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The detection of real and apparent concomitant
rotation in a three-dimensional cube:
Implications for perceptual interactions

MARY A. PETERSON and GARY CHON-WEN SHYI
State University of New York at Stony Brook, Stony Brook, New York

Apparent concomitant rotation, such as that seen when viewers move laterally relative to a
depth-reversed three-dimensional wire cube, has been taken as evidence that perceived distance
must precede perceived motion, a proposal that is consistent with taking-into-account theories.
Another proposal has been that apparent concomitant motion arises from attention to proximal

“motion and, hence, cannot support general claims about motion perception. In two experiments,
moving viewers saw 700-msec exposures of a cube biased to be seen in either veridical or reversed
depth. The cube either rotated or remained stationary. Viewers rated the perceived rotation, us-
ing a 4-point scale. The results suggested that depth cues interact with other variables before
perceived rotation is computed. Surprisingly, rotations that included a substantial apparent con-
comitant motion component were rated higher than equivalent rotations that included no illu-
sory motion. This asymmetry suggests that taking-into-account theories must be amended.

When viewers move relative to stationary objects in
depth, the difference in the angular velocity with which
those objects displace on the retina is a function of the
relative distances to those objects. It is assumed that this
‘‘motion parallax’’ normally goes unseen, providing the
viewer with relative depth information (Miller, 1962;
Rogers & Graham, 1979).

In some situations, however, moving viewers report
seeing an illusion that stationary objects at different dis-
tances are in relative motion; this motion has been called
apparent concomitant motion (Gogel, 1979, 1980, 1982;
Gogel & Tietz, 1973, 1977). Gogel presents compelling
evidence that apparent concomitant motion is reported
whenever errors in perceived distance occur, regardless
of the means through which the misperception of distance
occurs (e.g., errors can be induced through fixation
[Gogel, 1979; Gogel & Tietz, 1977], binocular disparity
[Gogel, 1980], or perspective cues [Gogel & Tietz,
1974]). For this reason, Gogel (1979, 1980, 1982) has
proposed that the perception of depth precedes the per-
ception of motion (cf. Epstein, 1973) and that, at least
in these circumstances, no perception of motion is possi-
ble without the prior perception of depth.

Gogel (e.g., 1982) has summarized these predictions
in a perceptual equation in which the magnitude of the
apparent concomitant motion is predicted to be a func-
tion of the actual distance to the object, the perceived dis-
tance, the extent of viewer movement, and the distance
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to the point around which the line of sight to the object
pivots. (This last variable allows Gogel to account for sit-
uations in which the object actually moves as the viewer
moves.) The predictions made by Gogel’s equation tend
to be consistent with those made by taking-into-account
theories in which apparent concomitant motion is ex-
plained as the best-fit solution for the perceived distance
and the obtained parallax (Epstein, 1973; Hay & Saw-
yer, 1969; Hochberg, 1981; Wallach, Stanton, & Becker,
1974). In particular, taking-into-account theories predict
that the velocity of the perceived motion (here called the
theoretical motion, v') is that which would result in the
obtained proximal displacement (P) after taking into ac-
count the expected parallax given the perceived distance
(Xe|D"):

V =P — (Xe|D"). (1)

Thus, taking-into-account theories also assume the pri-
ority of perceived distance, because the parallax expected
for the perceived distance enters into the calculation of
the perceived motion.

There has been some reticence in accepting the general
claim that perceived distance precedes perceived motion.
One reason is philosophical: The proposal concerning the
priority of perceived distance for perceived moétion im-
plies perceptual causation, a claim that psychologists have
long sought to avoid (Epstein, 1982; Hochberg, 1968,
1981). Apparent concomitant motion is one member of
a class of ‘‘perceptually coupled’’ variables (Hochberg,
1956, 1974), variables that normally covary in stimula-
tion but that also covary perceptually. That is, even
without changes in the physical array, viewers who are
led to perceive a change in one variable of a perceptually
coupled pair will perceive a concomitant change in the
other. For example, relative distance and parallax nor-
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mally covary; moving viewers who perceive an illusory
difference in the relative distance to two objects (e.g., two
regions of a stereogram) also perceive apparent concomi-
tant motion because the expected parallax is not obtained.
This illusory motion is seen even in situations (such as
that involving a stereogram) in which no relative motion
occurs between near and far objects. Despite the fact that
the possibility of perceptual causation must be confronted
in the perceptual couplings, their study may reveal evi-
dence concerning perceptual computations (see Epstein,
1982). Therefore, answers to questions regarding the on-
tological status of the variables that are weighed in the
computations are important to perceptual theory.

Another important question is whether differential at-
tention to some subset of the variables that interact to yield
the apparent concomitant motion can affect their weight
in the perceptual computations. Shebilske and Proffitt
(1981, 1983) claim that viewers report apparent concomi-
tant motion when they pay undue attention to the prox-
imal motion at the expense of other motion attributes that
might identify the apparent concomitant motion as illu-
sory. For example, Shebilske and Proffitt point out that
the path of the illusory motion must be more complex than
a real motion path because apparent concomitant motion
results from the addition of real motion vectors and ap-
parent motion vectors. Thus, observers attending to the
complexity of the motion path rather than to the prox-
imal motion might be less likely to report apparent con-
comitant motion. If this were the case, the claim that per-
ceived distance precedes perceived motion would not
generalize to situations in which attention is not directed
to the proximal motion and, therefore, would be of limited
usefulness.

