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Human observers obtain information about three-
dimensional (3-D) shape from a large number of depth
cues provided by the visual environment. In recent years,
many studies have been carried out to investigate the
strategies that human observers may follow to combine
the information specified by the different sources of
depth information (Clark & Yuille, 1990; Landy, Mal-
oney, Johnston, & Young, 1995; Richards, 1985). These
investigations have tried to establish the mathematical
rule by which the different depth cues are combined,
proposing both linear (Bruno & Cutting, 1988) and multi-
plicative (Massaro, 1988) combination rules and propos-
ing weights that change according to the reliability of the
different cues (Landy et al., 1995). Whereas these stud-
ies have differed from one another with respect to the
specific depth cues that have been considered and the
conclusions that have been reached, these investigations
have shared a common assumption—that is, they have
considered the problem of depth cue combination only
for cues that are present in the same spatial location and
at the same moment of time (for the learning effects on

the reliability of the depth cues, see, e.g., Jacobs & Fine,
1999). Much less attention has been provided, con-
versely, to the problem of the temporal integration of the
depth cues. Such a form of integration arises, for exam-
ple, when the same 3-D object is successively defined by
different sources of information (e.g., a disparity gradi-
ent first and a motion gradient later). We can, therefore,
ask the following question. Can the perceptual interpre-
tation of a depth cue, made available at one moment of
time, be affected by a different depth cue that had de-
fined the same target object at a previous moment of
time? For example, let us suppose that a stationary 3-D
object is viewed binocularly by a static observer (dispar-
ity information) and, at a successive moment of time, the
same object is viewed monocularly by the same observer
while he or she is moving (motion parallax). What we
want to know is whether the perceptual interpretation of
motion parallax changes according to the properties of
the disparity information previously presented.

One technique that has been used to study temporal in-
teractions among depth cues is selective adaptation.
Nawrot and Blake (1989), for example, have shown that
“extended exposure to structure from stereopsis subse-
quently influences the perception of structure from mo-
tion” (p. 718). In their experiment, observers were shown
an unambiguous 3-D stereoscopic sphere rotating about
the vertical axis, and successively, they were asked to re-
port the perceived direction of rotation of an ambiguous
sphere defined under an orthographicprojectionby motion
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In three experiments, we investigatedthe integrationof three-dimensional information provided over
time by different depth cues. In the first experiment, we found that the perceptual derivation of sur-
face orientation from the optic flow was affected by the prior presentation of static stereo information
in the same spatial location. This bias weakened as the length of the motion sequence increased, but it
was still present after800 msec. In the second experiment, conversely,we found that the perceivedori-
entation of a stereo-specifiedsurface was not influenced by the prior presentationof a staticstereo sur-
face. In a third experiment, we found that two surfaces defined by identical disparity fields did not
elicit the same perceiveddepth if, previously, one of them had been specifiedby a conjunction of stereo
and motion information. This effect was found to last for at least 400 msec. Taken together, these find-
ings indicate that interactions exist among different sources of depth information, even when they are
provided at different moments of time.
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information alone. Their results indicate that the per-
ceived direction of rotation of the ambiguous structure-
from-motion (SFM) sphere was biased by the previous
exposure to the unambiguous motion from stereopsis
(see, also, Nawrot & Blake, 1991).

In another study, Poom and Börjesson (1999) asked
observers to adapt to a stationary slanted planar surface
viewed binocularly or to motion parallax generated by
the translation of the observers’ heads. In the test phase,
the observers were exposed to the same stimuli as in the
adaptationphase, and their task was to determine the ori-
entation in which the test surface had to be placed in order
to appear frontoparallel. The results of their experiments
revealed that aftereffects were generated even when the
surfaces used in the adaptation and test phases were de-
fined by different depth cues. Poom and Börjesson also
found transfer effects among texture gradients, motion
parallax, and binocular disparity.

Domini, Adams, and Banks (2001) studied whether
the mechanisms underlying the stereoscopic curvature
aftereffect (Graham & Rogers, 1982) are tuned to par-
ticular disparity patterns or to some other property, such
as surface curvature. Their results clearly support the
second hypothesis, thus showing that 3-D aftereffects are
caused by adaptation among mechanisms specifying sur-
face shape, rather than among mechanisms signaling the
disparity pattern. If aftereffects are caused by adaptation
to higher level mechanisms tuned to surface representa-
tion, it may be expected that the 3-D representation spec-
ified up to a certain moment of time by a certain depth
cue may influence the interpretation of another depth cue
that is provided at a second moment of time.

