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Abstract

We measuredhuman visuomotor sensitivity to visual information about three-dimensionalsurface

orientation by analyzing movements madeto placean object on a slanted surface. We applied linear

discriminant analysis to the kinematics of subjects' movements to surfaceswith di�ering slants

(angle away form the fronto-parallel) to derive visuomotor d0s for discriminating surfacesdi�ering

in slant by 5 degrees. Subjects' visuomotor sensitivity to information about surface orientation

was very high, with discrimination \thresholds" ranging from 2 to 3 degrees.In a �rst experiment,

we found that subjects performed only slightly better using binocular cuesalone than monocular

texture cues and that they showed only weak evidencefor combining the cues when both were

available, suggestingthat monocular cues can be just as e�ectiv e in guiding motor behavior in

depth as binocular cues. In a secondexperiment, we measuredsubjects' perceptual discrimination

and visuomotor thresholds in equivalent stimulus conditions in order to decompose visuomotor

sensitivity into perceptual and motor components. Subjects' visuomotor thresholds were found

to be slightly greater than their perceptual thresholds for a range of memory delays, from 1 to 3

seconds.The data wereconsistent with a model in which perceptual noiseincreaseswith increasing

delay between stimulus presentation and movement initiation, but motor noise remains constant.

This result suggeststhat visuomotor and perceptual systemsrely on the samevisual estimatesof

surfaceslant for memory delays ranging from 1 to 3 seconds.
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1 Introduction

A principle function of three dimensional vision is to provide animals with the information

neededto guide goal directed motor behaviors; for example, picking up, manipulating and plac-

ing objects. Despite this, most vision research has relied on experimental paradigms based on

explicit perceptual report to study the processesunderlying three-dimensionalperception. A num-

ber of recent studies, however, suggestsome degreeof functional dissociation between the per-

ceptual estimation of sceneattributes and the use of visual information about those attributes

to guide motor behavior [Goodale and Milner 1992, Milner and Goodale 1995, Bridgeman 1999,

Ha�enden and Goodale 1998]. While several authors have called into question the interpretation

of someof these results [Franz et. al. 2001, Bruno 2001], the full body of research raise questions

about whether one can unquestioningly use results from perceptual studies to make inferences

about visuomotor transformations. In the current paper, we use a natural, visually guided ob-

ject placement task to measurehumans' abilities to transform visual information about a surface's

orientation in three-dimensional spaceto motor behavior. We further compare subjects' perfor-

mance on matched perceptual and motor tasks to parcel their visuomotor error into independent

perceptual and motor components.

In order to addressthe main goalsof the experiment, we applied discriminant analysis to the

analysis of movement kinematics to accurately measurethe visuomotor system'ssensitivity to the

visual information usedto control a simplegoal-directedhand movement in three-dimensionalspace.

Such methods have been previously applied to study the time evolution of hand grip formation

for grasping complex objects [Santello and Soechting 1998]. We applied the analysis to motion

tra jectories in an object placement task to derive 'd-prime' measures(d0s) of subjects' visuomotor

sensitivity to visual information about the three-dimensional orientation of 
at surfaces. This
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allowed us to addresstwo main questions. First, we measuredvisuomotor sensitivity to di�eren t

sourcesof information about a surface's orientation in three-dimensional space. We measured

sensitivity to binocular and texture information in isolation and looked for evidencethat visuomotor

sensitivity improvessigni�cantly when texture information is addedto binocular information about

orientation in depth. Second,by comparing perceptual and motor performance over a range of

memory delays, we tested the hypothesisthat visuomotor and perceptual performancederive from

a commonvisual representation of surfaceslant. In particular, we tested the hypothesisthat errors

in visuomotor performance could be decomposed into independent perceptual and motor noise

sources.

1.1 Background

The visual scenecontains many cuesto the three dimensional layout of objects within it. Of

thesecues,binocular information (provided by retinal disparities and vergenceangle) is often con-

sidered dominant within a person's immediate workspace - the spacerelevant to normal object

manipulation movements. Consistent with this assumption, a number of researchers have found

that reaching performancedegradesin monocular viewing conditions - movement times increase,the

proportion of time spent in the decelerationphaseincreases,the number of re-accelerationsin hand

movements increasesand the number of secondaryre-openingsof �nger grip increase[Servos 2000,

Moll and Kuyp ers, 1980, Kruy er et. al. 1996, Watt and Bradshaw 2003]. Marotta, et. al. have

also argued for a special role of binocular information basedon a functional dissociation between

monocular and binocular performancein an apperceptiveagnosic(patient DF) [Marotta et. al. 1997].

In someof these studies, however, monocular cueswere kept sparse(for example an illuminated

ball in the dark). In such conditions, it is not surprising to �nd degradationsin motor performance

in monocular conditions. Perhaps more importantly, the tasks studied required reaching to tar-
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gets at di�eren t depths, for which accurate information about absoluteegocentric depth is critical.

Monocular cuesgenerally provide poor information about absolute depth, so that it makes sense

for the visuomotor system (or, for that matter, the perceptual system) to rely more heavily on

binocular information to estimate absolute depth.1.

In order to placebinocular and monocular cueson more equal footing, we studied a task whose

performance requires visual information about planar surface orientation, a geometric property

determined by relative depth rather than absolutedepth. Cue integration studies have shown that

at low slants (anglesaway from the fronto-parallel), stereoinformation dominatesperceptual judg-

ments, while at larger slants monocular cueslike texture can dominate [Knill and Saunders2003].

In the two experiments reported here,we studied a simple object placement task in which subjects

were required to placea cylindrical object 
ush onto a 
at surfaceoriented at di�eren t slants away

from the viewer. We �xed the axis of rotation (tilt) of the surface in spaceto be horizontal, and

the target location for cylinder placement to be at the center of that axis. This e�ectiv ely removed

uncertainty about the location at which subjects had to place the cylinder. The visual information

relevant to accurately performing the task, therefore,wasprincipally that specifying the orientation

of the surface.

