine-frame sequences are presented

in Figure 8. An analysis of variance of these data revealed
that there was a large effect of angular displacement
[F(2,6) = 51.08, p < .001] (as in all of our previous ex­
periments using similar parameters), but that there was
no effect of number of lines [F(4,12) = .58, p > .1].
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The latter finding is also consistent with previous research
reported by Green (1961) and Braunstein (1962), who
used continuous motion displays.

The two-frame sequences again produced a pattern of
results different from that of the nine-frame sequences,
in that there was a strong interaction between angular dis­
placement and number of lines (see Figure 9). With 30°

angular displacements, increasing the number of line seg­
ments from 4 to 64 significantly reduced the perceived
rigidity of the displays [F(4,12) = 36.23, p < .001],
whereas with 6° displacements, a comparable increase in
the number of line segments had no detectable effect

[F(4,12) = .44, p > .1].

EXPERIMENTS 8 AND 9

In addition to the effects of quantity of structure exam­
ined in Experiments 6 and 7, there are potential effects
involving quality of structure that remain to beconsidered.

For example, many of the computational models for per­
ceiving structure from motion that have been proposed
in the literature are exclusively concerned with the opti­
cal motions of identifiable points (see Todd, 1985). In ap­
plying such models to the displays used in the present ex­
periments, only the endpoints of the line segments would
be relevant. One might predict, therefore, that the per­
ception of rigid rotation should be unaffected by present­

ing the endpoints in isolation. Experiments 8 and 9 were
designed to test this prediction, using optimal timing
parameters with nine- and two-frame motion sequences.

Method
Displays containing 4 line segments were presented with a Q-msec

lSI and with angular displacements of 6°, 18°, or 30°. Each seg­

ment of a figure was displayed as a linear configuration of dots
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Figure 8. Mean rigidity ratings of 4 observers as a function of the
number of lines for the nine-frame, 5O-msec-SOA sequences in Ex­
periment 6, with 6°, 18°, and 30° angular displacements.
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responding increase in the perceived rigidity of the dis­
plays. The difference, we believe, is that the individual
dots in Experiment 9 were organized into a small num­
ber of higher order colinear units, thus reducing their in­
formation load. It is not the number of identifiable points
per se that affects perceived rigidity in two-frame se­
quences, but the overall information load of the entire pat­
tern (cf. Shepard & Judd, 1976).

Figure 10. Mean rigidity ratings of 4 observers as a function of
the number of dots per line for the nine-frame, 5O-msec-SOA se­
quences in Experiment 8, with 6', 18', and 30' angular dis­
placements.

Figure 11. Mean rigidity ratings of 4 observers as a function of
the number of dots per line for the two-frame, SOO-msec-SOA se­
quences in Experiment 9, with 6',18',30· angular displacements.
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(e.g., see Figure 1), rather than as a solid line as in previous ex­

periments. A segment could be defined with I, 2, 4, 8, or 16 dots.

One dot was always positioned at the endpoint most peripheral to

the origin, and additional dots, when present, were positioned at

equal intervals toward the opposite endpoint. Each possible com­

bination ofangular displacement andnumber of dots occurred five

times during each block of trials. Nine-frame sequences with 50­

msec SOAs were employed in Experiment 8, and two-frame se­

quences with 500-msec SOAs were employed in Experiment 9.

Figure 9. Mean rigidity ratings of 4 observers as a function of the
number of lines for tile two-frame, 500-msec-80A sequences in Ex­
periment 7, with 6', 18', and 30' angular displacements.

Results
The results for the nine- and two-frame conditions are

presented in Figures 10 and 11, respectively. An anal­
ysis of variance revealed that in each case the observers'
ratings of rigidity were significantly reduced when the

number of dots per line dropped below 4 [F(4,12) =
32.89, p < .001, for the nine-frame sequences, and
F(4,12) = 29.88, P < .001, for the two-frame se­
quences]. When the number of dots per line was ~ 4,
the ratings were equivalent to those obtained with con­

tinuous contours. A similar difference in perceived rigidity
for configurations of dots and lines was reported by Green
(1961) for continuous motion displays. Taken together,
these fmdings suggest that 4 dots define a line for the per­
ception of rigid rotation, and that the projectively chang­
ing length and orientation of a line provides perceptually
useful information that is not available from the motion
of its endpoints presented in isolation (see also Todd,
1985).