That apparent concomitant motion can be seen
(1) between parts of a stereogram in which no relative
motion occurs (Jerison, 1967; Peterson, 1986) and (2) in
the direction opposite to the retinal motion (Gogel, 1982,
1983) argues against the possibility that viewers are at-
tending to the proximal motion. In previous work,
however, the magnitude of the apparent concomitant mo-
tion has increased as retinal motion increased (Shebilske
& Proffitt, 1983; but see Peterson, 1984), leaving open
the possibility that viewers respond to the magnitude of
the retinal motion and label rotation direction in some
postperceptual stage capable of taking depth cues into ac-
count (Hochberg & Peterson, 1987; Peterson, 1986).
Therefore, it is important to pursue further the question
of whether reports of apparent concomitant motion are
related to the magnitude of the proximal motion.

There is little experimental work, other than Gogel’s,
that has attempted to identify the variables that interact
to yield the apparent concomitant motion. And Gogel’s
experimental tests have tended to use indirect methods,
making their interpretation somewhat difficult. For ex-
ample, in most of his research, Gogel manipulated per-
ceived distance (while holding constant actual distance,
pivot distance, and extent of viewer movement) and mea-
sured the apparent concomitant motion. Typically, in a

procedure such as this, the predicted and obtained mag-
nitudes of the apparent concomitant motion would be com-
pared. However, this was not done, perhaps because of
the difficulties of manipulating perceived distance in the
reduced experimental conditions that have been used (i.e.,
the stimulus has been a single light [Gogel, 1982] or a
luminous line [Gogel, 1980] in a dark room; but see
Gogel, 1979). Instead, Gogel and his colleagues used the
reports about apparent concomitant motion as indirect
measures of the perceived distance, and then compared
the perceived distance (so obtained) with the manipulated
distance. Although perceived distance tended to change
in the direction predicted by the distance manipulations,
the two were rarely identical. These discrepancies may
be due to uncontrolled variables that contributed to the
perception of distance (e.g., a tendency to see stimuli in
reduced conditions as located at approximately 2 m dis-
tance; Gogel & Tietz, 1973). Alternatively, the differ-
ences may imply that additional variables are weighed in
the computation of the perceived motion (e.g., see Post
& Leibowitz, 1982), so that substituting measures of per-
ceived motion into Gogel’s equations cannot provide pre-
cise measures of perceived distance. Indirect measures
do not allow these possibilities to be separated. More
direct measures of the apparent concomitant motion might
provide evidence regarding the need to supplement taking-
into-account equations with other variables.

In the experiments reported here, we addressed some
of these questions regarding apparent concomitant mo-
tion, using a three-dimensional (3-D) wire cube in a
context-rich environment in which other objects were visi-
ble against a textured background. The wire cube was bi-
ased so as to be seen in reversed depth on some trials
(back-biased trials) and in veridical depth on others ( front-
biased trials), as shown in Figures 1A and 1B. When
viewers make small lateral excursions relative to station-
ary depth-reversed objects, apparent concomitant motion
is perceived: the object appears to rotate to follow the
viewers (Mach, 1895/1959; Wallach et al., 1974).

The cube was stationary on one-third of the trials; on
the rest of the trials, the cube rotated in either a clock-
wise or a counterclockwise direction. When the cube ro-
tated, it did so at one of a number of speeds. Viewers
were first instructed on parallax and then were asked to
judge whether the cube was truly rotating or was truly
stationary on each trial.

For any trial, the real rotation was known and the prox-
imal motion and theoretical rotations could be estimated.
When viewers make small lateral excursions, as they did
in these experiments, the relative parallactic displacement
between the front and rear faces of the cube approximates
the relative displacements.that would occur with rotation
(Cutting, 1986, p. 188; Gogel & Tietz, 1974; Wallach
et al., 1974). Accordingly, proximal motion (P) was es-
timated as the difference between the real rotation (R) and
the actual parallax (Xa):

P =R — Xa. 2)



A positive sign was assigned to the parallax whenever the
cube’s true front face displaced to the left relative to the
cube’s back face as the viewer moved from left to right.
Real rotations were signed in the same manner as the
parallax: Rotations in which the front face displaced to
the left relative to the back face (clockwise rotations) were
positive; rotations in which the front face displaced to the
right relative to the back face (counterclockwise rotations)
were negative. Estimates of the proximal motion for each
of the two conditions of parallax used in these experiments
are shown in Table 1.

Theoretical rotations predicted by a taking-into-account
theory were estimated for the front-biased and back-biased
conditions using Equation 1. Signs were assigned to the
expected parallax in the same manner as they were to the
actual parallax. The actual parallax was taken as the ex-
pected parallax in the front-biased condition (Xe |f = Xa).
The complement of the actual parallax was taken as the
expected parallax in the back-biased condition (Xe|b =
—Xa) because the true back face (perceived as the front
face) would be expected to displace to the left relative to
the true front face (perceived as the back face) as the
viewer moved from left to right (see Figure 1C). The
computed values of theoretical rotation are also shown
in Table 1. Note that the theoretical rotation predicted in
the back-biased condition is reversed. It has long been
known that depth reversals are accompanied by reversals
in the perceived direction of rotation (Sinsteden, 1860;
von Hornbostel, 1922).