The �rst experiment measuredsubjects' visuomotor sensitivity to binocular and texture cues

to three-dimensionalsurfaceorientation. By comparing sensitivity measuresin single cue stimulus

conditions with those found when both cues were available to subjects, we looked for evidence

that subjects' performance improves when monocular cues like texture are added to binocular

cues. Experiment 2 was designedto separate the contributions of perceptual and motor "noise"

to variabilit y in subjects' visuomotor performance. We did this by comparing subjects' perceptual

1Blur and accommodation provide information about absolute depth, but this has been found to be relativ ely

weak [Mon-Williams and Tresilian 2000]
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discrimination thresholds and visuomotor discrimination \thresholds" for the same stimuli at a

range of memory delays. This allowed us to test the additivit y prediction of the hypothesis that

the two sourcesof noiseare independent. It alsoallowed usto moreaccurately test the cueadditivit y

hypothesis,sincethe hypothesismakespredictions speci�cally about perceptual uncertainty.

2 Experiment 1: visuomotor sensitivity

Place �gure 1 here.

Figure 1 illustrates the task that subjects performed in the experiments. Subjects placed a

cylindrical object 
ush onto a 
at surface positioned by a robot arm at di�eren t orientations in

space.Subjects viewed the surfacethrough �eld-limiting tub esplaced in front of each eye, so that

the information about surface slant was limited to that available in a region within the bounds

of the surface- stereo information provided by retinal disparities and vergenceangle, and texture

information provided by the texture projected from the surface. We used linear discriminant

analysis to measure the discriminabilit y of the movements generated for surfaces with slightly

di�eren t slants (5 degreesin our experiment). In e�ect, the analysis measuredhow reliably one

can estimate the orientation of the target surfaceusing the motion of the cylinder that a subject

placed on the surface.

The �rst experiment measuredthe sensitivity of the visuomotor systemto binocular and texture

cuesto three-dimensional surfaceorientation. We created stimuli with, respectively, stereo infor-

mation alone (binocular views of the white noise texture) 2, texture information alone (monocular

views of the regular texture pattern), both cuescombined (binocular views of the regular texture

2Technically, the white noisetextures contained texture gradients; however, becausethesegradients werecontained

in the very high frequency components of the patterns, we expected them to be perceptually unreliable. Subjects

performance with monocular views of the white noise textures bore this prediction out (see �gure 7).



JN-00184-2003 7

pattern) or no reliable visual information (monocular views of the white noisetexture) (see�gure

3). The last condition served as a control for the e�cacy of information not independently con-

trolled in the experiment, such as the brightnessof the target surfaceand auditory cuesprovided

by the movement of the robot arm.

2.1 Methods

2.1.1 Subjects

Three undergraduatesat the University of Minnesota served assubjects in the experiment. All

three subjects had corrected to normal vision and were paid for their participation. The subjects

were naive to the purposeof the experiment.

2.1.2 Apparatus and stimuli

Figure 1 illustrates the apparatus used in the experiment. Figure 2 shows the physical dimen-

sionsof the experimental setup. A robot arm (PUMA 260) positioned a 
at surface45 cm from the

subject's eyes(30.5 cm in front of the subject and 32.5 cm below the level of their eyes). The arm

was usedto rotate the surfaceby di�eren t anglesaround a horizontal axis through a �xed point in

space.The angle of the rotation axis in the horizontal plane was chosento be horizontal from the

viewpoint of the observer. Textures wereprinted on 8-1/2 x 11" paper and slipped into slots on the

edgesof the target surface. Di�eren t textures could be displayed by changing the textured paper

placedon the target surface. The target position for cylinder placement wasgeneratedusing a laser

pointer illuminating a spot at the center of the target surface. The horizontal starting platform

for the cylinder was positioned to the right of and above the test surface. In a coordinate frame

centered on the target location for placement, with the y-axis taken parallel to gravit y (positive

up), the x-axis parallel to the rotation axis of the surface (positive to the right of the subject)
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and the z-axis parallel to the cross-product betweenthose two (positive towards the subject), the

starting position for the cylinder was at (35cm; 4cm; 0cm). The starting platform had lips on

two sidesinto which subjects could slot the cylinder at the end of each trial, guaranteeing that the

starting position was the sameon each trial.

Place �gure 2 here.

The cylinder washollow, 1 cm thick, with an outer diameter of 5.65cm and a height of 12.6cm.

It weighed134 grams. Three infrared emitting diodeswere positioned on a circular disk mounted

on the sideof the cylinder facing toward the Optotrak system. The diodesformed a triangle on the

disk. In relation to the subject, the disk was on the left sideof the cylinder, while subjects grasped

the cylinder from the right. An Optotrak 3020 system was used to measurethe positions of the

markers at a sampling rate of 100 Hz. Prior calibration of the system revealed that it measured

marker positions with an error lessthan :1 mm. The triad of marker positions wasusedto estimate

the 3-D orientation of the cylinder in spaceas a function of time. Two piecesof rough tape were

placedon either side,half-way up the cylinder for subjects to position their fore�ngers and thumbs.

Subjects used�v e �nger precision grips to grasp the cylinder.

Place �gure 3 here.

Two di�eren t typesof texture patterns could be mounted on the target surface,a white noise

texture and a texture composedof a regular array of dots (see �gure 3). Subjects viewed these

either monocularly or binocularly, making four stimulus conditions for the experiment. Seven

di�eren t surfaceorientations (target slants) were tested, ranging from 70� to 100� , where 90� was

level (perpendicular to gravit y) and 47� would have beenfronto-parallel to the subject.
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Subjects, with heads�xed in a chin rest, viewedthe target surfacesthrough translucent cylinders

mounted in front of each eye in such a way that each eye's view formed a circle centered on the

target location for cylinder placement. Subjects' �eld of view on the surface subtended a visual

angle of 13:2� , which, in all conditions, was within the bounds of the target surface. The left eye

was occluded in the monocular conditions.

