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Abstract

Previous investigators have shown that observers’ visual cue combination strategies are remarkably flexible in the sense that
these strategies adapt on the basis of the estimated reliabilities of the visual cues. However, these researchers have not addressed
how observers’ acquire these estimated reliabilities. This article studies observers’ abilities to learn cue combination strategies.
Subjects made depth judgments about simulated cylinders whose shapes were indicated by motion and texture cues. Because the
two cues could indicate different shapes, it was possible to design tasks in which one cue provided useful information for making
depth judgments, whereas the other cue was irrelevant. The results of experiment 1 suggest that observers’ cue combination
strategies are adaptable as a function of training; subjects adjusted their cue combination rules to use a cue more heavily when
the cue was informative on a task versus when the cue was irrelevant. Experiment 2 demonstrated that experience-dependent
adaptation of cue combination rules is context-sensitive. On trials with presentations of short cylinders, one cue was informative,
whereas on trials with presentations of tall cylinders, the other cue was informative. The results suggest that observers can learn
multiple cue combination rules, and can learn to apply each rule in the appropriate context. Experiment 3 demonstrated a possible
limitation on the context-sensitivity of adaptation of cue combination rules. One cue was informative on trials with presentations
of cylinders at a left oblique orientation, whereas the other cue was informative on trials with presentations of cylinders at a right
oblique orientation. The results indicate that observers did not learn to use different cue combination rules in different contexts
under these circumstances. These results are consistent with the hypothesis that observers’ visual systems are biased to learn to
perceive in the same way views of bilaterally symmetric objects that differ solely by a symmetry transformation. Taken in
conjunction with the results of Experiment 2, this means that the visual learning mechanism underlying cue combination
adaptation is biased such that some sets of statistics are more easily learned than others. © 1999 Elsevier Science Ltd. All rights
reserved.

Keywords: Cue combination; Motion and texture cues; Perception

1. Introduction

The human visual system obtains information about
depth and shape from a large number of cues. For
instance, cues to depth and shape result from object
rotation (kinetic depth effect), observer motion (motion
parallax), binocular vision in which the two eyes receive
different patterns of light (stereopsis), texture gradients
in retinal images, as well as other features of retinal
images arising from the way in which a 3-D world is
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projected onto a 2-D retina (perspective). No single cue
is necessary for depth or shape perception or dominates
our perception of depth or shape in all situations
(Cutting & Vishton, 1995). In addition, no single cue
has been shown to be capable of supporting depth or
shape perception with the robustness and accuracy
demonstrated by human observers in natural settings.
Consequently, there has been a large increase in recent
years in the number of studies examining strategies
observers use to combine information provided by each
of multiple cues in a visual environment (e.g. Dosher,
Sperling & Wurst, 1986; Bruno & Cutting, 1988;
Biilthoff & Mallot, 1988; Rogers & Collett, 1989; John-
ston, Cumming & Parker, 1993; Nawrot & Blake, 1993;
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Young, Landy & Maloney, 1993; Landy, Maloney,
Johnston & Young, 1995; Tittle, Norman, Perotti &
Phillips, 1997; Turner, Braunstein & Anderson, 1997).

An important finding of these studies is that observ-
ers visual cue combination strategies are remarkably
flexible in that these strategies adapt so as to make
greater or lesser use of different cues in different visual
environments. Maloney and Landy (1989) argued that
the weight assigned to a depth estimate derived from a
particular cue should refiect the estimated reliability of
that cue in the current scene under the current viewing
conditions. Evidence in support of this conjecture was
provided by Johnston, Cumming and Landy (1994).
They reported that subjects relied about equally on
stereo and motion cues when making shape judgments
at near viewing distances, whereas they relied more on
the motion cue at far viewing distances. They specu-
lated that this strategy is sensible because stereo dispar-
ities are small at far viewing distances and, thus, small
misestimates of disparity can lead to large errors in
calculated depth. These researchers also found that
when the motion cue was weakened (only two frames of
each motion sequence were presented), subjects relied
on stereo more heavily. Related results were reported
by Young et al. (1993). When either a texture cue or a
motion cue was corrupted by added noise, subjects
tended to rely more heavily on the uncontaminated cue
when making depth judgments. Some limits on the
flexibility of observers’ cue combination strategies are
suggested by the findings of Turner et al. (1997). When
stereo and motion cues specified incompatible depths,
subjects’ performance on a surface detection task was
impaired when motion, but not stereo, indicated a
surface. Performance was not as severely degraded
when stereo indicated a surface, but motion did not.
This heavy reliance on information provided by stereo
persisted in the presence of foreknowledge about which
cue would be relevant for the task.

