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Abstract

We study the hypothesisthat observerscan usehaptic perceptsasa standard againstwhich the relative reliabilities of visual cues
can be judged, and that thesereliabilities determine how observerscombine depth information provided by thesecues.Using a
novel visuo-haptic virtual reality environment, subjectsviewed and graspedvirtual objects.In Experiment 1, subjectsweretrained
under motion relevant conditions, during which haptic and visual motion cueswere consistentwhereashaptic and visual texture
cueswere uncorrelated, and texture relevant conditions, during which haptic and texture cueswere consistentwhereashaptic and
motion cueswere uncorrelated. Subjectsrelied 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 subjectscould adapt their visual cue combination strategiesin a context-dependentmanner basedon context-de-
pendentconsistenciedbetweenhaptic and visual cues.Subjectssuccessfullylearnedtwo cue combination strategiesin parallel, and
correctly applied eachstrategy in its appropriate context. Experiment 3, which was similar to Experiment 1 exceptthat it useda
more naturalistic experimentaltask, yielded the samepattern of resultsas Experiment 1 indicating that the ®ndingsdo not depend
on the precisenature of the experimental task. Overall, the results suggestthat observerscan involuntarily compare visual and
haptic perceptsin order to evaluate the relative reliabilities of visual cues,and that thesereliabilities determine how cuesare
combined during three-dimensionalvisual perception. f 2001 Elsevier SciencelLtd. All rights reserved.
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1. Introduction It has beenhypothesizedthat the extentto which an
observerusesthe information provided by a particular

The visual environment provides many cuesto visual visual cue dependsupon the estimatedreliability of that
depth, including cues based on binocular disparities,  cye relative to the estimated reliabilities of other cues
motion parallax, texture gradients, and shading. Exper- (Maloney & Landy, 1989). This conjecture has received

imental evidenceindicates that human observerscom-
bine information provided by these cueswhen making
depth judgments (e.g. Braunstein, 1968; Dosher, Sper-
ling, & Wurst, 1986;Bruno & Cutting, 1988;Bi#thoff &
Mallot, 1988;Rogers& Collett, 1989;Nawrot & Blake,
1993; Landy, Maloney, Johnston, & Young, 1995).
Moreover, this evidence suggeststhat observers' cue
integration strategiesare context-dependent;observers . _ ) X
combine the information provided by the available cues tances and, thus, small misestimatesof disparity can
in different ways depending on the current viewing lead to large errors in calculated depth. Related data

conditions and goals of the observer. was provided by Young, Landy, and Maloney (1993)
who reported that when either a texture or motion cue

was corrupted by added noise, subjectstended to rely

considerable empirical support. Johnston, Cumming,
and Landy (1994) reported that subjectsrelied about
equally on stereoand motion cueswhen making shape
judgments at near viewing distances,whereasthey re-
lied more on the motion cue at far viewing distances.
They argued that this context-dependencyis sensible
becausestereo disparities are small at far viewing dis-
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4429216, more heavily on the uncontaminated cue when making
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If observers'cue integration strategiesare basedon
the estimatedrelative reliabilities of the available visual
cues,then this raisesthe issueof how observersare able
to assessthe 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 basisdo they conclude that stereois a signi®-
cantly lessreliable cue to object depth when the object
is far away?

At least part of the answer may be that observers
comparethe information provided by visual cuesto the
information provided by other sensory modalities. In
particular, it has often been speculated that people
learn how to visually perceivethe world by comparing
their visual perceptswith perceptsobtained during mo-
tor interactions with the environment. Historically, this
idea may have been ®rst proposed by Berkeley (1709
1910). Berkeley speculated that visual perception of
depth resultsfrom associationsbetweenvisual cuesand
sensationsof touch and motor movement. More re-
cently, Piaget (1952) used similar ideasto explain how
children learn to interpret and attach meaningto retinal
imagesbasedon 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 B#thoff (2000) who found that subjects'
estimatesof visual slant relied more heavily on a visual
cue when the cue was congruent with haptic feedback
versuswhen it was incongruent with this feedback.

This article reports three experimentsexamining how
observersdevelop their cue combination strategiesfor
visual depth. In particular, we study the hypothesisthat
haptic percepts provide a standard against which the
relative reliabilities of visual cues can be judged, and
that thesereliabilities determine how the cuesare com-
bined in order to achievethree-dimensionalvisual per-
ception. The experiments used a novel visuo-haptic
virtual reality environmentwhich allowed observersnot
only to view virtual objects, but also to interact with
them in a realistic manner. This environment was ideal
for a cue-conict 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 consistencybetweenthe haptic cue and each of
the visual cues.

In all three experiments,subjectsviewed and grasped
vertically-oriented elliptical cylinders, and judged the
depths of these cylinders. Visually, the cylinders were
de®nedby motion and texture cues.In Experiment 1,
subjectsweretrained under motion relevant conditions,
meaning that motion and haptic cueswere 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 strategieswere examined,it was
found that subjectsrelied 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 strategiesin a con-
text-dependentmanner on the basis of context-depen-
dent consistenciesbetweenvisual and haptic percepts.
In one context, for examplewhen the texture elements
of a cylinder werered, the motion and haptic cueswere
consistent whereas the texture and haptic cues were
inconsistent. This context is referred to as the motion
relevant context. In a secondcontext, for examplewhen
the texture elementswere blue, the texture and haptic
cueswere 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
ensurethat the results of the ®rst and second experi-
ments were not due to an idiosyncratic property of the
experimental task, Experiment 3 replicated Experiment
1 exceptthat it useda more naturalistic task. Because
the samepattern of results was found in Experiment 1
and Experiment 3, we conclude that our ®ndings are
robust in the sensethat they do not depend on the
precise nature of the experimental task. Overall, we
conclude that, consistentwith the hypothesesof Berke-
ley, Piaget, and many others, observerscan compare
visual and haptic perceptsin order to evaluate the
relative reliabilities of visual cues.Moreover, thesereli-
abilities determine how the cuesare combined during
three-dimensionalvisual perception.