Subjects wore headphonesthrough which auditory signalswere given to begin a movement, to

return to the starting position and to closeeyesbetweentrials.

2.1.3 Procedure

Subjects ran in eight sessionson separatedays. Each sessionwas further sub-divided into four

blocks, one for each stimulus condition (monocular vs. binocular viewing crossedwith regular

vs. noise textures). Stimulus blocks were randomized acrosssessions.Data from the �rst session

were discarded as practice. Each block consisted of ten trials per test slant, making 70 trials

per block. After every 10 trials, there was a brief break of about 20 secondsduring which the

experimenter changed the texture pattern mounted on the target surface. Within a block the

di�eren t textures represented di�eren t samplesof the sametype of texture (di�eren t white noise

patterns, large or small dot patterns). Subjects were given a break of several minutes after each

block of trials. Subjects �nished each sessionin approximately 40 minutes. The order of blocks was

randomizedbetweensessionsand counter-balancedso that the di�eren t cueconditions appearedin

each temporal position within a sessiontwice.

Each trial began with the subject holding the cylinder stationary in the starting position. A

trial was initiated by a "go" signal given over the headphones.One secondlater, a "stop" signal

wasgiven over the headphones.Subjects wereinstructed to placethe cylinder 
ush onto the surface
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beforehearing the stop signal. Movements lasted for between300and 600msec.,re
ecting the fact

that the one-secondwindow given to complete the movement was well within the natural limits

imposedby the task. One secondafter the "stop" signal, a "return" signal was given instructing

the subject to return the cylinder to the start position. After the cylinder was stably placed at

the start position, a "close" signal was given instructing subjects to closetheir eyes,during which

interval the robot arm rotated the surfaceto a new test orientation. This wasfollowed by an "open"

signal, a one seconddelay and the beginning of a new trial with the "go" signal.

We recorded2 seconds(200 frames) of data from the Optotrak on each trial, beginning at the

time of the "go" signal.

2.2 Results

2.2.1 Parsing the trajectories

Detecting movementstart and stop times

For purposesof analyzing visuomotor performance,we de�ned the tra jectory of the cylinder to

extend from the time a movement started to the time of initial contact with the surface. We de�ned

the start time to be the time at which the cylinder's orientation �rst deviated from the starting

orientation (vertical) by more than :5� . We usedthe cylinder's accelerationpro�le to determine the

initial contact time. Figure 4 shows an example accelerationpro�le for the point at the center of

massof the three markerson the cylinder (calculated using discretedi�erences). As clearly evident

in �gure 4, contact with the target surfacewas marked by a sharp negative peak in acceleration.

Often, a secondpeakwasalsoevident, re
ecting �nal contact with the surfacefollowing a secondary

rotation to bring the cylinder 
ush with the surface. In order to mark the initial contact time, we

�rst found the two local minima in accelerationwith the largest negative values in the movement.
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When theseoccurred in brief succession(within 50 msec. of each other), the �rst was selectedas

the contact time; otherwise the minimum with the largest negative value was selected.

Place �gure 4 here.

In order to check the automatic parsing method, we usedthe kinematic data and 3D graphics

(OpenGL) to simulate a virtual moving cylinder, marking the measuredcontact time with a change

in cylinder color. Contact with the target surfacewasvisually clear from the motion of the cylinder.

Visual inspection of a largenumber of trials showed that the automatic method captured the contact

slant, with occasionalunderestimatesof contact time of one frame. Never did the method appear

to over-estimate the time of contact.

Time normalization

Subjects' movements varied in duration from trial to trial with a standard deviation of ap-

proximately 10% of the mean. We used a cubic spline interpolator to normalize the tra jectories

for analysis. The marker positions on the side of the cylinder were used to calculate the orien-

tation (slant and tilt) and position (at the center) of the cylinder at each sample point in time.

For each trial, the sampled orientations and positions of the cylinder were interpolated to give

100 uniformly spacedmeasuresbetween the detected start and contact times. The result was a

set of 100-dimensionalvectors characterizing the slant, tilt and three-dimensionalpositions of the

cylinder as it moved from the starting surfaceto the target surface.

Outlier rejection

We de�ned outlier trials to be thrown out of the analysisas thosewhich matched oneof several

criteria. We discarded trials with durations less than 250 msec., durations greater than 1 sec.

or a cylinder orientation at the time of the "go" signal greater than :5� away from the vertical.
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Histograms of �nal contact slants showed that occassionally, though rarely, subjects were very

far o� from the mean settings. These contact slants were far enough away from the mean that

they showed up as isolated points well away from the massof the histogram. To account for these

outliers, we removed trials on which the �nal contact slant wasmore than three standard deviations

away from the mean of the contact slants found for a given stimulus and target slant condition.

Basedon the criteria listed here, we rejected on average10 trials out of 70 for each stimulus/slant

condition. On average, lessthan one of those trials was rejected on the basis of being more than

three standard deviations away from the mean.

2.2.2 Kinematic analysis

In order to assessthe rotation kinematics of subjects' movements, we decomposedthe orienta-

tion of the cylinder into three components: its slant (angle in the z-y plane asde�ned in Methods),

its tilt (angle in the x-y plane de�ned in Methods) and its spin (angle around its central axis).

Note that we have de�ned slant in a gravitational frame of referenceso that 90� is upright relative

to gravit y. To obtain the slant of the target surface in the subjects' frame of referencewhen the

cylinder was 
ush on the surface, one would subtract 47 degreesfrom the measuredslant of the

cylinder. Tilt wasthe samein both framesof reference.We will focusour analysison the rotational

motion of the vertical axis of the cylinder (its slant and tilt). The spin of the cylinder wasirrelevant

to the task. Analysesshowed that the spin kinematics did not vary signi�cantly betweenstimulus

conditions.

