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Abstract

We study the hypothesis that observers can use haptic percepts as a standard against which the relative reliabilities of visual cues
can be judged, and that these reliabilities determine how observers combine depth information provided by these cues. Using a
novel visuo-haptic virtual reality environment, subjects viewed and grasped virtual objects. In Experiment 1, subjects were trained
under motion relevant conditions, during which haptic and visual motion cues were consistent whereas haptic and visual texture
cues were uncorrelated, and texture relevant conditions, during which haptic and texture cues were consistent whereas haptic and
motion cues were uncorrelated. Subjects relied more on the motion cue after motion relevant training than after texture relevant
training, and more on the texture cue after texture relevant training than after motion relevant training. Experiment 2 studied
whether or not subjects could adapt their visual cue combination strategies in a context-dependent manner based on context-de-
pendent consistencies between haptic and visual cues. Subjects successfully learned two cue combination strategies in parallel, and
correctly applied each strategy in its appropriate context. Experiment 3, which was similar to Experiment 1 except that it used a
more naturalistic experimental task, yielded the same pattern of results as Experiment 1 indicating that the findings do not depend
on the precise nature of the experimental task. Overall, the results suggest that observers can involuntarily compare visual and
haptic percepts in order to evaluate the relative reliabilities of visual cues, and that these reliabilities determine how cues are
combined during three-dimensional visual perception. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction It has been hypothesized that the extent to which an
observer uses the information provided by a particular

The visual environment provides many cues to visual visual cue depends upon the estimated reliability of that
depth, including cues based on binocular disparities, cue relative to the estimated reliabilities of other cues
motion parallax, texture gradients, and shading. Exper- (Maloney & Landy, 1989). This conjecture has received
imental evidence indicates that human observers com- considerable empirical support. Johnston, Cumming,
bine information provided by these cues when making and Landy (1994) reported that subjects relied about

depth judgments (e.g. Braunstein, 1968; Dosher, Sper-
ling, & Wurst, 1986; Bruno & Cutting, 1988; Biilthoff &
Mallot, 1988; Rogers & Collett, 1989; Nawrot & Blake,
1993; Landy, Maloney, Johnston, & Young, 1995).
Moreover, this evidence suggests that observers’ cue
integration strategies are context-dependent; observers
combine the information provided by the available cues
in different ways depending on the current viewing
conditions and goals of the observer.

equally on stereo and motion cues when making shape
judgments at near viewing distances, whereas they re-
lied more on the motion cue at far viewing distances.
They argued that this context-dependency is sensible
because stereo disparities are small at far viewing dis-
tances and, thus, small misestimates of disparity can
lead to large errors in calculated depth. Related data
was provided by Young, Landy, and Maloney (1993)
who reported that when either a texture or motion cue
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4429216, more heavily on the uncontaminated cue when making
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If observers’ cue integration strategies are based on
the estimated relative reliabilities of the available visual
cues, then this raises the issue of how observers are able
to assess the relative reliabilities of these cues. For
example, why do observers believe that motion and
stereo cues are about equally reliable at signaling the
depth of an object when the object is near to them, and
on what basis do they conclude that stereo is a signifi-
cantly less reliable cue to object depth when the object
is far away?

At least part of the answer may be that observers
compare the information provided by visual cues to the
information provided by other sensory modalities. In
particular, it has often been speculated that people
learn how to visually perceive the world by comparing
their visual percepts with percepts obtained during mo-
tor interactions with the environment. Historically, this
idea may have been first proposed by Berkeley (1709/
1910). Berkeley speculated that visual perception of
depth results from associations between visual cues and
sensations of touch and motor movement. More re-
cently, Piaget (1952) used similar ideas to explain how
children learn to interpret and attach meaning to retinal
images based on their motor interactions with physical
objects. Empirical data supporting the notion that mo-
tor interactions play a role in visual learning comes
from prism adaptation studies in which subjects
adapted to visual distortions produced by distorting
lenses. Adaptation often occurs when subjects are al-
lowed to interact with the environment (Held & Hein,
1958, 1963). In many studies subjects only became
aware of the visual distortion through their motor
interactions (Welch, 1978). For our own purposes, the
most relevant experimental study is that of Ernst,
Banks, and Bilthoff (2000) who found that subjects’
estimates of visual slant relied more heavily on a visual
cue when the cue was congruent with haptic feedback
versus when it was incongruent with this feedback.

This article reports three experiments examining how
observers develop their cue combination strategies for
visual depth. In particular, we study the hypothesis that
haptic percepts provide a standard against which the
relative reliabilities of visual cues can be judged, and
that these reliabilities determine how the cues are com-
bined in order to achieve three-dimensional visual per-
ception. The experiments used a novel visuo-haptic
virtual reality environment which allowed observers not
only to view virtual objects, but also to interact with
them in a realistic manner. This environment was ideal
for a cue-conflict experimental paradigm. The virtual
reality apparatus allowed us to independently manipu-
late the depth indicated by each visual cue, and to
independently manipulate the depth indicated by the
haptic cue. Consequently, we were able to control the
relative consistency between the haptic cue and each of
the visual cues.

In all three experiments, subjects viewed and grasped
vertically-oriented elliptical cylinders, and judged the
depths of these cylinders. Visually, the cylinders were
defined by motion and texture cues. In Experiment 1,
subjects were trained under motion relevant conditions,
meaning that motion and haptic cues were consistent
(whereas texture and haptic cues were uncorrelated),
and under texture relevant conditions, meaning that
texture and haptic cues were consistent (and motion
and haptic cues were uncorrelated). When subjects’
visual cue combination strategies were examined, it was
found that subjects relied more on the motion cue after
motion relevant training than after texture relevant
training, and more on the texture cue after texture
relevant training than after motion relevant training.
Experiment 2 studied whether or not subjects could
adapt their visual cue combination strategies in a con-
text-dependent manner on the basis of context-depen-
dent consistencies between visual and haptic percepts.
In one context, for example when the texture elements
of a cylinder were red, the motion and haptic cues were
consistent whereas the texture and haptic cues were
inconsistent. This context is referred to as the motion
relevant context. In a second context, for example when
the texture elements were blue, the texture and haptic
cues were consistent. This context is referred to as the
texture relevant context. Trials belonging to motion
relevant and texture relevant contexts were randomly
intermixed. The results indicate that subjects success-
fully learned two cue combination strategies, and cor-
rectly applied each strategy in its appropriate context;
they relied more on the motion cue in the motion
relevant context than in the texture relevant context,
and more on the texture cue in the texture relevant
context than in the motion relevant context. In order to
ensure that the results of the first and second experi-
ments were not due to an idiosyncratic property of the
experimental task, Experiment 3 replicated Experiment
1 except that it used a more naturalistic task. Because
the same pattern of results was found in Experiment 1
and Experiment 3, we conclude that our findings are
robust in the sense that they do not depend on the
precise nature of the experimental task. Overall, we
conclude that, consistent with the hypotheses of Berke-
ley, Piaget, and many others, observers can compare
visual and haptic percepts in order to evaluate the
relative reliabilities of visual cues. Moreover, these reli-
abilities determine how the cues are combined during
three-dimensional visual perception.

2. General methods

2.1. Experimental apparatus

The visuo-haptic virtual reality experimental appara-
tus consisted of virtual reality goggles and two PHAN-




