It is interesting to compare these results with the find­
ing in Experiment 7 that rigidity ratings for two-frame

sequences can be significantly reduced by increasing the
number of moving elements. Note in Figure 11 that the
opposite effect was produced in Experiment 9-that is to
say, increasing the number of elements produced a cor-



EXPERIMENTS 10 AND 11

Another important aspect of structural quality that could
potentially affect an observer's perception of rigid mo­
tion is the presence of an optical flow field. Flow fields
arise when opaque surfaces are viewed; they are charac­
terized by smooth variations over space in the visual mo­
tions of neighboring optical elements. Recent theoretical
analyses by Koenderink and van Doorn (1975, 1977) and
others have demonstrated that smooth optical flow fields
provide potential information about an object's 3-D form
that is not available from the optical distortions of other
types of structural configurations (e.g., the wire-frame
figures used in the present experiments). If there are
specialized mechanisms within the human visual system
for the analysis of this information, then it is quite likely
that their spatiotemporal sensitivities could be different
from those of the mechanismsemployed in other contexts.

Experiments 10 and 11 were designed, therefore, in an
effort to determine whether the presence of a continuous
flow field can alter the acceptable timing parameters for
the perception of rigid rotation.

Method
The displays were generated using computer simulations of a ver­

tically oriented cylinder, with a length of 220 pixels (22 em) and

a diameter of 100 pixels (10 em), rotating in depth under parallel

projection with a frame-to-frame angular displacement of 6° and

a O-msec lSI. There were three separate conditions. In the opaque

surface condition, 1,000 points were positioned at random on the

surface of the simulated cylinder, but only those points on the front

half of the surface were visible in each frame of the motion sequence

(i.e., the back half of the surface was occluded). In the transparent

surface condition, 500 points were positioned at random on the sur­

face of the cylinder andall of the points were visible in every frame.

In the transparent volume condition, 500 points were again visible

in every frame, but were positioned at random within the volume

of the cytinder.

It is important to note that only the opaque surface condition

produced smooth variations over space in the visual motions of

neighboring optical elements, which is required to achieve a con­

tinuous flow field. In thetransparent surface condition, the projected

displacements of neighboring elements were always similar in mag­

nitude, but could be oriented in opposite directions. In the trans­

parent volume condition, the projected displacements of neighbor­

ing elements could vary discontinuously in both magnitude and

direction.
Displays were presented with possible SOAs of 37.5, 50, 100,

200, and 400 msec, each of which occurred five times for each con­

dition during every block oftrials. Nine-frame sequences were em­

ployed in Experiment 10, and two-frame sequences were employed

in Experiment 11. Three of the authors (J.T., R.A., and F.R.) par­

ticipated in four blocks of trials for each experiment. As in the previ­

ous experiments, the initial block of trials was excluded from sub­

sequent analyses.

Results
The results for the nine-frame sequences are presented

in Figure 12. Note that the observers' ratings tended to
decrease with increasing SOA [F(4,8) = 16.14,
p < .001] (see also Petersik, 1980). However, when the
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Figure 12. Mean rigidity ratings of 3 observers as a function of
SOA for the nine-frame sequences in Experiment 10 depicting an
opaque cylindrical surface, a transparent cylindrical surface, and
a filled cylindrical volume.

overall pattern of optical motion formed a smooth flow
field (i.e., in the opaque surface condition), the percep­
tion of rigid rotation could tolerate significantly longer
SOAs than it could when the necessary conditions for a
flow field were violated [F(I,4) = 50.16, p < .001]. A
similar difference between transparent and opaque sur­
faces was reported by Braunstein and Andersen (1984),
who used judgments of perceived shape rather than ri­
gidity.

For the two-frame sequences, it was the shorter SOAs
for which perception of rigid rotation was most difficult
[F(4,8) = 54.41, p < .001], but the overall pattern of
ratings among the three structural configurations was
equivalent to the pattern obtained for the nine-frame se­
quences (see Figure 13). That is to say, the opaque sur­

face condition produced higher ratings than did the other
conditions, which did not produce smooth flow fields
[F(I,4) = 97.01, p < .001].

It is interesting to compare these results from the two­

frame sequences with those obtained in an earlier series
of experiments by Doner et al. (1984). These authors ex­
amined the ability of observers to discriminate the rela­
tive coherence of rotating spherical surfaces under a va­
riety of different stimulus conditions. In one particularly
relevant experiment, they compared observers' discrimi­
nation accuracy for two-frame apparent motion sequences
with varying SOAs of 11and 45 msec. Performance was
quite high with the 45-msec SOAs, but was no greater
than chance when the SOAs were reduced to 11 msec.
These results are similar to those we obtained with two­
frame sequences of opaque surfaces in Experiment 11.
It is important to note, however, that the displays used
by Doner et al. were designed to simulate transparent,
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Figure 13. Mean rigidity ratings of 3 observers as a function of
SOA for the two-frame sequences in Experiment 11 depicting an
opaque cylindrical surface, a transparent cylindrical surface, and
a f"dled cylindrical volume.

rather than opaque surfaces. Thus it would appear that

their results stand in sharp contrast to those shown in

Figure 13. Indeed, when two-frame sequences ofa trans­

parent cylinder were presented in the present experiments,

the perception of rigid rotation could not be reliably

elicited at any SOA.