Figure 5 shows averageslant and tilt tra jectories (expressedas functions of normalized time)

for the seven di�eren t target slants in the full cue condition. The �gures show data from the best

stimulus condition (the binocular, good texture condition). The qualitativ e shapes of the paths

and the tra jectories were the samefor all three "informativ e" stimulus conditions (excepting the
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monocular noise texture condition). Not surprisingly, since only the slant of the target surface

changed between stimulus conditions, most of the between condition variation in the rotation

kinematics appearsin the slant kinematics of the cylinder.

Place �gure 5 here.

2.2.3 Sensitivity analysis

A standard way to analyze the sensitivity of the visuomotor system to the visual information

in our task would be to measureconstant and variable errors in the end-point slants of the cylinder

as a function of target slant. Figure 6 plots the averageslant of the cylinder at initial contact with

the target surface as a function of the target slant for each of the four stimulus conditions. For

the three information-ric h stimulus conditions, there is little constant error, except at the highest

slant. While the contact slants in the monocular/white noisestimulus condition show a regression

toward a constant, intermediate slant, it clearly shows that some information for target slant is

available in that condition. Figure 6 also shows the standard deviations of cylinder slants at initial

contact for the four stimulus conditions. Note that the standard deviations increasedramatically

for the monocular / white noisecondition.

Place �gure 6 here.

The data shown in the previous �gures, while providing an initial insight into subjects' perfor-

manceon the task, do not necessarilyprovide an accuraterepresentation of the visuomotor system's

sensitivity to visual information about slant. Earlier points in the tra jectoriescould provide further

information about the visuomotor system'sestimate of target slant (e.g., becauseof cumulativ e ef-

fects of motor noisethrough the courseof a motion). In order to accurately determine visuomotor
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sensitivity to slant information, we must invert the forward mapping from target slant to cylinder

tra jectories and measurehow much information the tra jectories provide about target slant.

One way to do this would be to derive from the sample data an optimal, unbiased estimator

of target slant from cylinder tra jectory data. The variance of this estimator would re
ect the

visuomotor sensitivity of the system to target slant information. Doing so would require making

assumptions about the global form of the estimator (e.g. linear) which might bias the results.

Becausethe data from the experiment were derived from a small set of discrete target slants,

we took a somewhat di�eren t tack, treating each target slant as a discrete stimulus category.

We applied linear discriminant analysis[Dudaand Hart, 1973] to derive d0 measuresspecifying the

average discriminabilit y of tra jectories generated for target slants that di�er by 5 degrees(see

Appendix A for details). This approach �ts a di�eren t linear discriminant function to local pairs

of slants (e.g. 75� vs. 80� and 85� vs. 90� ), allowing for local deviations from global linearity. We

refer to the resulting d-prime measuresas the visuomotor d0s for slant estimation. A d0 of 1, for

example,would indicate that an optimal linear model could correctly discriminate randomly drawn

tra jectories to surfacesdi�ering in slant by 5 degrees76% of the time. The d0 measureprovides a

bias-freemeasureof the reliabilit y of visuomotor slant \estimates" that usesall of the information

provided by the output of the visuomotor system, the motion kinematics.

In applying discriminant analysisto our problem, we are facedwith the problem of selectingthe

appropriate representation to use. Given the constraints on our data (approx. 65 tra jectories per

target slant per stimulus condition) and the total number of sampleswe have for each tra jectory

(approx. 35 - 65 per tra jectory), we cannot use every sample point in the tra jectory for the

analysis(the number of free parametersin the discriminant function would approach or exceedthe

number of samplesavailable for the analysis). Our �rst simpli�cation was to analyzeonly the slant
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tra jectories of the cylinder; that is, the temporal tra jectories of the angle of the cylinder in the

sameplane in which the target surfacerotated. Including other kinematic parameters(e.g. the two

other rotation anglesand the transport parameters)did not increasethe d0 discriminabilit y indices,

justifying our choice. We then applied the discriminant analysis to three di�eren t representations

of the slant tra jectories. Two werederived by subsamplingthe tra jectories and a third wasderived

from a principal components analysis of the tra jectories.

Ten-p oin t tra jectories - Thesewere ten-dimensional vectors specifying the slant of the cylinder

at ten equally spacedtimes betweenmovement start and initial contact with the target surface.

Con tact slants - Thesewerescalarvaluesspecifying the slant of the cylinder at the time of initial

contact with the target surface.

Principal comp onents - For each stimulus condition, we computed the principal components

of the entire set of cylinder tra jectories. Ten-dimensionalvector representations of the tra jecto-

ries were derived by projecting them into the spaceof the top ten principal components (which

accounted for 99:9% of the variance in the tra jectories).

d0 values were computed for pairs of neighboring slants in each stimulus condition using co-

variance matrices and mean vectors estimated from the experimental data. Since d0 values are

non-negative, such a direct estimation method is inherently biased. We used a parametric boot-

strap procedure to estimate both the bias in the d0 estimates and the standard errors in the es-

timates [Efron and Tibshinari 1993]3. The d0 values reported here have been corrected for the

estimated bias.