In addition, inasmuch as Xe = — Xa in the back-biased
condition, the v's in the front-biased and back-biased sta-
tionary conditions differ by —2Xa before a reversed ro-
tation direction is assigned to the back-biased cubes. This
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value, —2Xa, is the predicted velocity of the apparent con-
comitant rotation in a stationary depth-reversed cube (see
Wallach et al., 1974). The apparent concomitant rotation
is the sole source of theoretical rotation in some situa-
tions (e.g., when the back-biased cube is really station-
ary); it contributes to the theoretical rotation in other sit-
uations; and, in some situations (e.g., whenever the
theoretical rotation is predicted to be zero in the back-
biased condition), it is expected to cancel the real rota-
tion. Therefore, on some trials (i.e., back-biased station-
ary trials), only apparent concomitant motion was €x-
pected to be present. On other trials (i.e., front-biased
trials), only real motion was present. And on some trials,
real motion and apparent concomitant motion were both
expected to be present.

Viewers used a 4-point scale to rate whether the cube
was really moving on each trial. If viewers can distin-
guish between apparent concomitant motions and real ro-
tation under these conditions, their reports of rotation will
vary with the real rotation and not with the proximal mo-
tion. Furthermore, their rotation reports should not vary
with bias condition. If viewers respond to the theoretical
rotation, however, even in this situation, where ample dis-
tance cues are provided by the context, their rotation rat-
ings will be correlated with the theoretical rotations rather
than with the real rotations or with the proximal motions.
Furthermore, their ratings should vary with bias condi-
tion, inasmuch as the theoretical rotations for a given real
rotation differ in both direction and magnitude as a func-
tion of bias condition.

We asked viewers to rate the perceived rotation rather
than to null it (cf. Gogel, 1982) so that the task did not
direct viewers’ attention to any particular motion

Table 1
Estimated Values of Proximal Motion and Theoretical Rotations for Each Real Rotation for
Each Parallax Condition in Experiments 1 and 2

14'/sec Parallax 27'/sec Parallax
Theoretical Theoretical

Back Front . Back Front

Real Proximal (Xe=-14) (Xe=14) Real Proximal (Xe=-27) (Xe=27)

Experiment 1
+28 +42 —56 +28 +28 +56 -84 +28
+14 +28 -42 +14 +14 +42 ~70 +14
0 +14 -28 0 0 +28 -56 0
—-14 0 -14 —-14 -14 +14 —42 —14
-28 -14 0 —-28 ~28 0 -28 —28
Experiment 2

+14 +28 —-42 +14 +28 +56 -84 +28
0 +14 —28 0 +14 +42 -70 +14
—-14 0 -14 -14 0 +28 -56 0
—28 -14 0 —28 -14 +14 —42 —-14
—42 —28 +14 —42 —28 0 -28 -28
—-42 -14 —14 —42
-56 —28 0 -56
=70 —42 +14 -70
-84 -56 +28 -84

Note—Motions in which the true front face displaces to the left relative to the true back face are
assigned positive signs; those in which the true front face displaces to the right relative to the

true back face are assigned negative signs.
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parameter. Thus, viewers were free to attend to whichever
motion attributes might allow them to distinguish between
real rotation and apparent concomitant rotation. Because
of the use of a rating procedure, these experiments do not
permit precise comparison of the predicted and obtained
magnitudes of the theoretical rotation. Wherever possi-
ble, however, we will examine whether the predicted and
obtained magnitudes are the same. For example, if the
rotation ratings suggest that real and apparent concomi-
tant motion cancel in conditions in which the theoretical
rotation is predicted to be zero, that will suggest a strong
similarity between the predicted and the perceived mag-
nitudes of theoretical rotation in those conditions.

EXPERIMENT 1

Method

Subjects. Four women enrolled in summer courses at the State
University of New York at Stony Brook were paid to participate
in this experiment. All had vision that was normal or corrected to
normal.

Stimulus and Apparatus. The stimulus was a 3-D cube, 15 cm
on a side, constructed of black wire rods, 1.8 mm thick. It was
mounted on a variable-speed stepper motor controlled by a Rogers
Prime Mover System in an Apple Ile. The cube was attached to
the motor by a vertical wire extending from its lower left corner,
which formed the axis about which the cube rotated. Both this ver-
tical mounting wire and the apparatus driving the cube were hid-
den from view by a tan-colored textured cloth that also provided
a foreground and a background against which the cube was viewed.

The cube was located 230 cm from the subject and 11 cm below
eye level. At this distance, each face subtended 3.7° of visual an-
gle. The cube was positioned so that the lower left face was the
back face, as shown in Figure 1. Bias toward either a veridical or
a reversed depth organization was achieved by thickening the wires
composing either the front or the back face with 5-mm matte black
soda straws. This cue has served as a reliable means for manipulating
the perceived relative depth in a luminous line (Gogel & Tietz, 1974)
and in a moving cube (Hochberg & Spiron, 1985).

The room was well lighted. In addition, the cube was back-lighted
by reflections from four hooded 150-W bulbs that faced away from
the viewers and reflected light off the tan cloth back onto the cube.
The hoods shielding these lights were within the subject’s visual
field and served as a stationary frame of reference. The visual field
was about 155° in diameter. A second cube, identical in size to
the experimental cube, but nonreversible, was placed 141 cm from
the viewers; its top was 2 cm below the bottom of the experimen-
tal cube. Thus, observers viewed the experimental cube with other
stationary unambiguous objects within their visual fields.