Doner et al. (1984) noted that the perception of coher­

ent motion in their displays required the use of an exag­

gerated polar perspective (as opposed to the parallel per­

spective used in the present experiments). We have

confirmed this finding in our own laboratory. In doing

so, however, we noted a curious phenomenon-namely,

that the front half of the surface under these conditions

appears to be invisible. This phenomenon arises because

of the exaggerated polar perspective used to generate the

displays. When a transparent sphere (or cylinder) is

viewed under parallel perspective, the projected elements

from the front and back half of its surface move in oppo­

site directions. As viewing distance becomes smaller and

smaller, the relative balance of these projected displace­

ments becomes significantly skewed. When the viewing

distance is one spherical diameter from its center (i.e.,

the conditions used by Doner et al.), the elements con­

tained within the rearmost three quarters of the surface

all move projectively in the same direction. In other

words, the exaggerated polar perspective approximates

the uniform pattern of optical flow created by a concave

opaque surface. If the displays used by Doner et al. are

considered as opaque surfaces, as is suggested by this anal­

ysis, then their results are generally consistent with those

obtained in the present investigation.

GENERAL DISCUSSION

The present series of experiments was designed to ex­

plore the overall range of conditions in which it is possi­

ble to perceive apparent motion of a rigid object rotating

in depth. Several different display parameters were

manipulated, including the number of frames in the mo­

tion sequence; the SOA, lSI, and angular displacement

between frames; the number of elements in the depicted

object; and the structural organization of those elements.

The results indicate that there are four distinct combina­

tions of parameters that are capable of eliciting a percep­

tually compelling impression of apparent motion in depth,

each of which is described briefly below.

Condition 1. The best possible condition for the per­

ception of rigid rotation employs multiple-frame se­

quences with small angular displacements and small SOAs

(see Experiments 1, 3, 6, 8, and 10). Moving configura­

tions of connected lines appear to work better than con­

figurations of isolated points (see Experiment 8; Green,

1961), but the number of points or lines has no discerni­

ble effect on observers' rigidity ratings (see Experiments

6 and 10; Green, 1961; Braunstein, 1962).

Condition 2. The next best condition for the percep­

tion of rigid rotation employs smooth flow fields with

small displacements and small ISIs. Although lSI and dis­

placement were not manipulated with flow-field stimuli

in the present experiments, their effects can be inferred

from the findings of previous investigations (e.g., Bell

& Lappin, 1973; Braddick, 1974; Doner et al., 1984;

Lappin & Bell, 1976). The present study showed that the

perception of rigid rotation can be achieved with smooth

flow fields over a wide range of SOAs, regardless of the

number of frames in a sequence (see Experiments 10 and

11). The amount of structure required to define a percep­

tually adequate flow field has yet to be determined, but

there is considerable evidence to indicate that the percep­

tual analysis of this type of stimulus can tolerate large

amounts of noise (Doner et al., 1984; Lappin et al., 1980;

Todd, 1985; van Doom & Koenderink, 1982a, 1982b,

1982c).

Condition 3. A third, although somewhat less compel­

ling, condition in which it is possible to perceive rigid

rotation employs large SOAs, small angular displace­

ments, and small ISIs (see Experiments 2, 4, 7, 9, and

II). Observers' rigidity ratings under these conditions

were higher when displays were composed of connected

line segments, rather than isolated dots (see Experi­

ment 9). The ratings were unaffected, however, by the

number of frames in a sequence (see Experiment 4) or

the number of elements depicted in each frame (see Ex-

periments 7 and II). .

Condition 4. The least effective combination of

parameters used in our investigation that still permitted

the perception of rigid rotation included large SOAs, large

angular displacements, and spatial configurations of



limited structural complexity (see Experiments 2, 4, 5,
7, and 9). Observers' rigidity ratings under these condi­

tions were unaffected by large variations in lSI (see Ex­

periment 5) or the number of frames in a sequence (see
Experiment 4). The difficulty of perceiving rigid rotation

with large angular displacements of structurally complex

displays was revealed in Experiment 7 (see also Doner

et ai, 1984). Structural complexity in this context is in­

fluenced by the number of moving elements in a display,

but it is also affected by how those elements are organized

(see, e.g., Experiment 9; Shepard & Judd, 1976).