3In the parametric bootstrap, we used the covariance matrices and mean vectors calculated from the data to

generate arti�cial tra jectory vectors from which we estimated d0. Repeating the estimation many times allowed us

to estimate the inherent bias in the estimation as well as the standard error of the estimates.
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The d0 measuresdid not show any consistent variation as a function of slant, so we only report

the averaged0 measureshere. Figure 7 shows the d0 values computed for each stimulus condition

averaged across target slants, using each of the three estimation methods described above. As

can be clearly seen, the di�eren t tra jectory representations used lead to the same estimates of

d0 (there were no interactions between the tra jectory representation used for the analysis and

target slant). Most notable is the fact that the contact slant of the cylinder captures all of the

discriminable information from the tra jectories. We explored the question of whether kinematic

features derived from non-linear functions of the tra jectories (e.g. maximum angular acceleration,

time of maximum angular acceleration)add to the discriminabilit y of the tra jectories by combining

them with the contact slant in the tra jectory representation usedto compute d0 values. This gave

no signi�cant improvement, leaving us con�dent that the contact slant of the cylinder captures all

of the information in the tra jectories that re
ects the di�eren t target slants usedin the experiment.

Place �gure 7 here.

A one way ANOVA on averaged0 values for the three informativ e stimulus conditions (using

estimates of within condition variances derived from resampling) revealed a signi�cant e�ect of

stimulus condition for two of the subjects and a marginally signi�cant e�ect for the third (Subject

LES, F(2, 1 ) = 6.4, p < .01, Subject MDY, F(2, 1 ) = 7.0, p < .01, subject MEL, F(2, 1 ) =

2.6, p < .1). Planned post-hoc comparisonsrevealeda signi�cant di�erence betweenthe monocular

texture condition and the stereonoise condition for two subjects (subject LES, Z = 2.5, p < .05,

subject MEL, Z = 2.15,p < .05) and a signi�cant di�erence betweenstereo-noiseand stereotexture

conditions for only one subject (subject MDY, Z = 4.6, p < .001).
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2.3 Discussion

The most signi�cant feature of the results is how well subjects are able to usevisual information

about surfaceslant to control their orienting movements. In the full cue condition, subjects had

visuomotor d0s ranging from 1:5 to 2:5 for 5o di�erences in target surfaceslant. Thesecorrespond

to slant discrimination thresholds in a two-alternative forced-choice task of 1:9o to 3:3o (at 76%

correct). By comparison,in a perceptual slant discrimination experiment using computer rendered

displays, we have found thresholds ranging from, on average,4o to 10o for the range of slants used

in the current experiment[Saundersand Knill 2003]. This may re
ect a higher e�ciency for visuo-

motor processingor simply a di�erence in visual conditions (virtual vs. real surfaces).Experiment

2 was designedin part to resolve this question.

Two of the three subjects showed somewhat better performance in the stimulus condition

containing only binocular information than in the condition containing only monocular, texture

information. Only oneof the three subjects showed a signi�cant improvement in performancewhen

both stereo and texture information were available. Two things are notable about the results.

First, subjects' performance with binocular information is little better, on average, than it is

with monocular texture information. This is consistent with earlier results using virtual stimuli,

in which perceptual discrimination thresholds for surfacesslanted away from the viewer at 30�

are, on average, equivalent for stimuli containing only stereo information and stimuli containing

only texture information[Saundersand Knill 2003]. Second,only one of the three subjects shows

evidencefor e�cien t cue integration (subject MDY). The lack of improvement in the multiple cue

condition (binocular views of regular textures) in the other two subjects may, however, simply

re
ect high levels of motor noise relative to noise in perceptual estimates of slant. Were this the
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case,the high levels of motor noise would overwhelm the small improvements in d0 predicted by

e�cien t cue integration. Experiment 2 helps to resolve this issue.

3 Experiment 2: Comparison with perceptual sensitivity measures

The d0 valuesmeasuredin the �rst experiment are quite high. Translated to equivalent percep-

tual threshold measures,subjects' performancewould re
ect average76%discrimination thresholds

in a two alternative forced choice task of 1:9� , 2:6� and 3:3� for the three subjects in the full cue

stimulus condition and slightly higher for the single cue conditions. Using virtual stimuli similar

to the stereo views of white noiseused here (random dots instead of white noise, however), Knill

and Saunders[Knill and Saunders2003] found slant discrimination thresholds no better than 10�

for surfacesat 30� slant, which is within the range tested here. Even for stereo views of textured

surfaces, they found thresholds averaged approcimately 7� for test surfacesat 30� slant. This

runs counter to expectation, as visuomotor sensitivity is limited by the cumulativ e e�ects of sen-

sory/p erceptual uncertainty and motor noise. One would expect that visuomotor thresholdswould

be higher than visual discrimination thresholds. Of course,the results are not strictly comparable,

as the current results were obtained with real surfaceswhile the others were obtained with virtual

stimuli.

One explanation for the high levels of visuomotor sensitivity measuredhere is that visuomotor

performanceis driven by specializedtransformations that are more e�cien t than those subserving

perceptual judgments. This is the position argued by Goodale and Milner in their "t wo visual

systems" hypothesis. Experiment 2 was designedto test whether this explanation accounts for the

results of experiment 1 or if a simpler hypothesis,that both perceptual judgments and visuomotor

performancederive from a common representation of slant, could account for the data.
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The logic of the experiment follows from the claim that visuomotor transformations have a short

memory. Goodale et. al. (1994) have argued that the visuomotor system'se�ectiv e memory is less

than 2 secondsand that for memory delays greater than that, the systemreverts to stored percep-

tual representations of object properties to program grasping movements [Goodale et. al. 1994].

Previous studies have also shown that someperceptual illusions only begin to re
ect themselves

in visuomotor behavior after delays of two or more secondsbetween stimulus presentation of the

initiation of movement. The result has beeninterpreted as re
ecting a shift in relying on special-

purpose visuomotor mechanisms to a reliance on biased perceptual representations at long de-

lays [Bridgeman et. al. 2000], though this interpretation has beencalled into question.

Were subjects' visuomotor performancebasedon the samerepresentation as perceptual judg-

ments regardlessof delay, one would expect similar changesin performanceas a function of the

delay betweenstimulus presentation and movement, on the one hand, or judgment, on the other.