2. General methods

2.1. Experimental apparatus

The visuo-haptic virtual reality experimental appara-
tus consistedof virtual reality gogglesand two PHAN-
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Fig. 1. (A) A subjectusing the visuo-haptic virtual reality experimental apparatus. The subjectis grasping a virtual object viewed via displays
embeddedin the head-mounted goggles.(B) A typical instance of the display that the subjectsviewed during the experiment. The motion cue
cannot be illustrated, but the texture cueis evidentfrom the foreshortening of the disks at the sidesof the cylinder. (C) A schematicrepresentation
of the cylinders viewed from the top. The three ellipsesrepresentthree of the possiblesevencylinder shapes(l1 smallestdepth; 4 depth equal

to width; 7 largest depth).

ToM 3D Touch interfacesthat were attached by two

®ngerholdersto the subject'sthumb and index ®ngers
(seeFig. 1, Panel A). This apparatus allowed subjects
to physically interact with virtual objectsviewedvia the
goggles in a natural way using a wide range of

movements (e.g. grasping, moving, or throwing

objects). The 3D Touch interfacesgeneratedforce ®elds
that created haptic sensations(e.g. weight, hardness,
and friction) appropriate to the motor interactions with

the object displayedin the goggles.The apparatus also
allowed for independentmanipulation of the visual and
haptic cuesregarding these objects?

1 Technical details regarding the experimental apparatus are avail-
able on the world wide web at www.sensable.conproducts:phan-
tom.htm.

2.2. Stimuli

The stimuli were vertically-oriented elliptical cylin-
ders (cylinders whose horizontal cross-sectionsare el-
lipses). The horizontal cross-sectionof a cylinder may
have been circular, in which case the cylinder was
equally deep as wide, may have been elliptical with a
principal axis parallel to the observers'line of sight, in
which casethe cylinder was more deep than wide, or
may have beenelliptical with a principal axis parallel to
the frontoparallel plane, in which casethe cylinder was
lessdeepthan wide. The height of a cylinder was 150
mm; the width of a cylinder was 60.5mm. The depth of
a cylinder took one of seven possible values; these
values were evenly spacedin the range between 35.75
and 85.25mm (seeFig. 1, Panel C).

Haptically, the cylinders were de®nedby haptic sen-
sations obtained when subjects grasped the cylinders
using their thumb and index ®ngers.Subjects' hands
were not visible during a grasp. Three markings at the
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top of the visual display helpedsubjectsorient their ®nger
positions. Onemarking was®xedjt indicatedthelocation

of the center of a cylinder. The other two markings
showedthe position of the two ®ngersalong the width

axis. Subjectswereinstructedto graspthe cylinder sothat

the three markings overlapped; this occurred when the
®ngerswere oriented along the depth axis. Although

subjects found it easy to orient their ®ngersin the
requestedmanner,conditions wereestablishedsothat the
haptic cue to a cylinder's depth was invariant to the
orientation of a subject's®ngers.

Visually, the cylinders were de®nedby texture and
motion cues.Subjectsviewedthe cylinders monocularly
from an orthogonal perspective(the cylinders' sideswere
visible but not their tops or bottoms; seeFig. 1, Panel
B). Conditions were establishedso as to eliminate the
possibility that subjectscould obtain information about
the depth of a cylinder basedon head movements.The
viewing anglewas®xedsothat the horizontal component
of an observer'sline of sight was parallel to the depth
axis regardlessof the observer'shead movements(this
prevented subjectsfrom looking “behind' the cylinder).
In addition, the distancefrom the observerto the center
of the cylinder was ®xedat 406 mm.

The texture and motion cueswere createdthrough the
useof at “disks' that were placed along the surface of
a cylinder, and that traveled horizontally along this
surface. The number of disks was proportional to the
surfaceareaof a cylinder; the initial position of eachdisk
and the size of each disk was randomized with the
constraint that there was minimal overlap among disks.
The two-dimensionalimageof the disks containedgradi-
ents of texture elementdensity, size, and compression
which were texture cuesto the shapeof a cylinder (see
Fig. 1, Panel B). Previous studies have shown that
gradientsof texture elementcompressionare the primary
(nearly exclusive)determinantsof observers'perceptions
of depth or shapefor the types of stimuli used here
(Cutting & Millard, 1984;Blake, Bithoff, & Sheinberg,
1993;Cumming, Johnston, & Parker, 1993;Knill, 1998).
The motion cue was created by the relative horizontal
motions of the disks along the cylinder surface. The
velocity of the motion was constant within a display; it
wasrandomizedbetweendisplays.Note that the cylinder
did not rotate; rather the disks moved along the surface
of static cylinders. Thus, the stimuli were different from
kinetic depth effect stimuli which werenot usedbecause
they produce artifactual depth cueswhen the horizontal
cross-sectiorof a cylinderis non-circular, suchaschanges
in retinal anglesubtendedby the cylinder over time. The
motion cue in the stimuli usedhereis an instanceof a
constant ow ®eld.Constant ow ®eldsproduce reliable
and robust perceptions of depth (Perotti, Todd, &
Norman, 1996;Perotti, Todd, Lappin, & Phillips, 1998).