Although these experiments reveal the flexibility of
observers’ cue combination strategies on the basis of
estimated visual cue reliabilities, they do not address
how observers acquire these estimated reliabilities. That
is the topic of the present article. The article studies
observers’ abilities to learn cue combination strategies.
It reports the results of three experiments examining
how observers adapt their strategies for combining
visual depth information in an experience-dependent
manner. On each trial in an experiment, subjects
monocularly viewed two sequentially presented stimuli
where each stimulus depicted a cylinder defined by
texture and motion cues. Subjects then performed a
two-alternative forced-choice comparison by judging
which of the two depicted cylinders was greater in
depth. Because motion and texture cues could indicate
different shapes, it was possible to design tasks in which
one cue provided useful information for making depth

judgments, whereas the other cue was irrelevant. In
experiment 1, subjects initially received training in
which one cue (e.g. motion) was informative and the
other cue (e.g. texture) was irrelevant. Each subject’s
relative weighting of motion and texture cues was then
estimated. Then subjects were re-trained under new
experimental conditions; in these new conditions, the
previously informative cue was irrelevant, and the pre-
viously irrelevant cue was informative. Subjects relative
weighting of motion and texture cues was again esti-
mated. The results of experiment 1 suggest that observ-
ers cue combination strategies are adaptable as a
function of training; subjects adjusted their cue combi-
nation rules to use a cue more heavily after training in
which the cue was informative versus after training in
which the cue was irrelevant.

Because experiment 1 provided direct evidence of
learning, it was possible for subsequent experiments to
evaluate properties of the underlying learning mecha-
nism. Experiment 2 evaluated whether or not experi-
ence-dependent adaptation of cue combination rules is
context-sensitive. That is, can observers learn to use
one cue combination rule in one context, and a differ-
ent combination rule in a second context? This experi-
ment was identical to experiment 1 except that there
was only one training period. During this period, two
sets of stimuli were used, one set depicting short cylin-
ders and the other set depicting tall cylinders. One cue
(e.g. motion) was informative in displays of short cylin-
ders, whereas the other cue (e.g. texture) was informa-
tive in displays of tall cylinders. The data indicate that
subjects weighted each cue more heavily in the context
in which that cue was informative (e.g. displays of short
cylinders) versus the context in which the cue was
irrelevant (e.g. displays of tall cylinders). These results
suggest that observers can learn multiple cue combina-
tion rules, and can learn to apply each rule in the
appropriate context.

Experiment 3 evaluated a possible limitation on the
context-sensitivity of adaptation of cue combination
rules. Vetter, Poggio, and Bulthoff (1994) hypothesized
that observers visual systems are biased to learn to
perceive in the same way views of bilaterally symmetric
objects that differ solely by a symmetry transformation.
Similar to experiment 2, experiment 3 used two sets of
stimuli; one cue was informative in displays of cylinders
at a left oblique orientation, whereas the other cue was
informative in displays of cylinders at a right oblique
orientation. The results indicate that observers did not
learn to use different cue combination rules in different
contexts under these circumstances. Thus, the results
are consistent with the hypothesis of Vetter et al.
(1994). Taken in conjunction with the results of experi-
ment 2, this suggests that the visual learning mechanism
underlying cue combination adaptation is biased such
that some sets of statistics are more easily learned than
others.
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2. General methods
2.1. Stimuli and apparatus

The stimuli consisted of elliptical cylinders defined by
texture and motion cues. The height of a cylinder is the
distance from its topmost point to its bottom-most point;
the width of a cylinder is the distance from its leftmost
point to its rightmost point (where left and right are
defined relative to the observer); the depth of a cylinder
is the distance from its point nearest to the observer to
its point furthest from the observer (with the restriction
that the two points lie in the same horizontal cross-sec-
tion). The horizontal cross-section of a cylinder could be
circular, in which case the cylinder was equally deep as
wide, could be elliptical with a principal axis parallel to
the observers line of sight (and minor axis parallel to the
frontoparallel plane), in which case the cylinder was more
deep than wide, or could be elliptical with a principal axis
parallel to the frontoparallel plane (and minor axis
parallel to the observers line of sight), in which case the
cylinder was less deep than wide. Seven cylinder shapes
were used in the experiments. The shapes were simulated
on a 2-D video display by appropriate texture and
motion algorithms. The heights (320 pixels) and widths
(160 pixels) of the cylinders were constant (the only
exception is the short and tall cylinders used in experi-
ment 2); only the simulated depths of the cylinder shapes
varied. The seven shapes had simulated depths of 53, 69,
96, 160, 267, 373 and 480 pixels, respectively.