Previous studies of perceptual discrimination performanceas a function of memory delay are con-

sistent with a random walk model on the stored variable. This leadsto a linear changein squared

discrimination thresholdsasa function of delay. The commonrepresentation hypothesis,therefore,

predicts that visuomotor performancewill decay in a similar manner. The "t wo systems"hypothe-

sis, on the other hand, predicts a non-linear changein performanceat the point where the system,

switches from using special purposevisuomotor transformations to relying on stored perceptual

representations of stimuli.

In experiment 2, we measuredvisuomotor slant discrimination \thresholds" as a function of

the delay betweenstimulus presentation and the signal to initiate the object pacement movement

used in experiment 1. For the samesubjects, we measuredperceptual discrimination thresholds
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using the samestimuli used in the visuomotor task as a function of the delay betweenstmuli that

subjects were required to compareto perform the task.

3.1 Methods

3.1.1 Motor task

The methods usedto measurevisuomotor sensitivity were similar to those usedin experiment

1. Di�erences in the speci�cs are outlined below.

Stim uli

The viewing geometry for viewing stimuli duplicated that usedin the �rst experiment. Stimuli

consistedof �eld-limited, binocular views of real surfacesoriented at di�eren t slants around the

horizontal by the robot arm. Target surfaceswere planar white noisepatterns mounted on the end

of the robot arm. The depth of the target surfaceaway from the viewer (measuredat the center of

the subjects' �eld of view) wasrandomizedwithin a rangefrom 44 to 46 cm. This wasdonesothat,

in the discrimination experiment (seebelow) subjects could not rely on absolute depth judgments

at any individual point on a surfaceto make their judgments of slant (e.g. that the stimulus in a

test pair that appeared further away at the top of subjects' �eld of view was the most slanted) 4.

The robot positioned the target surfacerandomly within the plane of the surface,so that di�eren t

noisepatterns appearedin the subject's �eld of view both within a trial and from trial to trial.

4For pairs of surfacesboth at 45 cm from the observer, a 6� di�erence in slant (the largest used in the experiment)

gave rise to a 1.5 cm depth di�erence at the top of the �eld of view. The 2 cm randomization in depth was designed

to swamp this e�ect. Near subjects' thresholds, the largest depth di�erence for a �xed surface depth from the viewer

was more on the order of .5 cm.
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Subjects viewed stimuli at slants ranging between 13� and 37� in steps of 3� (speci�ed in the

subjects' frame of reference,wherea slant of 0� represents a fronto-parallel surface). Nine slants in

all weretested. The spacingbetweenthe target slants allowed usto calculatepsychometric functions

at di�eren t slants, and henceto calculate equivalent visuomotor discrimination "thresholds' for the

test slants usedin the discrimination experiment. Subjects viewed stimuli for 2 secondsbeforethe

shutter glassesclosed.

Pro cedure

Four delay conditions were tested, corresponding to delays of 0, 1, 2 and 3 secondsbetween

the extinction of target surface and the signal to initiate the movement to place the cylinder on

the surface. Subjects ran in eight sessionson separatedays. Each sessionwas further sub-divided

into four blocks, one for each delay condition. Stimulus blocks were randomized acrosssessions.

Each block consistedof ten trials per test slant, making 90 trials per block. Subjects were given

a 20 - 30 secondbreak every 20 trials to avoid fatigue. They also had approximately a 2 minute

break betweenblocks within a session.The order of blocks was randomized betweensessionsand

counter-balanced so that the di�eren t delay conditions appearedin each temporal position within

a sessiontwice. Experimental sessionstook less than 1 hour to complete. The �rst sessionwas

discardedas practice.

Figure 8a illustrates the time courseof an experimental trial. The shutter glasseswere initially

closed. At a preset time, the shutters opened on the stimulus and remained open for 2 seconds,

after which they closedagain. Three delay conditions were tested, in which a 1, 2 or 3 seconddelay

was imposedbetweenshutter closing and the start signal to begin the motion. A fourth, no delay

condition was tested in which the start signal was given 2 secondsafter the shutter glasses�rst

openedand the glassesremained open until the subject beganmoving the cylinder, at which point
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the shutters were closed. Thus, in the no delay condition, subjects had vision of the target up to

the point of movement initiation, but not during the movement. Subjects were asked to place the

cylinder on a target projected onto the center of the target surfaceby a laser pointer.

The shutter glassesre-opened after the cylinder made contact with the target surface to give

subjects feedback about the relative placement of the cylinder. After 1 second,a return signal was

given and subjects returned the cylinder to the starting position.

3.1.2 Perceptual discrimination experiment

In the discrimination experiment, subjects judged which of two sequentially presented test

surfaceswas more slanted away from them. We measureddiscrimination thresholds around target

slants of 22� , 25� and 28� (measuredfrom the fronto-parallel as seenby the subject) as a function

of the delay betweenpresentations of the �rst and secondstimulus in a trial. We varied the delay

from 1 to 3 seconds.

Stim uli

Stimuli were equivalent to those usedin the motor task. Subjects wore a pair of opaqueliquid

crystal shutter glasses(PLATO shutter glasses)that allowed us to automatically limit the duration

over which they viewed the target surfaces. As in experiment 1, they viewed surfacesthrough

translucent tub esplaced in front of each eye to limit their �eld of view on the surface. The shutter

glasseswere closedbetweentrials and betweenstimulus presentations within a trial.