It is interesting to note that the perception of rigid ro­

tation could tolerate small SOAs in only two of the con­

ditions described above-namely, with multiple-frame se­

quences in Condition 1 or with smooth flow fields in

Condition 2. These were also the only two conditions in
which the impression of rigid rotation could be achieved

without cognitive effort from the onset of the motion se­

quence. Both of these conditions seem to involve a smooth

integration of visual information from moving optical ele­

ments. This integration apparently can occur either over

space, with smooth flow fields, or over time, with
multiple-frame sequences.

With two-frame sequences that did not form smooth

flow fields, the perception of rigid rotation could be

achieved only with large SOAs of several hundred mil­
liseconds (i.e., when Condition 3 or Condition 4 was

satisfied) and with at least some degree of cognitive ef­

fort on the part of the observer. Under these conditions,

the impression of rigid rotation often required several se­

conds of viewing in which there was a conscious attempt

to mentally rotate the elements or to mentally invert some

of them in depth so that they would all appear to rotate

in the same direction. This suggests that the perception

ofrigid rotation from two-frame sequences may be criti­

cally dependent on a repetitive oscillation of the displays.

THEORETICAL CONSIDERATIONS

Although the study of apparent motion has a long his­
tory within perceptual psychology, it has been largely re­

stricted to two-frame sequences depicting simple displace­

ments in 2-D space. It is now generally accepted that there

are two distinct combinations of display parameters that

are capable of producing a perceptually compelling im­
pression of 2-D motion (e.g., see Bell & Lappin, 1973;

Braddick, 1974; Kolers, 1972; Lappin & Bell, 1976). One

set of parameters permits uniform translations or rotations

of densely structured patterns, but is restricted to monocu­

larly presented sequences with small spatial displace­

ments, small ISIs, and adequate amounts of luminance

contrast. The other permits binocularly presented se­

quences with isoluminant chromatic contours over a wide

range of ISIs and spatial displacements, but is restricted
to patterns of limited structural complexity. On the basis

of these findings, Braddick (1974) argued that there are
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two distinct mechanisms for the detection of optical dis­
placements, which he has referred to as the short-range
and long-range processes.

Could multiple mechanisms of motion perception have

been at work in the present experiments? Perhaps for Con­
ditions 1 and 2 this is a reasonable hypothesis. Recent the­

oretical analyses have shown that at least two kinds of

information are provided by optical motion. One is based

on the trajectories of optical elements over an extended

interval of time (e.g., Todd, 1982; Ullman, 1984),

whereas the other is based on the relative motions within

a neighborhood of optical elements at an instantaneous

moment in time (e.g., Koenderink, 1986; Koenderink &

van Doorn, 1975, 1977). It is reasonable to suppose that

our visual systems could have evolved specialized

mechanisms for the analysis of these different types of

information. One of these mechanisms would presuma­

bly be sensitive to gradual changes in individual elements,

as revealed over several frames in an apparent motion se­

quence, whereas the other would be driven by the rela­

tive displacements of neighboring elements at each frame

transition. We would expect there to be some physical

limitations of these mechanisms that would constrain the

ranges of space and time over which information could

be successfully integrated. This would determine the per­

ceptually acceptable displacements, frame rates, and so
forth, of an apparent motion sequence.

Other limitations on an observer's ability to perceive

rigid motion are based on the information potentially avail­

able in a display, and are independent of any physical con­

straints on the visual system. These limitations arise, for

example, when the pattern of optical motion in a display
has no mathematically possible rigid interpretation (e.g.,

see Todd, 1982). It is important to keep in mind that all

of the displays employed in our experiments were

designed to simulate an actual object rotating rigidly in
3-D space under parallel projection. Not all of the dis­

plays, however, had unique rigid interpretations. When

a motion sequence was reduced to only two frames, there

were multiple rigid interpretations to which it could

projectively correspond (Ullman, 1979).

It remains to be demonstrated whether the visual mo­

tion in these displays contains perceptually useful infor­

mation about an object's 3-D form. The present research

was intended as a first step toward addressing this issue.

Although rigidity ratings are an admittedly crude psycho­

physical procedure, they are a convenient tool for quickly

mapping the optimal timing parameters for the percep­

tion of rigid rotation under a wide variety of theoretically

relevant conditions. One of the implications of this
research, for example, is that two-frame sequences re­

quire longer SOAs than are appropriate for multiple-frame

sequences (see Sperling, 1976). Using the parameters

shown by the present study to be optimal for different con­

ditions, we are currently performing a follow-up investi­

gation in an effort to measure observers' sensitivities to
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the precise 3-D structures of wire-frame figures rotating

in depth. The results of these experiments will be reported

in a later article.
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