In the present study, the temporal interactions among
different depth cues were not investigatedby means of an

adaptation procedure (as in the experiments described
above), but rather, by using a method previously em-
ployed by Domini et al. (2002). In one of their experi-
ments, Domini et al. presented in succession two optic-
flow fields in the same spatial location, and observers
were asked to judge, at the end of the stimulus sequence,
the orientationof the perceived 3-D surface. Domini et al.
(2002) found an effect of long-term temporal integration
for the perceptual interpretation of the optic flow: The
3-D orientation perceived at the end of the stimulus se-
quence was strongly affected by the properties of the first
of the two optic flow fields that had been presented in
succession. Such temporal effects were found to last for
over 1,200 msec.

In the present investigation, our intention was to ex-
tend those findings by studying the interactions of dif-
ferent depth cues over time. In particular, we tried to es-
tablish whether the perceived 3-D orientation of a planar
surface defined by motion information (Experiments 1
and 2) or stereo information (Experiment 2) can be af-
fected by the properties of a stationary disparity gradient
that was presented in the same spatial location at a pre-
vious moment of time. Moreover, we studied whether the
perceived depth of a sinusoidally corrugated surface de-
fined by a stationary disparity field can be affected by
the dynamic properties of a previously presented stereo-
specified surface (Experiment 3).

EXPERIMENT 1

In Experiment 1, observers viewed two adjacent planar
surfaces slanted in depth (see Figure 1). In the first seg-
ment of the stimulus sequence (history), the planar sur-
faces were defined by two static disparity fields. In the

Figure 1. Schematic representation of the stimulus sequence used in Experiment 1. During the first
500 msec of the stimulus display (history phase), each of two adjacent surfaces (standard and test) was
specified by stereo disparity (in this figure, only one surface is shown). During the comparison phase, the
right image of each surface was replaced by a blank field, and the dots present on the left image were an-
imated so as to produce a linear constant optic flow specifying a rotation in depth of a planar surface.
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second segment of the stimulus sequence (comparison),
the two planar surfaces were defined by two monocu-
larly viewed velocity fields. We hypothesized that the
disparity f ield shown during the first segment of the
stimulus sequence would bias the perceptual interpreta-
tion of motion information presented in the same spatial
location during the second segment of the stimulus se-
quence. According to this hypothesis, observers should
perceive a larger slant when a given velocity gradient
follows a large disparity gradient than when it follows a
small disparity gradient. We propose, in fact, that per-
ceived 3-D surface orientation builds up in time, by tak-
ing into account the orientationperceived in the previous
moment of time (Domini et al., 2002). Alternatively, no
integrationof stereo and motion information occurs over
time. In this second case, the judgment of the optic flow
would not be biased by the prior presentation of disparity
information.

Method
Participants . Three volunteers, recruited from the Brown Uni-

versity community and naive as to the purpose of the experiment,
and one of the authors (P.S.) participated in this experiment. All the
participants had normal or corrected-to-normal vision.

Apparatus. The displays were presented on a high-resolution
color monitor (1,280 3 1,024 addressable locations), under the con-
trol of a Hewlett-Packard Visualize X550 Workstation. The screen
had a refresh rate of 120 Hz. The stimuli were presented stereoscop-
ically using liquid crystal shuttered glasses that were synchronized
with the monitor refresh rate. The refresh rate of the stereo image,
therefore, was equal to 60 Hz. An anti-aliasing procedure was used:
For point locations falling on a pixel boundary, the screen luminance
was proportionally adjusted in the relevant addressable locations.
The observer sat 100 cm from the screen and viewed the displays
through a reduction screen placed approximately 10 cm away from
the monitor. The reduction screen limited the vertical viewing area
to a 9 3 11 cm rectangular aperture. A chinrest was used to restrict
head movement. The experiment was run in a dark room.