A viewing apparatus controlled the observer’s rate of movement
and the duration of cube exposure. The viewing apparatus, hung
like a pendulum from an overhead railing, was moved manually
by the experimenter to the beat of a metronome at one of two rates:
It was moved around its pivot either 11° at .75 Hz or 17.25° at
.93 Hz. These rates of movement resulted in approximately 14'/sec
and 27'/sec parallax between the front and rear faces of the cube.

Procedure. The subjects participated in the experiment individu-
ally. They were told that we were interested in their ability to de-
termine whether a 3-D cube rotated or remained stationary as they
moved. They were instructed on apparent concomitant motion, and
allowed first to view stationary objects at different distances in the
room and then to view the front and rear faces of the (unbiased)
cube as they moved laterally. The subjects were told that this was
not real rotation, and that they were not to label it as such during

the experiment. Next, the subjects viewed the cube as it oscillated
between clockwise and counterclockwise rotation for 8 sec (2 sec
per half cycle), and they labeled the direction of rotation.

An electronic shutter (Gerbrands G1166S) and nosepiece were
positioned on the viewing apparatus for each subject’s left eye. View-
ing was monocular; the subject either covered her right eye with
an eyepatch or simply closed that eye during the experimental se-
quences. Before the experiment began, the subjects practiced moving
behind the viewing apparatus so that they could anticipate their ex-
tent, direction, and speed of movement during the experimental
trials. They voluntarily kept pace with the viewing apparatus by
grasping a handle on it and by synchronizing their motion with the
beat of the metronome. Thus, subject motion, although not free,
was not passive.

Each trial began with three half cycles of subject motion with
the shutter closed. During this time, the cube was rotated to one
of five predetermined starting positions and the rotation sequence
(if any) was initiated. These five starting positions for the cube were
used so that the viewers would not infer rotation from a change
in the cube’s position. Regardless of starting position, the back face
of the cube was always to the left of the front face, as shown in
Figure 1A, and remained in that relative position throughout the
rotation.

The shutter opened for 700 msec in the middle of the subject’s
fourth half-cycle of movement. Thus, the subject was always mov-
ing from left to right when viewing the cube and the actual paral-
lax was always positive (i.e., the front face of the cube displaced
to the left relative to the back face). The short exposure duration
served two functions. First, it allowed us to keep the viewer’s mo-
tion approximately synchronized with the real motion. Second, with
such brief exposures, both the real rotation vectors and the paral-
lax were approximately linear, and we were therefore better able
to approximate their sum by addition.

The subjects participated in two to four practice trials. Half of
the subjects practiced with back-biased cubes; the other half prac-
ticed with front-biased cubes. These practice trials were followed
by 120 experimental trials. Half of the subjects began by viewing
the cube as they moved at the 27'/sec rate; the other half began
by moving at the 14'/sec rate. (The subjects practiced moving at
the new rate when parallax conditions switched.)

Half of the subjects began by viewing a back-biased cube; the
other half began by viewing a front-biased cube. Trials were run
in blocks of 10. Biasing was varied across blocks in a counter-
balanced order, unobserved by the subject. For each parallax con-
dition, 30 motion sequences were presented: 10 stationary,
10 clockwise, and 10 counterclockwise. On half of the rotating se-
quences, the cube rotated at 2.5°/sec, creating 14'/sec angular ve-
locity between the front and rear faces. On the other half, the cube
rotated at 5.0°/sec, creating 28'/sec angular velocity between the
cube’s two faces. Motion sequences were presented randomly within
blocks, with the stipulation that each subject view each sequence
once in each condition of bias for each parallax.

To report perceived rotation, the subjects used a 4-point rating
scale (McNicol, 1972, p. 103) as follows: 1 = certain the cube
was stationary; 2 = uncertain, guess stationary; 3 = uncertain,
guess rotating; and 4 = certain that the cube was rotating. When
they reported ‘3"’ or *‘4,”" the subjects also reported whether the
perceived direction of rotation was clockwise or counterclockwise.

The subjects were told that the cube would rotate on only half
of the trials, and that it would rotate at two different speeds. They
were asked to try to see the face formed by the thicker wires as
the front face and to report whenever it did not appear to be in front.
(On only one occasion, and that was in the back-biased condition,
did one subject report that the thicker-edged face appeared behind;
her response on this trial was not analyzed.) The subjects were asked
to fixate the center of the thicker-edged face during their brief view
of the cube.



Results

As shown in the top half of Figure 2, mean rotation
ratings were lower in the front-biased condition than in
the back-biased condition [F(1,3) = 21.98,p < .02]. In
addition, rotation ratings for clockwise motion were
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higher than for counterclockwise rotation [F(1,3) = 44.4,
p < .007]. An interaction between bias and speed showed
that motion ratings increased as speed increased in the
front-biased condition but not in the back-biased condi-
tion, where motion ratings either remained the same or
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Figure 1. A and B are drawings of the 3-D cube used in Experiments 1 and 2. The lower left
face of the cube was always the back face. A = front-biased condition; B = back-biased condi-
tion. The arrows in A show the relative motions of the front and the rear faces when the cube
rotates in a clockwise direction. Those vectors specify counterclockwise rotation when the back
face appears forward, as in B. In C, 1 and 2 represent the viewer’s position at the beginning and
end of the observation interval. As the viewer moves from 1 to 2, the near face of the cube dis-
places to the left relative to the far face at a rate that is a function of the viewer’s movement (and
fixation). For the front-biased stationary condition, shown in the bottom left panel, we assumed
that the expected parallax was the actual parallax (Xe|f = Xa). For the back-biased stationary
condition, shown in the bottom right panel, the expected parallax was the complement of the ac-

tual parallax (Xe|b = —Xa).
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Figure 2. Rotation ratings in Experiment 1. The top panel shows the ratings as a function of the real rota-
tion. The 14'/sec parallax condition is shown in the left panel; the 27'/sec parallax condition is shown in
the right panel. F = front-biased, B = back-biased, ¢ = clockwise, and cc = counterclockwise. The bottom
panel shows the same data as a function of theoretical rotation.

decreased as speed increased [F(1,3) = 102.4,
p < .002].