The experiments used a cue-con’ict experimental
paradigm in which the cylinder depths indicated by

haptic, texture, and motion cues were independently
manipulated. The computer graphics manipulation used
to createthe cuecon'ict betweentexture and motion cues
wasnearly identical to the one presentedby Young et al.
(1993), and is describedin detail in Jacobs and Fine
(1999).1In short, for eachvisual display two cylinders of
identical heights and widths, but different depths, were
de®nedOne cylinder wasusedto createthe texture cue,
and the other cylinder wasusedto createthe motion cue.
The cylinderswerepositioned sothat their midpoints lay
at the origin of a three-dimensionalcoordinate system.
Parallel projection was usedto map the coordinates of
a location on one cylinder to the coordinates of the
corresponding location on the other cylinder. Conse-
quently, it was possiblefor a texture elementto haveits
compressionat each point in time determined by the
shapeof onecylinder, but its motion at eachpoint in time
determinedby the shapeof the other cylinder. Observers
perceived only one object, even though the texture
elements conveyed two object shapes:one shape was
indicated by the texture elementcompressions,and the
other shapeby the texture elementmotions.

2.3. Procedure

Experimentsconsistedof training trials and testtrials.
On eachtraining trial in Experiments1 and 2, subjects
had unlimited time to visually and haptically inspectthe
depth of a cylinder that waslocated at the centerof the
workspace.After inspectingthe cylinder, subjectsmoved
their handsto the workspace periphery, and were then
forced to relate the visual and haptic cuesto a cylinder's
depth by requiring them to perform a cross-modal
samedifferent judgmenttask. If the subjectbelievedthat
visual and haptic perceptsindicated cylindersof the same
depth, then they responded same'’; otherwise they re-
spondeddifferent'. Subjectsthen receiveda visual signal
indicating whethertheir responsewvascorrector incorrect.
A large cube appeared which covered the workspace
center;if the responsewas correct, the color of the cube
was green;if the responsewas incorrect, the color was
red. Importantly, the subjectswere askedto judge the
consistencybetweenthe haptic cueand the overall visual
perception of depth rather than the depth indicated by
any individual visual cue.In addition, subjectswere not
awarethat the environment contained independentmo-
tion and texture cues.

Unbeknownst to the subjects,training trials could be
classi®edseither motion relevantor texture relevant. As
a matter of notation, de®nesetM to be the collection
of displaysin which the cylinder shapeindicated by the
motion cuewasone of the sevenpossibleshapesand in
which the shapeindicated by the texture cuewascircular
(the cylinder was equally deepaswide). De®neset T to
be the collection of displaysin which texture indicated
one of the sevenpossible shapes,whereasmotion indi-
cateda circular shape.On motion relevanttraining trials,
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the visual display was a member of setM. On trials in
which the subject was informed that the visual and
haptic cuesindicated cylinders of the same depth, the
cylinder shapeindicated by the haptic cue was identical
to the shapeindicated by the motion cue, whereasthe
shapesindicated by haptic and texture cueswere uncor-
related. Thus only the motion cue provided information
that was useful for performing the experimental task
under motion relevant training conditions. Similarly,
during texture relevant training trials, the visual display
was a member of setT. On trials in which the subject
was informed that the visual and haptic cues were
consistent, the cylinder shape indicated by the haptic
cue was identical to the shapeindicated by the texture
cue, and the shapesindicated by haptic and motion
cueswere uncorrelated. In this case,only the texture
cue provided information that was useful for perform-
ing the experimental task.

It is important to understand the nature of the
experimental task. The feedback provided to subjects
regarding the correctnessof their samedifferent judg-
mentsdid not directly inform them asto how to adapt
their visual cue combination strategies. This informa-
tion could only be obtained by relating visual and
haptic percepts.In addition, the experimentaltask was
designed so as to encourage subjects to adapt their
visual cue integration strategies, and to discourage
them from adapting their interpretations of individual
visual cues,a form of learning known as cue recalibra-
tion. The information provided to subjects was not
conducive to the adaptation of either depth-from-mo-
tion estimates or depth-from-texture estimates. Con-
sider, for example, motion relevant training trials in
which the subject was informed that the haptic and
visual cues were consistent. In this case, haptic and
motion cuessignaledthe samedepth, meaningthat the
motion cue was already properly calibrated. The tex-
ture cue, on the other hand, should not be recalibrated
becauseit was uncorrelated with the haptic cue (and
with the motion cue), meaningthat there was no infor-
mation suggesting that depth-from-texture estimates
ought to be either smalleror larger. Analogous remarks
apply to texture relevant training trials. Although the
possibility that subjects showed some degree of cue
recalibration cannot strictly be ruled out, we believe
that the experimental results described below are best
interpreted as consistentwith the hypothesisthat sub-
jects showed experience-dependenadaptation of their
visual cue integration strategies?

2The issueof whether changesin responsego multiple-cue stimuli
are due to changesin observers' cue combination strategiesor to
changesin observers' interpretations of individual cues has been
problematic for many studies. For the sake of simplicity, other
investigators have typically referred to the underlying cause as
changesin observers'cue combination strategies(e.g. Ernst, Banks,
Bdthoff, 2000;van Ee, Banks, Backus, 1999).