Pro cedure

We used a temporal, 2-AFC task to measurediscrimination thresholds. Figure 8b illustrates

the sequenceof events in a trial. A subject viewed the target surfaceat oneslant for 2 seconds.The
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view was then occluded while the robot repositioned the surfaceat a di�eren t slant (and depth)

and the subject viewed the secondsurfacefor another 2 seconds.Four delay conditions weretested,

corresponding to periods of 1, 1.5, 2 and 3 secondsbetweenthe extinction of the �rst surfaceand

the display of the secondsurface. Becauseof the time it took the robot to move the surfacefrom

one slant to another and for the surface to stabilize after the transient surface motion (wobble)

created by stopping the robot, 1 secondwas the minimal delay we could imposebetweenviews of

the two surfacesbeing discriminated. Subjects used the computer mouseto indicate which of the

two surfacesappeared more slanted (closer to a ground plane). Subjects ran in eight sessionson

separatedays. Each sessionwas further sub-divided into four blocks, one for each delay condition.

There wasa small break of approximately 2 minutes betweeneach block within a session.Stimulus

blocks were randomizedacrosssessionsand counterbalancedso that each delay condition appeared

in each of the four temporal positions within a sessiontwice. Experimental sessionstook lessthan

1 hour to complete. The �rst sessionwas discardedas practice.

Place �gure 8 here.

We used a method of constant stimuli to estimate discrimination thresholds. Test stimuli

di�ered by 2, 4 or 6 degreesaround each of the target slants for which we estimated discrimination

thresholds (22� , 25� and 28� ). Thus, for a target slant of 25� , test surface pairs were shown at

24� and 26� , 23� and 27� and 22� and 28� , corresponding to slant di�erences of 2� , 4� and 6� ,

respectively. Test slants thus varied between 19� and 31� , with an equal number of presentations

at each slant. The range of slants corresponded to anglesranging from 15� to 27� away from the

horizontal (relative to gravit y).

Subjects were given feedback in the form of a tone when their judgment was incorrect.
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Sub jects

Three undergraduatesfrom the University of Minnesota served as subjects in the experiment.

All subjects were naive to the purposesof the experiment and had normal or corrected-to-normal

vision.

3.2 Results

3.2.1 Visuomotor performance

Place �gure 9 here.

Experiment 1 showed that contact slant carried all of the discriminativ e power of the motion

tra jectories. We therefore measuredequivalent visuomotor discrimination thresholdsby simulating

an observer that madediscrimination judgments basedon the contact slants derived from a pair of

cylinder orientation tra jectories derived from randomly drawn trials in the visuomotor experiment.

For each target slant, we simulated a discrimination experiment by randomly drawing trials from

the target slant condition and each of the slant conditions within � 9� of the target slant condition.

The averageprobabilit y correct for each pair of slants wasobtained by calculating the proportion of

all combinations of trials on which the contact slant of the cylinder for the surfacewith the greater

slant was greater than the contact slant for the surfacewith the smaller slant 5. Figure 9 plots the

visuomotor thresholds calculated from thesepsychometric functions for each of the three subjects.

5We threw away trials on which contact slants were more than three standard deviations from the mean for a

particular delay/slan t condition.
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3.2.2 Perceptual performance

We assumedthat subjects' judgments, when stimuli are properly attended to, are governed by

a cumulativ e gaussianpsychometric function, with a mean shifted away from 0. We modeled the

e�ects of attentional lapsesusing two parameters, the probabilit y of a lapse (leading to guessing)

and the probabilit y, given that the subject is guessing, that the subject will guessthe second

stimulus. Appendix B describes the psychometric model used to account for the bias and lapse

e�ects. The thresholds reported here were derived from a model which assumedthat the guessing

parameterswere �xed acrossall conditions of the experiment (seeAppendix B for more discussion

of this point).

In the experiment, the 25� slant condition was the only one that truly isolated memory e�ects.

Thresholds for the other two slant conditions are contaminated by the fact that some stimulus

slants in theseconditions were either always the smallest within a pair (21� , 20� and 19� ) or were

always the largest largest within a pair(29� , 30� and 31� ). When oneof thesestimuli waspresented

asthe �rst stimulus in a pair, subjects could, in theory, have madetheir judgment accurately based

only on the �rst stimulus and learned absolute thresholds. We will, therefore, focus our analysis

and discussionon the data for the 25� target slant.

Place �gure 10 here.

Figure 10 shows plots of the perceptual discrimination thresholds for the 25� target slant con-

ditions at the 1, 2 and 3 seconddelay conditions at which we alsomeasuredvisuomotor thresholds.

Discrimination thresholds for subjects SS and JJ increasesigni�cantly with increasing delay. SS

showed a 60% increasein threshold when th delay increasedfrom 1 to 2 seconds(Z = 2.4, p <

.01), while subject JJ showed a 76% increase(Z = 3.9, p < .01). Subject MEL only showed a
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5% increasewhich was not signi�cant (Z = .3, p > .35). These values clearly show a signi�cant

memory cost for two of the three subjects.

Shown for comparison in the same�gures are equivalent visuomotor thresholds. These have

been corrected for the fact that the discrimination thresholds were derived from a task requiring

comparisonof a remembered stimulus and a no-delay stimulus, whereasthe visuomotor thresholds

shown in �gure 9 werecomputed from motor performancemeasuredfor a commondelay. Assuming

that the thresholds in each condition were proportional to the standard deviation of the noise in

the internal representation of slant, we can correct for this di�erence using a non-linear averageof

the visuomotor thresholds at delay, �, and the thresholds at zero delay. The correction takes the

form,

T̂m (�) =

r
1
2

(Tm (�) 2 + Tm (0)2); (1)

where T̂m (�) is the correctedvisuomotor threshold for stimuli delayed by � seconds,Tm (�) is the

visuomotor threshold computed for the samestimuli asdescribedaboveand Tm (0) is the visuomotor

threshold calculated as above for the no delay condition.