Stimuli. The stimuli were high-luminance random dots pre-
sented on a low-luminance background. Two rectangular regions
located 1 cm to the left or to the right of a central fixation point de-
picted, at different instants of time, stereo-specif ied or motion-
specified random-dot planar surfaces. At the beginning of each trial,
a stereo image specifying two planar surfaces was presented (his-
tory phase). Each simulated planar surface could be either fron-
toparallel or slanted 30º about the horizontal axis. For the slanted
surfaces, the maximum disparity was 6.3 arcmin. After 500 msec,
the right image was replaced by a blank field, and the dots on the
left image were animated (comparison phase). The velocity fields
that were created in this manner simulated two linear velocity fields
(all velocity vectors were parallel to the vertical axis). The hori-
zontal gradient of each velocity field was always nil. The magni-
tude of the vertical gradient of one of the two motion fields (stan-
dard ) was equal to 0.103 sec21 (which produced a maximum
velocity at the top and bottom of the stimulus of 37.8 arcmin/sec).
The vertical gradient of the other motion field (test) took on, in dif-
ferent trials, the value of 80%, 90%, 100%, 110%, or 120% of the
magnitude of the gradient of the standard. The duration of the com-
parison phase ranged from 200 to 800 msec, in 200-msec steps. The
two random-dot fields shown on each trial were contained in a re-
gion approximately 9 cm wide and 11 cm tall. They were separated
by a blank region approximately 2 cm wide. Each frame of the stim-
ulus sequence displayed 500 dots, and dot density was kept con-

stant (Sperling, Landy, Dosher, & Perkins, 1989). The position (left
or right) of the standard and test sequences was randomly selected
on each trial.

Design. Three within-subjects variables were studied: the con-
dition (during the history phase, the test and standard disparity gra-
dients were [30º, 0º], [0º, 0º], [30º, 30º], or [0º, 30º]), the ratio be-
tween the velocity gradient of the test and the velocity gradient of
the standard (0.8, 0.9, 1.0, 1.1, or 1.2), and the duration of the mo-
tion sequences (200, 400, 600, or 800 msec).

Procedure. The participants were asked to report whether the
velocity field supporting the largest perceived slant at the end of
the stimulus sequence was located on the left or on the right. The
participants responded by pressing the corresponding mouse but-
tons connected to the workstation. No feedback was provided for
“correct” responses.

Results and Discussion
The data from the naive observers and 1 expert observer

were analyzed together, since a similar pattern was exhib-
ited. A repeated measures analysis of variance (ANOVA)
was conducted on the frequencies of “test more slanted”
responses,with condition(test /standard disparitygradient:
[30º, 0º], [0º, 0º], [30º, 30º], or [0º, 30º] ), test /standard
motion gradient ratio (0.8, 0.9, 1, 1.1, or 1.2), and dura-
tion of the SFM sequence (200, 400, 600, or 800 msec)
as the within-subjects independent variables. As was ex-
pected, the effect of the condition variable was signifi-
cant [F(3,9) = 31.101, p < .001] and interacted with the
effect of duration [F(9,27) = 3.604, p < .01]. The effect
of the motion gradient ratio was significant [F(4,12) =
10.103, p < .001] and interacted with the effect of the du-
ration of the SFM sequence [F(12,36) = 6.516, p < .001].
Finally, the interaction between condition and motion
gradient ratio was significant [F(12,36) = 2.171, p <
.05]. No other effects or interactions were significant.

The percentages of “test more slanted” responses as a
function of condition, ratio between the velocity gradi-
ent of the test and the velocity gradient of the standard,
and duration of the motion sequences are shown in Fig-
ure 2 (the average standard error was 6%). In the condi-
tions in which, during the history phase, the disparity
gradients for the test and the standard were equal ( [0º, 0º]
and [30º, 30º] ), the responses of the observers did not
reveal any systematic bias. This is shown in the figure by
the gray and black squares. Conversely, if different dis-
parity gradients were used for the test and the standard
during the history phase ([0º, 30º] and [30º, 0º] ), the ob-
servers’ responses were systematically biased (open and
filled circles). If the standard was preceded by a 0º dis-
parity field and the test was preceded by a 30º disparity
field, the observers were more likely to judge the test to
be more slanted; if the standard was preceded by a 30º
disparity field and the test was preceded by a 0º disparity
field, the observers were less likely to judge the test to be
more slanted. From Figure 2, it is also easy to see that
this bias decreases as the length of the SFM sequence in-
creases. For the present stimuli, however, the influence
of the prior presentation of stereo on the perceptual in-
terpretation of motion lasted for up to 800 msec.
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EXPERIMENT 2

The results of the previous experiment indicated that
the perceptual interpretation of the optic flow is affected
by the prior presentation of stereo information, thus in-
dicating the combination through time of these two depth
cues. The purpose of Experiment 2 was to determine
whether temporal integrationoccurs also when stereo in-
formation specifies both the history and the test phases
of a stimulus sequence otherwise identical to that used in
Experiment 1. In other words, we investigated whether
temporal integration occurs over time for two separate
episodes providing disparity information only.

Method
Participants. Five volunteers, recruited from the Brown Uni-

versity community, participated in this experiment. They had not
participated in the previous experiment and were naive as to the
purpose of the present empirical investigation. All the participants
had normal or corrected-to-normal vision.