Ratings in the back-biased condition gave no sign that
viewers were able to distinguish between real rotation and
theoretical rotation. Two comparisons were made in this
regard. First, the ratings given to the stationary and mov-
ing back-biased cube were compared: On back-biased
trials in the 27'/sec parallax condition, the mean ratings
for the stationary cubes in which apparent concomitant
rotation was expected to occur (3.75) did not differ from
the mean ratings assigned to the rotating cubes in which
apparent concomitant rotation added to the real rotation
(3.6) [#(3) = 1.64, p > .1]; in the 14'/sec parallax con-

dition, the mean ratings were higher for the stationary
cube (3.62) than for the rotating cube (3.2) [#(3) = 4.19,
p < .05]. Second, the ratings given to the apparent con-
comitant rotation in the stationary back-biased cube were
compared with the ratings given to the rotating front-
biased cube: The apparent concomitant rotation in the
back-biased cube was rated higher than the real rotation
seen without an illusory component in the front-biased
cube [rs(3) = 3.37 and 6.8 in the 14'/sec and 27'/sec
parallax conditions, respectively].

Moreover, the subjects were not simply responding to
the proximal motions: Pearson product moment correla-
tions between subjects’ ratings and the magnitude of the



proximal motions were low, as shown in Table 2.! Corre-
lations between viewers’ rotation ratings and the magni-
tude of the theoretical rotations were high, however (see
Table 2).2

The rotation ratings were replotted as a function of the
theoretical rotations in the bottom half of Figure 2, where
it is apparent that the motion ratings increased with the
theoretical rotations. In addition, the results suggest that
the real rotation adds to the apparent concomitant rota-
tion. Consider the case of a cube moving at 28'/sec coun-
terclockwise in the 14'/sec parallax condition. As can be
seen in Table 1, this real rotation yields a theoretical ro-
tation of zero in the back-biased condition. That is, the
real rotation should be cancelled by the apparent concomi-
tant rotation if the two are adding perceptually. As shown
in Figure 2, the mean rotation rating of 2.0 shows that
this is, indeed, what viewers perceived. Both the back-
biased condition, in which the rotating cube approximately
cancels the apparent concomitant rotation, and the front-
biased stationary cube receive mean ratings of approxi-
mately 2.0.

A rather surprising finding was that viewers rated ro-
tations that resulted in approximately zero proximal mo-
tion as stationary in the front-biased condition and as mov-
ing in the back-biased condition. In addition, theoretical
rotations less than or equal to the parallax were rated as
stationary in the front-biased condition, but not in the
back-biased condition, at least not in the 14'/sec parallax
condition, in which theoretical rotations of these magni-
tudes could be examined. Overall, viewers tended to be
more confident that they were seeing motion in the back-
biased condition rather than the front-biased condition:
Most of the ratings for the front-biased condition fall be-
low 3.0.

Discussion

The results of Experiment 1 show that viewers who
report apparent concomitant motion in these conditions
are not attending to the magnitude of the proximal mo-

tion and are not labeling rotation direction in some post--

perceptual process that takes depth into account. Corre-
lations between the rotation reports and the proximal
motion were low and nonsignificant. Thus, Experiment 1
suggests that attention to the proximal motion is not
responsible for reports of apparent concomitant motion.

In addition, our results suggest that viewers are not re-
jecting the apparent concomitant motion on the basis of
path complexity. The apparent concomitant-motion com-
ponent of the perceived rotation is nonrigid (see Ull-
man, 1979, p. 182), whereas the real rotation is rigid.
Nevertheless, apparent concomitant rotation was rated
higher than the real rotation. Furthermore, regardless of
bias condition, rotation reports were correlated with the
theoretical estimates of rotation rather than with the real
rotation.

The real rotation apparently adds with the apparent con-
comitant rotation, as evidenced by the low ratings assigned
to the rotation sequences that yielded approximately zero
theoretical rotation in the 14'/sec parallax condition. (Un-
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fortunately, this last finding was not replicable in the
27'/sec parallax condition, because, in this experiment,
the real rotations used in the two parallax conditions were
equated but the theoretical rotations were not. This was
corrected in Experiment 2.) Thus, the results of Experi-
ment 1 extend Gogel’s (1982) evidence regarding the ad-
ditivity of real and apparent concomitant motion in a spot
of light to a situation involving a real 3-D object in a rich
environment.

There were some unexpected findings, however. First,
clockwise real rotations were rated higher than counter-
clockwise real rotations. This is consistent with Wallach
et al.’s (1974) data, which, although unremarked upon
in the report, suggest that a viewer is less sensitive to ro-
tations that occur in the same direction as his/her own
movement (corresponding to counterclockwise rotations
here) than to rotations that occur in the opposite direc-
tion (here, clockwise rotations). Another possibility is that
counterclockwise rotations resulted in higher velocity the-
oretical rotations in the back-biased condition, thereby ac-
counting for the difference between the clockwise and
counterclockwise real rotations. However, this explana-
tion cannot account for the difference between the clock-
wise and counterclockwise rotations in the front-biased
condition (although it should be noted that both clockwise
and counterclockwise rotations received ratings less than
3.0 in the front-biased condition). (We explored the differ-
ence between clockwise and counterclockwise rotation
further in Experiment 2, where we equated the theoreti-
cal rotations rather than the real rotations.)