The texture cue was created by mapping a homoge-
neous and isotropic texture consisting of circular spots
to the surface of each cylinder using a texture mapping
algorithm. The details of this algorithm are described in
Hearn and Baker (1997). Circular spots were placed on
a 2-D sheet whose width was equal to the circumference
of a horizontal cross-section of the cylinder, and whose
height was equal to the height of the cylinder. The
placement of the spots was initially random with the
restriction that spots could overlap by only a small
amount. Either 45 or 60 spots were placed on the sheet.
The radius of each spot was randomly sampled from a
uniform distribution ranging from 10 to 16 pixels. The
texture mapping algorithm mapped the sheet to the
curved surface of the cylinder (the top and bottom of the
cylinder were never visible to the observer). When a 3-D
curved surface is projected onto a 2-D image, changes in
surface orientation result in gradients of texture element
size, shape and density in the image. These gradients are
texture cues to the shape of a cylinder (see Fig. 1).

The motion cue was created by moving the spots
horizontally along the simulated surface of a cylinder in
either a clockwise or anticlockwise direction. The motion
of a spot may be regarded as analogous to the motion
of a train traveling around a track; the shape of the track
is given by the horizontal cross-section of a cylinder’s
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Fig. 1. Two example stimuli. The stimulus on the left is a cylinder
whose depth equals its width; the stimulus on the right is a cylinder
whose depth is three times its width. Because the cylinders are
transparent, spots appearing in a stimulus may either be on the front
or back surface of a cylinder.

surface. The velocity of the spots on the surface was
constant within a stimulus presentation; this velocity was
varied between presentations. Spots traveled the circum-
ference of a cylinder’s horizontal cross-section in either
55 or 75 frames. Note that the cylinder did not rotate;
rather, the spots moved along the simulated surface of
static cylinders. Thus, the stimuli were different from
kinetic depth effect (KDE) stimuli (except when the
horizontal cross-section of a cylinder was circular, in
which case the stimuli were identical to KDE stimuli).
KDE stimuli were not used because they produce artifac-
tual depth cues when the horizontal cross-section of a
cylinder is non-circular, such as changes in retinal angle
subtended by the cylinder over time. The motion cue in
the stimuli used here is an instance of a constant flow
field. Constant flow fields produce reliable and robust
perceptions of depth (e.g. Perotti, Todd & Norman, 1996;
Perotti, Todd, Lappin & Phillips, 1998).

A computer graphics manipulation was used to inde-
pendently manipulate the shapes indicated by texture and
motion cues'. For example, the motion cue might

"When a 3-D curved surface is projected onto a 2-D image,
changes in surface orientation result in gradients of texture element
size, shape (compression) and density in the image. It is not possible
to independently manipulate the depths indicated by the motion cue
and by all three texture gradients. However, as described in this
article, it is possible to independently manipulate the depths indicated
by the motion cue and the gradients of texture element compression.
This is adequate for our purposes because experimental data indicates
that, of the three texture gradients, gradients of texture element
compression are the primary (nearly exclusive) determinants of ob-
servers perceptions of depth or shape for the types of stimuli used in
the experiments reported in this article (cf. Blake, Biilthoff & Shein-
berg, 1993; Cumming, Johnston & Parker, 1993; Cutting & Millard,
1984; Knill, 1998).
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have indicated a cylinder with a circular horizontal
cross-section, whereas the texture cue indicated a
cylinder of identical height and width but with an
elliptical horizontal cross-section that was more deep
than wide. Pilot experiments, as well as debriefings of
the subjects used in the experiments reported below,
suggest that subjects were never aware that motion
and texture cues could indicate different shapes under
the experimental conditions considered in this article.
The graphics manipulation was nearly identical to the
manipulation described in Young et al. (1993 .

Two cylinders of identical heights and widths, but
different depths, were defined. The cylinders were po-
sitioned so that their midpoints lay at the origin of a
3- coordinate system. The
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