Apparatus. The apparatus was the same as that in the previous
experiment.

Stimuli. The stimuli in this experiment were identical to those
used in the previous experiment, except that the simulated 3-D sur-
faces during the comparison phase could be specified either by mo-
tion or by stereo information. When the simulated 3-D surfaces
were specified in the comparison phase by disparity gradients, the
simulated slant for the standard surface was 41º. The simulated
slant for the test surface was determined as specified below in the
Procedure section. In the control condition, in the comparison
phase both standard and test surfaces were defined by disparity in-
formation. The history condition was the same as that used in Ex-
periment 1.

Design . Four within-subje cts variables were studied: the
comparison-phase type (stereo vs. motion), the condition [during
the history phase, the test and standard disparity gradients were
(30º, 0º), (0º, 0º), (30º, 30º), or (0º, 30º)], the ratio between the mo-
tion (stereo) gradient of the test and the motion (stereo) gradient of
the standard (five levels), and the duration of the motion sequences
(400 or 800 msec).

Procedure. The procedure was identical to that of the previous
experiment, except for the fact that, in Experiment 2, a calibration
procedure was used in order to equate the difficulty of the discrim-
ination between test and standard, in both the stereo and the motion
comparison types. Prior to the experiment, a preliminary session
was run so that, for each subject, the ratios between the motion
(stereo) gradient of the test surface and the motion (stereo) gradi-
ent of the standard surface were such that the percentage of “test
more slanted” responses varied (as a function of the motion [stereo]
test gradient) in the range between 10% and 90%. In this way, the
difficulty of the stereo and the motion comparisons was equated.

Results and Discussion
A repeated measures ANOVA was conductedon the fre-

quencies of “test more slanted” responses, with condition
(test /standard disparity gradient: [30º, 0º], [0º, 0º], [30º,
30º], or [0º, 30º] ), test/standard motion gradient ratio (0.8,
0.9, 1, 1.1, or 1.2), duration of the SFM sequence (400 or
800 msec), and comparison type (stereo or motion) as the
within-subjects independentvariables.The most important
result was the interaction between the condition variable
and the comparison variable type [F(3,12) = 53.830, p <
.001]. The condition [F(3,12) = 11.803, p < .001] and the
motion gradient ratio [F(4,16) = 154.961, p < .001] vari-
ables were significant. Also significant were the two-way
interactions between duration of the SFM sequence and
condition [F(3,12) = 6.426,p < .01], between comparison
type and motion gradient ratio [F(4,16) = 13.217, p <
.001], between duration of the SFM sequence and motion
gradient ratio [F(4,16) = 5.650, p < .01], and between
condition and motion gradient ratio [F(12, 48) = 4.934,
p < .001] and the three-way interactions between compar-
ison type, duration of the SFM sequence, and condition
[F(3,12) = 5.785, p < .05], between comparison type, du-
ration of the SFM sequence, and motion gradient ratio
[F(4,16) = 6.778,p < .01], and between comparison type,
condition, and motion gradient ratio [F(12, 48) = 2.639,
p < .01]. No other effects or interactions were significant.

Figure 2. The mean percentages of “test more slanted” responses in Experiment 1 as a function of condition, test/standard motion
gradient ratio, and duration of the comparison phase. Squares and circles represent the empirical data. Lines represent the predic-
tions of the model proposed by Domini et al. (2002); for a discussion of this simulation, see the General Discussion section.
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The percentages of “test more slanted” responses as a
function of condition, test/standard motion gradient ratio,
duration of the SFM sequence, and comparison type are
shown in Figure 3 (the average standard error was 5.19%).
The first thing that should be noticed is that, in all control
conditions (i.e., when the test and the standard disparity
gradients were [0º, 0º] or [30º, 30º] and for both stereo
and motion comparisons), all the psychometric functions
are parallel, thus indicating equal sensitivity for the
stereo and the motion tasks. The important thing, how-
ever, is that the stereo history phase had no effect on the
stereo comparison (Figure 3, left panel) whereas, in the
motion comparison, the results obtained in Experiment 1
were replicated (Figure 3, right panel). The size of the bias
for the motion stimuli, moreover, is comparable across
experiments.