Two types of test trials were usedin the experiments,
motor test trials and visual test trials. Subjectsdid not
receive feedback on test trials. The test trials were
designedto permit an estimation of subjects'cue com-
bination strategies.In particular, we wanted to estimate
the relative degreeto which a subject relied on the
motion cue versusthe texture cue when making visual
depth judgments about displays that contained both
cues. For this purpose, it was assumedthat observers
linearly combine depth information based on motion
and texture cues:
d(mt)  wyd(m) wd(t) (1)
where m and t denote the motion and texture cues
respectively,d(m, t) is the perceptof visual depth based
on both cues,d(m) is the depth percept basedon the
motion cue, dt is the depth perceptbasedon the texture
cue, and w,, and w; are the linear coef®cientscorre-
sponding to the motion and texture cues (it was also
assumedthat wy, and w; are non-negativeand sum to
one). Linear cue combination rules are often assumed
in the visual perception literature, and they have re-
ceived a considerabledegreeof empirical support (e.g.
Dosher et al., 1986; Bruno & Cutting, 1988; Landy et
al., 1995). We found that a linear combination rule
provides a good ®tto the experimentaldata reported in
this article. To complete the speci®cationof Eq. (1), it
is necessaryto specify observers' depth perceptions
based on the motion cue, d(m), and based on the
texture cue, d(t). Becausethere is no uncontroversial
method for estimating thesevalues,and for the sake of
simplicity, we assumedthat the depth estimatesbased
on thesecuesare each veridical. The veridical assump-
tion is approximately correct, and is commonly made
by researchersstudying cue combination rules (e.g.
Tittle, Norman, Perotti, & Phillips, 1997; van Ee,
Banks, & Backus, 1999).

On motor test trials, subjects performed a cross-
modal matching task during which they viewed a dis-
play of a cylinder and positioned their thumb and index
®ngersso as to indicate the cylinder's perceiveddepth.
Motor test trials either used displays from set M or
displaysfrom setT.® At the start of a trial, a large, blue
cube covered the entire workspace center. This cube
then disappeared,revealing a cylinder. A subject had
unlimited time to view the cylinder, then reachedinto
the center of the workspace and held his thumb and
index ®ngersat the perceivedcylinder depth for 1000

3In Experiments 1 and 3, a block of motor test trials following
motion relevant training usedcylinder displaysfrom setM, and used
displaysfrom setT following texture relevanttraining. In Experiment
2, half of the motor test trials in a block were presentedin a motion
relevant context and used displays from set M, and half the trials
were presentedin a texture relevant context and used displays from
setT.
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ms during which time their responsewas measured.No
parts of the subject's body were visible in the display,
and no haptic perceptswere provided to the subject.
After making a response,the cube appearedagain and
the subjectmoved his hand to the workspaceperiphery.
Basedon the linear cue combination rule, it was possi-
ble to apply linear regressionto eachsubject'sresponses
on the motor test trials in order to obtain maximum
likelihood estimates,using a Gaussian likelihood func-
tion, of that subject'smotion and texture weights. The
regression function had only one free parameter,
namely the motion coef®cientw,, (recall that wy 1
Wy ).

On 6isual test trials, subjectsperformed a two-alter-
native forced-choicetask during which they viewed two
successivelyisplayed cylinders and judged which cylin-
der was greater in depth. Becausethe display of one
cylinder was from set M whereasthe display of the
other cylinder was from set T, visual test trials allowed
us to assesghe relative degreeto which a subjectrelied
on the motion cue versusthe texture cue when making
visual depth judgments. At the start of a trial, a large,
blue cube coveredthe workspacecenter. This cubethen
disappeared revealinga cylinder for 2000ms. Next, the
cube reappearedfor 1000 ms, followed by a second
cylinder for 2000 ms. The subject then judged which
cylinder was greater in depth. Subjectsdid not grasp
cylinders or receive haptic perceptsduring visual test
trials. For the purpose of estimating a subject's cue
weights, it was assumedthat the subjectusedthe linear
cue combination strategyto obtain depth estimatesfor
the cylinders depictedin eachdisplay, and then useda
probabilistic rule in order to selectthe display depicting
the deepercylinder. We assumedthat the probabilistic
rule could be approximated using a logistic function (a
monotonic, differentiable function whose shaperesem-
blesa multidimensional °S'). In short, the rule considers
the difference between the perceived depths of the
cylinders depictedin displaysM and T, and then usesa
logistic function to map this differenceto a probability.
If the difference is positive, then the observeris more
likely to choose display M as depicting the deeper
cylinder; if the differenceis negative,then the observer
is more likely to choosedisplay T; if the difference is
zero, then the observeris equally likely to chooseeither
display (mathematical details of this probabilistic model
are given in Jacobs& Fine, 1999). Basedon the linear
cue combination strategy and the probabilistic rule, we
applied logistic regressionto each subject's responses
on the visual test trials in order to obtain maximum
likelihood estimates,using a Bernoulli likelihood func-
tion, of that subject'smotion and texture weights. The
regressionfunction had two free parameters, namely
the motion coef®cientw,, and a temperature parameter
t which determinesthe overall steepnesof the logistic
surface.

2.4. Subjects

Subjects were students at the University of
Rochester. They had normal or corrected-to-normal
vision. They were naive to the purposes of the
experiments.

3. Experiment 1

Experiment 1 studied differencesin observers'visual
cue combination rules after prolonged experienceunder
the motion relevant condition (haptic and motion cues
were correlated) versusafter prolonged experienceun-
der the texture relevant condition (haptic and texture
cues were correlated). Four of the sevensubjectsini-
tially performed training trials under the motion rele-
vant condition followed by motor and visual test trials,
and then performed training trials under the texture
relevant condition followed by motor and visual test
trials. The order of conditions was counterbalanced
acrosssubjects(the remaining subjectsweretrained and
testedin the reverseorder: ®rsttexture relevanttraining
and testing, then motion relevant training and testing).
Our prediction was that subjects would adapt their
visual cue combination strategies so that they 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.