A second rather surprising finding was that viewers
were less likely overall to report motion in the front-biased
condition than in the back-biased condition. Of particu-
lar interest was the finding that theoretical rotations with
magnitudes less than or equal to the parallax were rated
as stationary in the front-biased condition but as rotating
in those cases that could be examined in the back-biased
condition.

One possible explanation for the difference between the
front- and back-biased conditions may be that the real ro-
tation was below some threshold. As can be seen in Ta-
ble 1, the magnitudes of the theoretical rotations in the
front-biased condition were generally less than those in
the back-biased condition. Wallach et al. (1974) have
shown that small rotations escape detection by observers
who are moving, and indeed, the mean rating for all the
real-rotation sequences in the front-biased condition was
2.0. If the real rotation was below some threshold, so that
only the apparent concomitant rotation was seen on many
trials, subjects (who had been led to expect real rotation
to occur on half of the trials) may have been willing to
apply a rotation label to the rotation seen in the back-
biased condition only because there was no real rotation
with which to compare it. If so, we cannot be sure whether
apparent concomitant motion is distinguishable from real
rotation when the latter is above threshold.

Accordingly, in the next experiment, we used a larger
range of real rotations so that suprathreshold real rota-
tions would be available for comparison with the theo-
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retical rotations in the back-biased condition. Second,
rather than matching the magnitudes of the real rotations
in the clockwise and counterclockwise directions, we
matched the magnitudes of the theoretical rotations in the
front- and back-biased conditions. Third, we gave sub-
jects no instructions about how often to expect real rota-
tion. These conditions should serve as a sensitive test of
whether viewers can distinguish real rotation from appar-
ent concomitant rotation or from rotation that includes a
substantial apparent concomitant motion component.

EXPERIMENT 2

Method

Subjects. Nine students at the State University of New York at
Stony Brook participated in this experiment in order to fulfill a
course requirement. All had vision that was normal or corrected
to normal.

Stimulus and Apparatus. The stimulus and apparatus were those
used in Experiment 1. There were two parallax conditions: 14'/sec
and 27'/sec. The real rotations used are shown in the bottom half
of Table 1. A wide range of counterclockwise rotations was used
to provide suprathreshold real rotation. Clockwise rotations were
included so that the magnitudes of the predicted theoretical rota-
tions would be equivalent to the magnitudes of the real rotations.

Procedure. The instructions were the same as those used in Ex-
periment 1, except that the subjects received no instructions about
how often to expect to see real motion. The subjects participated
in four practice trials (5 practiced with a back-biased cube, and 4
practiced with a front-biased cube). These practice trials were fol-
lowed by 56 experimental trials—36 at 27'/sec parallax and 20 at
14’/sec parallax. The subjects viewed each real-rotation sequence
twice in each condition of bias and parallax. Half began by mov-
ing at the 14'/sec rate; the other half moved at the 27'/sec rate.
Half began by viewing a back-biased cube; the other half viewed
a front-biased cube. Trials were run in blocks of 9 in the 27'/sec
parallax condition and in blocks of 10 in the 14'/sec parallax con-
dition. The bias of the cube was counterbalanced across blocks.
Trials on which subjects reported that the thicker-edged face of the
cube appeared to be behind were repeated later. (Such reports oc-
curred on only four trials across all subjects.)

Results

The subjects reported rotation on 100% of the station-
ary back-biased trials in which apparent concomitant ro-
tation was expected to occur. As expected (see Table 1),
the rotation direction reported on all of these trials was
counterclockwise. The ratings for the apparent concomi-
tant rotation were not lower than those for the real ro-
tation.

As shown in Table 2, correlations between the subjects’
mean rotation ratings and the proximal and theoretical mo-
tions show that the magnitude of the motion ratings varied
only with the magnitude of the theoretical rotations. No
differences were obtained between the clockwise and
counterclockwise real rotations.

As can be seen in the top half of Figure 3, as real rota-
tion increased, mean rotation ratings increased in the
front-biased condition, but decreased in the back-biased
condition [Fs(1,8) = 20.95 and 23.73 for 14'/sec and
27'/sec parallax, respectively; p < .001]. As shown in
Table 1, however, in the back-biased condition, predicted

Table 2
Correlations Between Viewers’ Ratings and Proximal Motions and
Theoretical Rotations in Experiments 1 and 2

Subjects
Rotation  Parallax P.S. M.A. E.P. S.M. Mean
Experiment 1
Proximal 14'/sec 450 528 377 .398
27'/sec  .680* 230 277 313
Theoretical 14'/sec  .660* .679* .764% .738*
27'/sec  .748% 7461 929t .876%
Experiment 2
Proximal 14'/sec .051
27'/sec .007
Theoretical  14'/sec .595*
27'Isec 707%
* < .05. 1{p < .0L

theoretical rotations increased as real rotation decreased.
When rotation ratings are plotted as a function of the the-
oretical rotations, as in the bottom half of Figure 3, it is
clear that rotation ratings increased as a function of the
predicted theoretical rotations in both conditions of bias.
However, note that in the front-biased conditions, real ro-
tations less than 14’/sec in the 14'/sec parallax condition
and less than 28'/sec in the 27'/sec parallax condition
received mean motion ratings lower than 2.5, regardless
of whether the rotation was clockwise or counterclock-
wise. In the back-biased condition, clockwise theoretical
rotations in this range were given low ratings, but coun-
terclockwise theoretical rotations in this range were al-
ways rated higher than 3.0.3