These results indicate that a disparity gradient pre-
sented at a certain instant of time does not influence the
perceived 3-D orientation of a subsequently presented
disparity gradient. This finding is apparently inconsis-
tent with the results of Domini et al. (2002), which
clearly indicate that perceived 3-D orientation specified
by motion information is the result of a process of tem-
poral integration. This apparent inconsistency, however,
can be easily explained by noting that two velocity gra-
dients presented in the same spatial location can, in prin-
ciple, be produced by the same 3-D surface orientation,
as the consequence of the acceleration or deceleration of
the surface. Information about both episodes, therefore,
can be accrued to better recover the orientation of the
projected surface. A change in the disparity gradient,
conversely, must necessarily correspond to a change in
the 3-D orientation of the surface. In this second case,
therefore, the recovery of 3-D surface orientation from
the two dimensional (2-D) projection would not benefit
from the accrual of information provided at different
moments of time. It should thus be expected that tempo-

ral integration plays a lesser role in the perceptual inter-
pretation of successive stereo episodes than it does in the
perceptual interpretation of the optic flow.

EXPERIMENT 3

In a pilot experiment, we devised a stimulus display
providing both stereo and motion information, so that
the depth perceived from the simultaneous presentation
of the two cues was larger than the depth perceived from
stereo alone. The purpose of Experiment 3 was to deter-
mine whether the depth arising from the combination of
stereo and motion information persists over time also
when the dynamic stereoscopic display reaches a stop,
thus specifying 3-D shape through disparity alone. Such
a situation arises, for example, when a moving observer
binocularly views a 3-D object. If the object is distant
enough (more than 1 m; see Johnston, 1991; Johnston,
Cumming, & Landy, 1994;Tittle & Braunstein, 1993), the
3-D shape that is supported by the combination of stereo
and motion information can be deeper than the 3-D
shape that is specified by stereo information alone. When
the observer stops, however, 3-D shape is indeed speci-
fied by stereo information only. Here, we ask whether, in
this case, perceived 3-D shape remains constant for a
certain time intervalor suddenlychangesas a consequence
of the disappearance of the dynamic information. In
order to increase the realism of the stimulus displays,
moreover, in this third experiment we modified the stim-
ulus displays so that, unlike Experiment 1, they provided
second-order temporal information. In other words,
rather than using constant optic flow fields, we simulated
a large-angle rotation (40º) of the projected surfaces.

Method
Participants. Three volunteers, recruited from the Brown Uni-

versity community, participated in this experiment. They had not

Figure 3. The mean percentages of “test more slanted” responses in Experiment 2 as a function of comparison type (stereo or mo-
tion), condition, test/standard disparity or motion gradient ratio, and duration of the comparison phase.
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participated in the previous experiments and were naive as to the
purpose of the present empirical investigation. One of the authors
(C.C.) also participated in this experiment. All the participants had
normal or corrected-to-normal vision.

Apparatus. The apparatus was the same as that in the previous
experiments.

Stimuli. The stimuli were random-dot stereograms. At the be-
ginning of each trial (see Figure 4), a stereo image specifying one
sinusoidal surface was presented either at the top or at the bottom
of the screen for 1,000 msec (the history phase). The stimulus dis-
play (standard) contained exactly two cycles of the sinusoidal cor-
rugation. The peak to through depth was 2 cm, corresponding to a
maximum disparity of 2 arcmin. In the stereo–motion condition,
during the whole history segment of the stimulus sequence, a hori-
zontal velocity field was added to the standard. The 3-D angular ro-
tation varied linearly from a maximum of 80 deg/sec to 0 deg/sec
over 60 frames (the history phase). At the beginning of the rotation,
the simulated surface was rotated in depth by 40º. At the end of the
rotation, the surface was parallel to the image plane. In the stereo-
only condition, the sinusoidal surface during the history segment
was defined by disparity alone. The history phase was followed by
time interval Dt, during which the disparity field was the same as
that during the history phase, but motion was no longer present. Dt
took on the value of 0, 200, or 400 msec. After the time interval Dt,
the comparison phase began with no interstimulus interval between
them. In the comparison phase, the sinusoidal surface that had been
presented previously was left on the screen for another 200 msec.
During this time, a second sinusoidal surface (test) was presented,
below or above the standard. The test simulated a horizontal sinu-
soidally corrugated surface with the same frequency as the stan-
dard. In different trials, the test /standard amplitude ratio was equal
to 0.30, 0.65, 1.00, 1.35, 1.70, 2.05, or 2.40. During the compari-
son phase, both the standard and the test were defined by disparity

information alone, in both the stereo–motion and the stereo-only
conditions. The two random-dot f ields shown on each trial were
contained in a region with a size of 252 3 252 pixels (5.4º 3 5.4º).
The standard and the test were separated by a blank region of 100
pixels. Both the standard and the test were defined by 600 dots. The
position (top or bottom) of the standard and the test surfaces was
randomly selected on each trial.