Subjectsperformed two blocks of training trials (un-
der motion relevanttraining conditions for example)on
the ®rst three days of participation in the experiment,
where a block consistedof 84 trials. On Day 3, they
also performed a block of motor test trials (42 trials)
and a block of visual test trials (98 trials). On Days
4+5, subjectsperformed a block of training trials, two
blocks of visual test trials, and two blocks of motor test
trials. Days 6+10 were identical to Days 1+5 except
that the relevant visual cue on the training trials was
reversed(texture relevant training, for example)?

The resultsfor one subject, subject JH, on the visual
test trials are shown in Fig. 2. Recall that eachvisual
test trial included a display from set M and a display
from set T. Consequently, four values are neededto
represent the stimulus conditions on any trial: the
depthsindicated by the motion and texture cuesin the
display from set M, and the depths indicated by these
cuesin the display from set T. However, becausethe
texture cue in the display from setM and the motion

4The description of the scheduleof training and test trials for
Experiments 1+3 is accurate for a typical subject. In some cases,
deviations from this schedule occurred either because a subject
showed especiallyslow learning performance, and thus was provided
with extra training trials, or becauseof equipment failure.
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Fig. 2. The responsedata of subject JH on visual test trials following texture relevant training (top-left graph) and motion relevant training
(bottom-left graph). The logistic model was usedto ®t surfacesto thesetwo datasets(top-right and bottom-right graphs, respectively).

cuein the display from setT alwaysindicated a circular
cylinder, these constant values can be omitted and,
thus, the stimulus conditions can be representedby two

values. The axis labeled "Motion' in eachgraph in Fig.

2 gives the depth indicated by the motion cue in the
display from set M (1 smallest depth; 7 greatest
depth). The axis labeled "Texture' givesthe depth indi-

cated by the texture cuein the display from setT. The
axis labeled "P (response M)' gives the probability

that the subjectchosethe display from setM as depict-
ing the deepercylinder.

Subject JH was initially trained under the texture
relevant condition; this training was followed by mo-
tion relevanttraining. The top-left graph of Fig. 2 gives
this subject's responsedata on the visual test trials
following texture relevant training. The shape of this
graph is intuitively sensible.As the motion cue in the
display from setM indicated a deepercylinder (that is,
asthe value along the motion axis increases)jt became
more likely that the subjectpicked display M as depict-
ing a deepercylinder. Similarly, asthe texture cuein the
display from set T indicated a deepercylinder (as the
value along the texture axis increases),it becameless
likely that the subject picked display M as depicting a
deeper cylinder. The top-right graph shows a logistic
surfacethat was®tto the subject'sresponsedata based
upon the probabilistic model described above.
Analogous graphs for the test trials following motion
relevanttraining are shownin the bottom of Fig. 2. The
bottom-left graph shows the subject's responsedata;

the bottom-right graph shows the logistic surface that
was ®t to this data.

A comparison of the graphsin the top and bottom
rows of Fig. 2 revealsthat the subjectrespondedto the
samesetof testtrials in different waysfollowing texture
relevant and motion relevant training conditions. The
gradient of the responsedata (or of the logistic surface)
along the Texture axis is greater following texture
relevant training than it is following motion relevant
training. This meansthat the subjectrelied more on the
texture cue following texture relevant training than
following motion relevanttraining. Similarly, the gradi-
ent of the responsedata along the motion axisis greater
following motion relevant training than it is following
texture relevant training, meaning that the subject re-
lied more on the motion cue following motion relevant
training than following texture relevanttraining. On the
basisof this data, we concludethat this subjectadapted
her visual cue combination strategy in an experience-
dependentmanner basedon the consistenciesand in-
consistenciespetweenhaptic and visual cues.

Fig. 3 showsthe results of visual and motor testsfor
all seven subjects who participated in Experiment 1.
The horizontal axis identi®esa subject;the vertical axis
gives the estimated value of a subject's motion coef®-
cient wy,. The light bars and the dark bars indicate the
motion coef®cientbased on the test trials following
motion relevant training and following texture relevant
training, respectively.Basedon the visual test trials, all
seven subjects had larger motion weights following
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Fig. 3. The estimatedmotion coef®cientfor eachsubjectfollowing motion relevant and texture relevant training basedon visual and motor test

trials.

motion relevanttraining than following texture relevant
training (seethe graph on the left). De®nethe motion
coef®cientdifference to be the estimated value of w,,
after motion relevanttraining minus its estimatedvalue
after texture relevant training. The average motion
coef®cientdifference is 0.2 (the standard error of the
mean is 0.039) which is signi®cantly greater than zero
(t 5.15, PB 0.002 basedon a one-tailed t-test). The
results basedon motor test trials are very similar (see
the graph on the right). With a single exception, all
subjects had larger motion weights after motion rele-
vant training than after texture relevant training. The
averagemotion coef®cientdifference is 0.46 (standard
error  0.133), which is signi®cantly greater than zero
(t 3.46,PB 0.013).