Again, as in Experiment 1, front- and back-biased con-
ditions differed in the rotation ratings assigned when the
proximal motion was approximately zero (i.e., 14'/sec
and 28'/sec counterclockwise rotation in the 14'/sec and
27'/sec parallax conditions, respectively). According to
taking-into-account theories, rotations sufficient to can-
cel the expected parallax should be perceived whenever
the proximal motion is zero. This should be true regard-
less of bias condition. Nevertheless, apparent concomi-
tant rotation was seen in the back-biased condition, but
real rotation was not seen in the front-biased condition.
These differences were significant: Ratings for the 14'/sec
parallax were 3.33 and 1.67 for the back-biased and front-
biased conditions; for the 27'/sec parallax condition, they
were 3.44 and 1.89 [1s(8) = 5.16 and 4.6, respectively].

Discussion

These results show that even when the predicted mag-
nitudes of the theoretical rotations are equated in the front-
and back-biased conditions, viewers cannot distinguish
real rotation from apparent concomitant rotation or from
theoretical rotations that include a substantial apparent
concomitant motion component. In addition, the results
support the proposal that real and apparent concomitant
rotation add perceptually: Low ratings were assigned to
back-biased cubes in which the predicted theoretical ro-
tation was approximately zero, and ratings increased as
the theoretical rotations resulting from the addition of real
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Figure 3. Rotation ratings in Experiment 2. The top panel shows the ratings as a function of the real
rotation. The 14’/sec parallax condition is shown in the left panel; the 27'/sec parallax condition is shown
in the right panel. F = front-biased, B = back-biased, ¢ = clockwise, and cc = counterclockwise. The
bottom panel shows the same data as a function of theoretical rotation.

and apparent concomitant motion vectors increased. Fur-
thermore, the results of Experiment 2 replicate those of
Experiment 1 in showing that viewers reporting appar-
ent concomitant motion were not attending to the prox-
imal motion: Correlations between viewers’ ratings and
proximal motions were low.

In Experiment 2, as in Experiment 1, we again obtained
significant differences between the front- and back-biased
conditions. First, in the front-biased condition, the rota-
tion ratings increased with the real rotation. In the back-
biased condition, however, rotation ratings decreased as
the real rotation increased. This difference between the
bias conditions can be accounted for by the theoretical

rotations, as shown in the bottom panel of Figure 3. Sec-
ond, theoretical rotations of equal magnitude did not
receive equal ratings in the front- and back-biased condi-
tions. This difference was unexpected and suggests that
the perceptual interactions that result in the perception of
rotation in these situations may be more complex than
predicted to date.

GENERAL DISCUSSION
The results of these two experiments show that the ap-

parent concomitant motion that accompanies depth rever-
sal in a wire cube does not result from attention to the
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proximal motion: Viewers’ rotation ratings increased with
the theoretical rotations rather than with the real rotations
or the proximal motions. Indeed, correlations with the
proximal motions were low and insignificant in both ex-
periments. Instead, the results correspond broadly with
what one would expect on the basis of a taking-into-
account model, in which the perception of relative dis-
tance within the object is the basis for the computation
of the apparent concomitant motion (Epstein, 1982;
Gogel, 1982).

The differences that we obtained between the front-
biased and the back-biased conditions were not predicted
by a taking-into-account model or by any of the alternate
models, however. Particularly surprising is the fact that
in the front-biased condition, neither clockwise nor coun-
terclockwise real rotation with a magnitude less than or
equal to the parallax were rated as motion, whereas in
the back-biased condition, counterclockwise theoretical
rotations in this range received high ratings, even though
clockwise theoretical rotations of the same magnitudes
received low ratings. These results were not predicted by
Equation 1. Nor can they be predicted easily by Gogel’s
perceptual equations. One way to account for these ef-
fects within Gogel’s model would be to suppose that the
perceived distance between the front and back faces of
the depth-reversed cube increased dramatically as the
counterclockwise theoretical rotation decreased from
28’ /sec to 14'/sec, but remained approximately the same
as the clockwise theoretical rotations decreased from
28'/sec to 14'/sec. Although we do not know precisely
how reversal occurs (i.e., whether the front and rear faces
switch apparent positions or whether one face flips around
the other), it is unlikely that large variations in the per-
ceived depth in the cube accompany these changes in per-
ceived rotation. Thus, the discrepant ratings assigned to
slow rotations in the back- and front-biased conditions sug-
gest that other variables in addition to those considered
to date (e.g., perceived distance, actual distance, pivot
distance, and viewer movement) must be contributing to
the perception of motion in this situation.

Eye Movements

One candidate for an additional variable to be consi-
dered has been suggested by Post and Leibowitz (1982),
who propose that viewers who misperceive distance may
make vergence errors which, in turn, may result in inac-
curate compensatory eye movements when viewers move.
Furthermore, they found that the direction of the pursuit
movement that could correct for these inaccurate eye
movements differed for viewers who observed a single
light source when their eyes were under- or overcon-
verged. The direction difference might account for the
apparent concomitant motion.