Design. Four within-subjects variables were studied: the condi-
tion (stereo–motion vs. stereo only), position of the standard (top or
bottom), the ratio between the amplitude of the stereo-defined test
and standard surfaces (0.30, 0.65, 1.00, 1.35, 1.70, 2.05, or 2.40),
and the duration of the time interval Dt between the history and the
comparison phases (0, 200, or 400 msec).

Procedure. The experimental task was to compare the depth of
the two sinusoidal surfaces when they were both present on the
screen (i.e., during the comparison phase). In each trial, the partic-
ipants were asked to indicate whether the deeper surface was lo-
cated at the top or at the bottom of the screen. The participants re-
sponded by pressing the corresponding mouse buttons connected to
the workstation. No feedback was provided for “correct” responses.

Results and Discussion
As in Experiment 1, the data of the naive observers

and of 1 expert observer were analyzed together, since
they exhibited a similar pattern. A repeated measures
ANOVA was conductedon the frequenciesof “test deeper”
responses with condition (stereo–motion vs. stereo only),
test /standard stereo amplitude ratio (0.30, 0.65, 1.00,
1.35, 1.70, 2.05, or 2.40), duration of the time interval Dt
(0, 200, or 400 msec), and location of the standard (top
vs. bottom) as the within-subjects independentvariables.

Figure 4. Schematic representation of the stimulus display used in Experiment 3. During the first 1,000 msec
of the stimulus sequence (history), only one corrugated surface (standard) was shown. The three-dimensional
shape of the standard during the history phase was specified by stereo and motion information (stereo–motion
condition)or by stereo information only (stereo-only condition). In the stereo–motion condition, motion was pres-
ent only during the history phase of the stimulus sequence. After a time interval D t (0, 200, or 400 msec), another
corrugated surface (test) was presented either above or below the standard. During the comparison phase, the
standard and test surfaces were shown for 200 msec.
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The most important result was the interaction between
the condition variable (stereo–motion and stereo only)
and the test /standard stereo amplitude ratio variable
[F(6,18) = 6.407, p < .001]. The condition [F(1,3) =
22.056, p < .05] and test /standard stereo amplitude ratio
[F(6,18) = 56.275, p < .001] variables were significant.
Also significant were the three-way interaction1 between
condition, location of the standard, and duration of Dt
[F(2,6) = 9.587, p < .05].

The percentages of “test deeper” responses as a func-
tion of condition, test /standard stereo amplitude ratio,
and duration of the time interval Dt are shown in Figure 5
(the average standard error was 5.19%). In the control
condition (stereo only), the psychometric function rep-
resenting the percentages of “test deeper” responses was
unbiased. This is in sharp contrast with the psychomet-
ric function relative to the stereo–motion condition. In
this second case, a large bias was present, indicating that
the observers were much more likely to report that the
standard was deeper (in the history phase of the stimu-
lus sequence, in fact, the standard was preceded by a dis-
play providing both stereo and motion information). It is
important to remember that, during the comparison
phase, the standard and the test stimuli were identical
across conditions (stereo–motion and stereo only). These
results, therefore, indicate that a larger depth is likely to
be perceived when a surface that, previously, had been
defined by stereo and motion is then specified by dis-
parity alone. In the present experiment, this effect was
found to last for at least 400 msec.

GENERAL DISCUSSION

In three experiments, the participants were asked to
indicate which of two adjacent displays (standard and
test) defined by motion (Experiments 1 and 2) or stereo

(Experiments 2 and 3) information appeared at the end
of the stimulus sequence to be more slanted in depth, or
deeper. In Experiments 1 and 2, we found that the amount
of slant that was recovered from motion information was
affected by the stereo information that had been shown
in the same spatial location at a previous moment of
time. In Experiment 3, we found that the increase of per-
ceived depth that resulted by adding motion to a dispar-
ity field persisted over time when motion was no longer
present. Taken together, these findings indicate that the
perceptual processing of motion and disparity informa-
tion may interact with each other, even when these two
sources of depth information are not present in the same
spatial location at the same moment of time.