In conclusion, the results of Experiment 1 support
the experimental hypothesis that haptic percepts
provide a standard against which the relative reliabili-
ties of visual cuescan be judged, and that thesereliabil-
ities determine how the cues are combined. When
motion and haptic cuesare consistentand texture and
haptic cuesare uncorrelated, observersseemto (uncon-
sciously) conclude that motion is a more reliable cue
than texture. Consequently,they adjust their visual cue
combination rules so to emphasizethe depth informa-
tion provided by motion and to discount the informa-
tion provided by texture. Under the opposite
conditions, when texture and haptic cuesare consistent
but motion and haptic cuesare uncorrelated, observers
concludethat the texture cueis more reliable and adjust
their cue combination rules so asto emphasizetexture-
based information and to discount motion-based
information.

4. Experiment 2

In order to accurately estimate depth under various
visual conditions, our visual systemsneedto use differ-
ent cue combination strategies in different contexts.
Experiment 2 evaluated whether or not observerscan
use context-dependentconsistenciedbetweenvisual and
haptic perceptsin order to learn and apply two differ-
ent context-dependentvisual cue combination strate-
gies. If haptic and motion cuesare consistentin one
context, and haptic and texture cuesare consistentin
another context, will observersadapt their cue combi-
nation rules so as to emphasize depth-from-motion
estimatesin the ®rst context and depth-from-texture
estimatesin the secondcontext?

The experiment was identical to Experiment 1 with
the following exceptions. Whereas Experiment 1 had
separatestagesfor motion relevantand texture relevant
training, Experiment 2 contained only a single stage.
Unbeknownst to the subjects, half of the trials in
Experiment 2 belonged to a motion relevant context
and the remaining trials belongedto a texture relevant
context. During atraining trial belongingto the motion
relevant context, the visual display was a memberof set
M, and the texture elementswere renderedin a speci®c
color, such as red. When a subject was informed that
visual and haptic percepts indicated cylinders of the
samedepth, the cylinder shapeindicated by the haptic
cue was identical to the shapeindicated by the motion
cue, but uncorrelated with the shapeindicated by the
texture cue. Consequently, only the motion cue pro-
vided useful information for performing the cross-
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Fig. 4. The estimatedmotion coef®cientfor eachsubjectin the motion relevantand texture relevant contexts basedon visual and motor testtrials.

modal samedifferent judgment task. In order to do
well on this task, the subjectneededto learn that when
he or sheis viewing a cylinder with red texture ele-
ments, then depth-from-motion information should be
emphasizedIn contrast, during a texture relevanttrain-
ing trial, the visual display was a memberof setT, and
the texture elementswere rendered in another color,
such as blue. When a subjectwas informed that visual
and haptic percepts indicated cylinders of the same
depth, the cylinder shapesindicated by texture and
haptic cueswereidentical, whereasthe shapesindicated
by motion and haptic cueswere uncorrelated. In this
case,the subjectneededto learn that when he or sheis
viewing a cylinder with blue texture elements, then

depth-from- texture information should be emphasized.

The relationship between color (red versus blue) and
context (motion relevant versus texture relevant) was
counterbalancedacrosssubjects.

Subjects participated in the experiment for 8 days.
On Days 16, they performed two blocks of training
trials, where a block consistedof 84 trials. On Day 6,
they also performed a block of motor test trials (56
trials) and a block of visual test trials (98 trials). On
Days 7+8, subjectsperformed a block of training trials,
two blocks of motor testtrials, and two blocks of visual
testtrials. Training blocks were organizedinto 4 groups
of 21 trials; groups alternated betweentrials belonging
to the motion relevant context and trials belonging to
the texture relevant context. Importantly, however,dur-
ing test blocks, trials belonging to the motion relevant
or texture relevant context were randomly intermixed.

The results of Experiment 2 are shownin Fig. 4. Ten
subjectsparticipated in the experiment. Their estimated

motion weights in the motion relevant context (light
bars) and in the texture relevant context (dark bars)
basedon the visual test trials are shownin the graph on
the left; the graph on the right gives their motion
weights in each context basedon the motor test trials.
We ®rst discuss the results of the visual test trials.
Sevenof the ten subjectshad larger motion weightsin
the motion relevant context than in the texture relevant
context. De®nethe motion coef®cientdifference to be
the differencein the value of a subject'smotion weight
in the motion relevant context versusthe texture rele-
vant context. The averagemotion coef®cientdifference
is 0.04 (standard error 0.027) which is marginally
signi®cantlygreaterthan zero (t 1.496,P 0.084).In
regard to the data basedon the motor test trials, seven
of the ten subjects had larger motion weights in the
motion relevant context. The averagemotion coef®cient
difference is 0.148 (standard error 0.076) which is
signi®cantly greater than zero (t 1.94, PB 0.05). On
the basisof this data, we concludethat subjectsadapted
their visual cue combination strategiesso asto empha-
size depth-from-motion information in the context in
which motion and haptic cueswere consistent, and to
emphasizedepth-from-texture information in the con-
text in which texture and haptic cueswere consistent.
As discussedin the introduction, previous investiga-
tors have shown that observers'visual cue combination
strategiesare “exible in the sensethat they are context-
dependent;i.e. these strategies make greater or lesser
use of different cuesin different visual contexts. For
example, Johnston et al. (1994) reported that subjects
relied about equally on stereo and motion cueswhen
making shape judgments at near viewing distances,
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Fig. 5. The estimatedmotion coef®cientfor eachsubjectfollowing motion relevant and texture relevant training basedon visual and motor test

trials.

whereas they relied more on the motion cue at far
viewing distances.The results of Experiment 2 suggest
that observerscan use context-dependentconsistencies
between visual and haptic perceptsin order to learn
context-dependentvisual cue combination strategies.