This explanation cannot account for the differences be-
tween the front- and back-biased conditions obtained here,
however. Although pursuit movements made to correct
vergence-induced errors might add a translatory appar-

ent concomitant motion component to the entire cube, they
should not affect the relative apparent concomitant mo-
tion between the front and back faces of the cube. In ad-
dition, the cube really rotated on many trials, and rota-
tion began from one of five different positions. Because
of this, compensatory eye movements made to either the
average location of the stationary cube or to the location
seen in the initial view would be in error as often in the
front-biased condition as in the back-biased condition.
Consider a cube rotating counterclockwise at 42'/sec in
the 27'/sec parallax condition. Rotation is seen in the back-
biased condition and not in the front-biased condition. In
order for the discrepancy between the location of the eye
and the location of the face perceived to be the front face
in the back-biased condition to equal that in the front-
biased condition, the size of the compensatory eye move-
ment made in the back-biased condition would have to
be twice as large as necessary. There is no evidence that
vergence-induced errors of this magnitude occur.

Complexity of the Motion Path

Remember that the path of the theoretical motion in the
back-biased cube must be complex (Shebilske & Proffitt,
1981, 1983; Ullman, 1979). In particular, the front and
back faces of the cube rotate at different speeds, yielding
a nonrigid rotation in which local regions of the cube move
relative to each other. Contrary to Shebilske and Proffitt,
our observers did not use this information to reject the
theoretical rotation in the back-biased condition. Instead,
the difference between the ratings assigned to the clock-
wise and the counterclockwise theoretical rotations in the
back-biased condition show that the larger the apparent
concomitant motion component (and hence, the greater
the nonrigidity), the more likely viewers are to rate the
rotation as motion. Consider theoretical rotations of —14
and —28 in the back-biased 27'/sec parallax condition,
corresponding to real rotations of —28 and —42 and prox-
imal motions of 0 and —14. The expected parallax (—27)
is larger than the proximal motion, so the predicted theo-
retical rotation is largely composed of apparent concomi-
tant rotation. On the other hand, theoretical rotations of
+14 and +28 correspond to real rotations of —70 and
—84 and to proximal motions of —42 and —56. The ex-
pected parallax (—27) is less than the proximal motion,
so the apparent concomitant motion component is can-
celled in the predicted theoretical rotation. Ratings sug-
gest that rotation is seen in the former condition, but not
in the latter condition. Thus, it appears that the nonrigid-
ities in the apparent concomitant rotation may actually
contribute to the perception of rotation.

This proposal must be explored further. In particular,
it will be important to know whether viewers can rate the
rotation in the back-biased condition as nonrigid. Some
rating research suggests that viewers are quite good at per-
ceiving nonrigidity (Todd, 1982), although some types
of small local distortions do not influence rigidity judg-
ments (Cutting, 1987). Regardless of whether the nonri-



gidities in the apparent concomitant rotation can be rated,
they seem to exert an influence on the detection of rota-
tion by moving observers.

In addition, the role of the 700-msec exposure dura-
tion will be explored further. This short exposure dura-
tion was used so that viewers would not see that the direc-
tion of the apparent concomitant rotation reversed
direction whenever they did. However, the exposure du-
ration may have influenced perceived depth or perceived
rotation.

Priority of Perceived Distance

As is apparent in the discussion above, our interpreta-
tion of the data assumes that the depth cues provided by
the biasing are read before the apparent concomitant mo-
tion is seen. Thus, Gogel may be correct in assuming that
depth cues are effective before the motion is computed.
However, perceptual causation is not necessarily implied
by the prior action of the depth cues. Depth cues may in-
teract with other stimulus information at the stage where
theoretical rotation is computed, but this need not imply
that one perceptual variable causes another perceptual
variable (see Oyama, 1977). Experiments, such as Ep-
stein’s (Epstein & Broota, 1986; Epstein & Lovitts, 1985),
that explore the relative automaticity of the registration
of the depth cues and the perception of the apparent con-
comitant motion would be interesting in this regard.

Summary

The present experiments provide strong evidence that
apparent concomitant rotation does not result from atten-
tion to the proximal mode. Furthermore, the results of
these experiments suggest that the models presented to
date do not sufficiently account for the perceived rota-
tion seen when moving observers view briefly exposed
cubes. Although the results of the two experiments
reported here fit the predictions from taking-into-account
theories reasonably well, they strongly suggest that addi-
tional computations are necessary to explain the differ-
ences between the front- and back-biased conditions. In
particular, the possibility that sensitivity to motion non-
rigidities (or attention to motion nonrigidities) might ac-
count for the differences between the two conditions must
be explored further.
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NOTES

1. Proximal motions in and of themselves do not have direction. (The
signs are assigned for purposes of summing real rotation and parailax.)

Therefore, unsigned magnitudes of the proximal motion were used in
calculating these correlations.

2. Inasmuch as the range of theoretical rotations was greater than the
range of the proximal rotations, correlations were recalculated on the
basis of a suitably reduced range. In 7 out of 8 cases, the correlations
remained significant.

3. Indeed, counterclockwise rotations as large as 42'/sec in the 14'/sec
parallax condition and as large as 56'/sec in the 27'/sec parallax were
rated as stationary in the front-biased condition, but not in the back-
biased condition. We did not have a large enough range of clockwise
rotations with which to compare these ratings.

(Manuscript received October 20, 1986;
revision accepted for publication December 7, 1987.)
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