In the first experiment, we investigated whether stereo
information shown at the beginning of a stimulus se-
quence (history) would affect the perceptual interpretation
of the motion information shown in a later moment of the
stimulus sequence (comparison). When the two adjacent
velocity gradients that were shown in each trial followed
two identical disparity gradients (both specifying either a
0º or a 30º slant), the psychophysical curves representing
the percentagesof “test more slanted” responses as a func-
tion of the standard/test motion gradient ratios were not
biased, for all the durations of the comparison segments.
When the standard and the test velocity gradients followed
two different disparity gradients (one specifying a 0º and
the other specifying a 30º slant), the psychophysical
curves were biased. If the standard followed a 0º disparity
field and the test followed a 30º disparity field, the prob-
ability of judging the test to be more slanted increased; if
the standard followed a 30º disparity field and the test fol-
lowed a 0º disparity field, the probability of judging the
test to be more slanted decreased. This perceptual bias
weakened as the length of the comparison sequence in-
creased, but it was still present after 800 msec.

Figure 5. The mean percentages of “test deeper” responses in Experiment 3 as a function of condition
(stereo only and stereo–motion), test/standard stereo amplitude ratio, and interval Dt between the history
and the comparison phases.
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In the second experiment, we compared perceived 3-D
surface orientation in trials in which a stereo history seg-
ment was followed by a motion comparison segment and
in trials in which a stereo history segment was followed
by a stereo comparison segment. The results of Experi-
ment 2 showed no bias in the stereo–stereo trials, whereas
the responses of the stereo–motion trials revealed the
same biases as those in Experiment 1. The absence of a
perceptual bias in the stereo–stereo condition may be at-
tributed to the fact that, unlike for stimuli providing mo-
tion alone, a change in the magnitude of the disparity
gradient always corresponds to a change in the 3-D ori-
entation of the viewed surface. In the case of the optic
flow, on the other hand, a change in the magnitude of the
velocity gradients may be produced, not only by a change
of surface orientation, but also by the acceleration or de-
celeration of a surface that is maintaining a constant 3-D
orientation. Temporal recruitment of information, there-
fore, is appropriate to better recover 3-D surface orienta-
tion from a 2-D projection in the case of successive mo-
tion episodes (Domini et al., 2002) or successive stereo
and motion episodes (Experiment 1), but not in the case
of successive stereo–stereo episodes (Experiment 2).

The ambiguity of motion information stems from the
fact that, in deriving 3-D information from the optic flow,
the human visual system makes use only of the informa-
tion provided by two views (first order), which can be pro-
duced by the orthographicprojectionof an infinite number
of different 3-D rigid structures. Evidence that the per-
ceptual analysis of the optic flow is restricted to the first-
order velocity field has been provided by several investi-
gations (Caudek & Domini, 1998; Domini & Caudek,
1999; Domini, Caudek, & Proffitt, 1997; Liter & Braun-
stein, 1998;Liter, Braunstein,& Hoffman, 1993; Norman
& Todd, 1993, 1995; Todd & Bressan, 1990; Todd &
Norman, 1991) and, in particular, by the finding that per-
formance in SFM tasks does not improve when the num-
ber of views is increased from two to many (Todd & Bres-
san, 1990; Todd & Norman, 1991). As a consequence of
the necessity of fixing one of the infinite solutions that,
in principle, are compatible with the first-order informa-
tion (for a discussion, see Domini & Caudek, 1999), it is
therefore to be expected that the perceptual interpreta-
tion of motion information is likely to be affected by the
3-D interpretation that has been assigned by the unam-
biguous stereo information to the same target object at a
previous moment of time (see Experiments 1 and 2).

The fact that the perceptual interpretation of a static
disparity gradient is not influenced by previously pre-
sented static stereo information, however, does not nec-
essarily mean that a disparity field is only processed in-
stantaneously. In the third experiment, in fact, we found
that two surfaces defined by identical disparity fields did
not give rise to the same perceived depth if, previously,
one of them had been specified by a conjunction of
stereo and motion information. Earlier investigations
have shown that the addition of motion to a stereo dis-
play can increase the amount of perceived depth (e.g.,

Johnston, 1991; Johnston et al., 1994; Tittle & Braun-
stein, 1993). The original contribution of the present ex-
periment is to show that this depth increment persisted
over time when the surface that had been previously de-
fined by both stereo and motion information was then
defined by stereo information alone. For our stimuli, this
motion-induced depth increment was found to persist for
at least 400 msec. The present results suggest, therefore,
that a combination of stereo and motion information can
take place also over time between the disparity informa-
tion that is actually provided by the stimulus display and
the persistenceof a “memory trace” of motion information
that had been presented at a previous moment of time.
Evidence that a 3-D representation defined by motion in-
formation persists over time when motion is no longer
present had been previously provided by Domini and
Braunstein (1998). In that study, the participants were
shown a random-dot planar surface rotating in depth, and
at the end of the SFM sequence, a pair of dots was flashed
on the screen for a brief interval. The task of the observer
was to judge the tilt of the imaginary line connecting the
dots. Even if the dots were shown when motion was no
longer present, the perceived 2-D orientation of the
imaginary line connecting the two dots was found to de-
pend on the perceived 3-D orientation of the surface that
had been previously defined by motion information.