5. Experiment 3

Training trials in Experiments1 and 2 useda cross-
modal samedifferent judgment task with feedback.Be-
causeit could be arguedthat the useof feedbackis not
“naturalistic', Experiment 3 replicated Experiment 1
exceptthat its training trials useda different procedure.
This procedure did not include feedback; instead it
relied on the fact that observers both viewed and
graspedcylinders. This procedurewas closeto a typical
everydaysituation in which a personobtains visual and
haptic percepts of the depth of an object, such as a
drinking cup, when the person views and then grasps
the object.

During a training trial in Experiment 3, subjects®rst
performed a cross-modal matching task during which
they viewed a display of a cylinder and positioned their
thumb and index ®ngersso asto indicate the cylinder's
perceiveddepth. Next, they graspedthe cylinder along
the depth axis, thereby obtaining a haptic cue to the
cylinder's depth. Finally, subjectsjudged whether their
cross-modalestimate of depth basedon the visual cues
was greater than, lessthan, or the same as the depth
indicated by the haptic cue. Subjects were asked to
make this judgment in order to force them to relate

visual and haptic percepts. Importantly, subjects did
not receive feedback about the correctnessof their
judgments. As before, training trials could be classi®ed
asmotion relevantor texture relevant. During a motion
relevanttrial, the visual display wasa memberof setM,
and motion and haptic cuesindicated cylinders of the
samedepth (depthsindicated by texture and haptic cues
were uncorrelated). During a texture relevant trial, the
display was a member of setT, and texture and haptic
cues were consistent. Half of the subjects were ®rst
trained under motion relevant conditions followed by
texture relevant conditions. This order was reversedfor
the remaining subjects.

On the ®rstday in which subjectsparticipated in the
experiment, subjects performed two blocks of training
trials (under motion relevant conditions, for example),
where a block consisted of 42 trials. On Days 24,
subjects completed three blocks. Subjects performed
two blocks of training trials, one block of motor test
trials (28 trials), and one block of visual test trials (98
trials) on Day 5, and one block of training trials, two
blocks of motor testtrials, and two blocks of visual test
trials on Day 6. Days 7+12 wereidentical to Days 1+6
exceptthat the relevant visual cue on the training trials
was reversed (texture relevant training, for example).

Fig. 5 shows the results of visual (left graph) and
motor (right graph) tests for all four subjects who
participated in the experiment. The light and dark bars
give the estimatedmotion coef®cientbasedon testtrials
following motion relevant and following texture rele-
vant training, respectively. Based on the visual test
trials, all four subjectshad larger motion weights fol-
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lowing motion relevant training than following texture
relevant training. De®nethe motion coef®cientdiffer-
enceto be the estimated value of the motion weight
after motion relevanttraining minus its estimatedvalue
following texture relevanttraining. The averagemotion
coef®cientdifference is 0.193 (standard error 0.039)
which is signi®cantlygreaterthan zero (t 4.963,PB
0.01). In regard to the motor test trials, three of the
four subjectshad larger motion weights following mo-
tion relevant training. The average motion coef®cient
difference is 0.551 (standard error 0.205) which is
signi®cantly greater than zero (t 2.69, PB 0.05).

Similar to the results of Experiment 1, the results of
Experiment 3 support the hypothesis that haptic per-
cepts provide a standard against which the relative
reliabilities of visual cuescan be evaluated. Moreover,
thesereliabilities determinehow the cuesare combined.
Taken in conjunction with the results of Experiment 1,
theseresults also suggestthat our ®ndingsare robust in
the sensethat they do not dependon the precisenature
of the experimental task.®

6. Summary and conclusions

This article has addressecthe issueof how observers
are able to estimate the relative reliabilities of the
available cuesin a visual environment. Good estimates
are important becausethese estimatesare used by ob-
serversin order to integrate information provided by
different cuesinto a uni®ed percept. Berkeley (1709
1910), Piaget (1952), and many others, speculatedthat
people learn to visually perceivethe world by compar-
ing their visual perceptswith perceptsobtained during
motor interactions with the environment. We have
studied the hypothesisthat haptic perceptscan provide
a standard against which the relative reliabilities of
different visual cuescan be estimated, and that these
relative reliabilities determine how the cues are com-
bined in order to achievethree-dimensionalvisual per-
ception. In Experiment 1, it was found that subjects
relied more on a motion cue after motion relevant
training than after texture relevant training, and more
on a texture cue after texture relevant training than
after motion relevant training. Experiment 2 studied
whether or not subjects could adapt their visual cue
combination strategiesin a context-dependentmanner
basedon context-dependentconsistenciesbetweenhap-

5In all the experimentsreported here it is typically the casethat
subjects' data on the visual and motor tests are very similar. How-
ever, there are exceptionsto this rule. In Experiment 3, for instance,
subjects CM and ST show similar results on the visual test but
dissimilar results on the motor test. Understanding the relationships
betweenthe responsegequired by visual and motor testsand under-
standing the nature of individual differencesin subjects'responsesare
important challengesfor future studies.

tic and visual cues. The results indicate that subjects
successfully learned two cue combination strategies
simultaneously, and correctly applied each strategy in
its appropriate context. Experiment 3 was similar to
Experiment 1 except that it used a more naturalistic
experimental task in the sensethat the only signals
provided to subjects were haptic and visual percepts.
Becausethe samepattern of resultswasfound in Exper-
iments 1 and 3, the ®ndings do not depend on the
precise nature of the experimental task. Overall, the
results of these experimentssuggestthat observerscan
involuntarily compare visual and haptic percepts in
order to evaluatethe relative reliabilities of visual cues,
and that thesereliabilities determine how the cuesare
combined.