The fact that the perceptual interpretation of the optic
flow may be affected by the prior presentation of stereo
information is a novel result, but it should not come as an
unexpected one. Several reports, in fact, have revealed
the existence of interactions between stereo and motion
information when these two depth cues are presented si-
multaneously (e.g., Cornilleau-Pérès & Droulez, 1993;
Johnston et al., 1994; Tittle & Braunstein, 1993; Tittle,
Perotti, & Norman, 1997; Tittle, Todd, Perotti, & Nor-
man, 1995; see, also, Richards, 1985). Moreover, it is
well known that motion information is inherently am-
biguous. This ambiguity stems from the fact that, in de-
riving 3-D information from the optic flow, the human
visual system makes use only of the information pro-
vided by two views (e.g., Caudek & Domini, 1998; Do-
mini & Caudek, 1999; Domini et al., 1997; Liter &
Braunstein, 1998; Liter et al., 1993; Norman & Todd,
1993, 1995; Todd & Bressan, 1990; Todd & Norman,
1991), which can be produced by the orthographic pro-
jection of an infinite number of different 3-D rigid struc-
tures. As a consequence of the necessity of fixing one of
the infinite solutions that, in principle, are compatible
with the first-order information (for a discussion, see
Domini & Caudek, 1999), it is therefore to be expected
that the perceptual interpretation of motion information
is likely to be affected by the 3-D interpretation that has
been assigned by the unambiguous stereo information to
the same target object at a previous moment of time.

More unexpected is the finding that, also, the percep-
tual interpretation of disparity information may be mod-
ulated by a process of temporal integration. This find-
ing, in fact, contrasts with the current view that the



56 DOMINI, CAUDEK, AND SKIRKO

perceptual analysis of disparity information is uniquely
determined, provided that the viewing distance is fixed.
Being unambiguous at each moment of time, therefore,
the perceptual analysis of disparity is not expected to be
biased by the 3-D information provided at a previous
moment of time. The results of Experiment 2 are espe-
cially interesting, therefore, because of the contrast with
such widespread opinion, and point to the limitation of
any approach attempting to explain perceived 3-D shape
solely on the basis of the information provided by a sin-
gle depth source at any isolated moment of time.

The present results with regard to the integrationof dif-
ferent depth cues over time, on the other hand, are consis-
tent with the findings about long-term temporal integra-
tion in SFM reported by Domini et al. (2002). Domini
et al. (2002) showed observers two optic flow sequences
presented side by side. Each sequence was made up of two
successive segments: the history and the comparison.The
velocitygradients (fx1 > fx2 ) used for the comparison seg-
ments were such that, when shown alone, the observers
reliably associated (in at least 80% of the cases) the larger
perceived slant (the angle between the planar surface and
the frontoparallel plane) to the velocity field having the
largest gradient (fx1). When fx1 was preceded in the his-
tory segment by a very small velocitygradient and fx2 was
preceded by a very large velocity gradient, however, the
opposite result was found: The observers consistently
judged the velocity field with the smallest gradient (fx2 )
in the comparison phase as having the largest perceived
slant. Such an effect was found to last up to 1,280 msec.
Domini et al. (2002) explained these findingsby means of
a temporal integration model assuming that (1) a 3-D rep-
resentation is derived heuristically from the first-order ve-
locity field and (2) perceived local surface orientation is
updated over time by averaging the slant magnitudes spec-
ified by the current optic flow, on the one hand, with the
slant and angular rotation magnitudes perceived at previ-
ous moments of time, on the other. It is straightforward to
extend this model to the case in which the 3-D information
is specified over time by different depth cues.

CONCLUSION

The perceptual interpretationprovided to a single depth
cue shown in isolation (either motion or stereo) was af-
fected by the prior presentation of a different depth cue.
Such effects of cue combination over time have been
found to last up to 800 msec. The results of the present
investigationare consistent with the temporal integration
model proposed by Domini et al. (2002).
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NOTE

1. Results from studies on the discriminability of random-dot stereo-
grams indicate that a fundamental anisotropy exists in the processing of
visual targets in 3-D space (Previc, Breitmeyer, & Weinstein, 1995).
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