Although the idea that people learn to visually per-
ceivethe world by comparing their visual perceptswith
perceptsobtained during motor interactions has existed
for a long time, this hypothesis has been dif®cult to
study. It is arguably the case that the experiments
reported hereand the recentwork of Ernst et al. (2000)
are the most direct and detailed empirical evaluations
of this hypothesis.Using visual displaysthat contained
stereoand texture cuesto slant, Ernst et al. found that
subjects'estimatesof visual slant relied more heavily on
a visual cue when that cue was congruent with haptic
feedback, a result that is in qualitative agreementwith
our own results. Thesetwo studiessuggestthat the use
of haptic perceptsto estimatethe reliabilities of visual
cuesis generalin the sensethat it can be demonstrated
under a variety of experimental conditions, and with
respectto a variety of visual cuesand visual judgments.
Our experiments also show that observers can use
context-dependentconsistenciebetweenhaptic and vi-
sual perceptsin order to learn multiple cue combination
strategies. We believe that this ®nding will play an
important role in future theoriesthat attempt to explain
the complexity, “exibility, and robustnessof observers'
visual depth judgmentsin natural settings.

The reported experimentsraise a number of issues
that will needto be examined in future studies. For
example,we needto know the neural site and mecha-
nism for the adaptation of observers'visual cueintegra-
tion strategies.Previous investigators hypothesizedthat
the primate visual systemis organized into two inde-
pendent pathways, referred to as either the “what' and
‘where'pathways (Ungerleider & Mishkon, 1982)or the
‘what' and “how' pathways (Milner & Goodale, 1995).
The "what' pathway is a ventral stream that computes
visual object properties (such as object shape and
depth), whereas the “where' or “how' pathway is a
dorsal stream that computes spatial properties neces-
sary for sensorimotor control (such as positional prop-
erties needed to grasp an object). Because haptic
perceptsobtained during graspingin uenced observers'
visual depth judgments, we speculatethat the adapta-
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tion found in our experimentsoccurs at an early stage
of visual processingthat precedesthe separation into
ventral and dorsal pathways and that producesoutputs
which are usedby both pathways, or elsethat it occurs
in the dorsal pathway but that thesechangesare able to
in uence visual judgmentstypically associatedwith the
ventral pathway. Additional support for thesepossibili-
ties is the fact that qualitatively similar results were
found basedon visual and motor test trials, suggesting
that a common (or perhaps tightly coupled) set of
computations underlie visual depth judgments regard-
lessof whether or not a task requiresa motor response.

In regard to a neural mechanism underlying the
adaptation, we speculatethat this mechanismcan be
characterizedas a distributed gain-control processsimi-
lar to those found in other modulatory mechanisms
such as the distance-dependent mechanisms found
along the monkey dorsal and ventral pathways (e.g.
Sakata, Shibutani, & Kawano, 1980; Colby, Duhamel,
& Goldberg, 1993;Gnadt & Mays, 1995;Dobbins, Jeo,
Fiser, & Allman, 1998;Trotter & Celebrini, 1999). This
type of neural computation is a good candidate because
it has beenreported to operate at severalstagesof the
visual system,and becausdt canimplementa variety of
important neural properties such asthe invariant visual
response®f cellsfound in the ventral pathway, and the
coordinate transformations thought to be computed via
neural gain ®eldsof cellsin the dorsal pathway (Salinas
& Abbott, 1996,1997).

Additionally, we needto know more about the rela-
tionships betweenvisual perception and motor interac-
tions. The experimental results reported here suggest
that subjects regarded haptic percepts as providing
“ground truth' information about object depth. There
are at leastthree possiblereasonswhy this wasthe case.
First, haptic cuesmay have a privileged status relative
to other cues such that subjects are biased towards
believing that haptic perceptsare veridical. This possi-
bility is unlikely to be correct, however, becauseprevi-
ous investigators have demonstrated circumstancesin
which shape judgments are closestto the shape indi-
cated by visual cueswhen visual and haptic cuesare in
conict (Rock & Victor, 1964). Second, subjects may
have regarded haptic percepts as veridical based on
correlational information; the haptic cue was positively
correlated with one of the visual cues, whereas the
other visual cue was uncorrelated with all other cues.
Third, subjects may have unconsciously noticed that
the displays contained visual cue con’icts and, thus,
concluded that haptic percepts were reliable whereas
visual percepts were questionable. In general, haptic
and visual cues can be compared when objects are
nearby but not when they are far away. When objects
are far away, observers may use motor interactions
other than graspingin order to learn about the reliabil-
ities of visual cues.Future studiesshould assessvhether

or not signalsbasedon self-motion, accommodation, or
vergence are useful for evaluating visual cue
reliabilities.

In conclusion, we have provided evidencethat ob-
servers'visual cueintegration strategiesare dynamically
modi®ed in responseto changing cue reliabilities as
signaled by haptic percepts. We also showed that ob-
serverscan learn more than one cue combination strat-
egy simultaneously, and that they can apply each
strategyin its appropriate context. Theseresults suggest
a plausible framework for how observerslearn to com-
pute visual depth from multiple cuesin an accurate,
“exible, and robust manner. These ®ndings also sup-
port theories of infant developmentwhich suggestthat
motor interactions play an important role in the acqui-
sition of aspectsof visual perception (Bushnell & Bou-
dreau, 1993; Bertenthal, 1996).
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