3.3 Discussion

Visuomotor thresholdsfor subjects SSand JJ closelyfollow the increaseasa function of memory

delay that would be predicted by a constant temporal decay in perceptual uncertainty. Threshold

functions for MEL 
atten at large delays. In order to gain more quantitativ e insight into the

results, we �tted a simple version of the \common representation" model to the data. According

to this model, performance on both the perceptual discrimination task and the visuomotor task

is determined by the sameuncertainty in visually derived slant, which is expected to vary with
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memory delay. The two tasks, however, are a�ected by di�eren t constant noise sourcesdecision

noisefor the perceptual task and motor noisefor the motor task.

According to the model, perceptual and visuomotor thresholds should be related by

T̂m (�) 2 = T̂p(�) 2 + K ; (2)

where K is a constant representing the di�erence between the variance of the motor noise and

the variance of the decisionnoise. Assuming that the decisionnoise is signi�cantly lower than the

motor noise,we can treat the constant K as an estimate of the motor noise level.

Place �gure 11 here.

Figure 11 shows the value of K derived for each of the three common delay conditions in the

experiment. The commonrepresentation hypothesispredicts that the estimated valuesof K should

remain �xed as a function of delay. The data shows no signi�cant di�erence betweenthe estimates

of K , consistent with the model. Note that this is true for subject MEL, aswell assubjects SSand

JJ, despite the 
attening of her visuomotor threshold function at high delays. This is becauseher

perceptual thresholds follow a similar pattern as a function of delay.

While the data are consistent with the commonrepresentation hypothesis,we note that the dif-

ferencesbetweenperceptualand visuomotor performanceare low. It is possiblethat a putativ e shift

from special-purposevisuomotor transformations to onesbasedon distinct perceptual representa-

tions when memory at large delays addsnoisethat is too low to pick up with the present technique.

It is also possiblethat the shift occurs at delays lessthan one second.We do not have perceptual

data at a zeroseconddelay; however, a di�usion model for perceptual memory decay predicts a lin-

earshift in squaredthresholdsasthe delay is decreasedto zero[Kinchla and Smyzer 1967]. Discrimi-
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nation thresholdsfor a number of simple, two-dimensionalgeometricpropertiesof visual stimuli (e.g.

contour curvature) show a linear shift as a function of inter-stimulus delay[Hole 1996, Sakai 2003].

The small change in subjects SS and JJ's visuomotor thresholds between the zero delay and 1

seconddelay conditions is consistent with this model.

The data from experiment 2 are notable in two more regards. First, subjects are remarkably

good at making the slant discrimination required in the experiment - much better than has been

reported in psychophysical experiments using virtual stimuli[Saundersand Knill 2003]. It may

derive from the fact that virtual stimuli contain cuesthat remain �xed, regardlessof the simulated

surfacegeometry, causingcue con
icts (e.g. accommodation and blur), while those samecuesco-

vary appropriately with surfacegeometry in real stimuli. It may also re
ect the greater reliabilit y

of stereo information when cuesto absolute surfacedepth, neededto calibrate the interpretation

of disparity, are stronger in the stimulus, as they are for real surfaces. Second, assuming that

the di�erence between perceptual and visuomotor performanceis largely due to motor noise, the

data suggesthighly e�cien t transformations between visual estimates of slant and motor output.

The variance in subjects' motor performance induced by motor noise had a slant discrimination

equivalenceof between1� and 2:5� for the three subjects.

4 General Discussion

4.1 Sources of uncertainty in orienting movements

The results of experiment 2 give no support for the hypothesis that orienting movements of

the hand to match the target orientation of a surfaceduring a natural object placement movement

rely on a visuomotor channel that is independent of a perceptual processingchannel. Rather, they

are consistent with the hypothesisthat visuomotor variabilit y is a result of independent perceptual
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and motor noise sources. In order to test this more fully, however, conditions must be created

in which the perceptual uncertainty varies over a larger range than followed from the memory

delay manipulation usedin this experiment. Nevertheless,the results interpreted according to the

common representation hypothesisshow very small levels of internal noise,both at the perceptual

input and the motor output. Sincevisual feedback from the moving hand (or the cylinder) was not

available for the task, the low motor noise suggestse�cien t transformations from the perceptual

representation of slant to the motor output (equivalent motor noiseon the order of 1 to 2 degrees,

standard deviation). That end-point slant carries all of the information neededto discriminate

tra jectories toward one target slant from tra jectories toward another further suggeststhat this

e�ciency derivesboth from motor planning and the e�cien t useof on-line control basedeither on

internal feedback loops (using e�erent copy information) and/or proprioceptive feedback.

4.2 The role of binocular and monocular cues for guiding orienting movements

Experiment 1 showed that subjects could accurately guide hand orienting movements to placea

cylindrical object on a 
at surfacebasedon either binocular and texture information about surface

orientation alone. The sensitivity analysis left open the question of whether or not performance

improved signi�cantly when both cueswereavailable. One subject showed a statistically signi�cant

improvement, one showed a small, but not quite signi�cant improvement and the other showed no

improvement. The results of the secondexperiment may well explain the small amount of improve-

ment obtained in the multiple cue condition. Since di�eren t subjects ran in the two experiment,

we cannot compare results directly, however, we can do a simple back-of-the-envelope calculation

to show why the motor noise that corrupts subjects' performancecompressesany e�ect obtained

to a very small one.
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Experiment 2 showed that subjects' motor noiseremainsconstant acrossmemory delays. If we

assumethat it is independent of perceptual noise and henceequivalent acrosscue conditions, we

can expressthe visuomotor d-primes measuredin experiment 1 as a non-linear sum of perceptual

and motor d-primes,

d0 =
d0

perceptd
0
motorq

(d0
percept)2 + (d0

motor )2
; (3)

where d0 is the visuomotor d-prime measuredin experiment 1. The lowest level of motor noise

measuredin experiment 2 wasabout equalto the perceptualnoise. Using this conservative estimate,

we have for visuomotor d-primes for the individual cue conditions in experiment 1,

d0 =
d0

perceptp
2

: (4)

Assuming that perceptual uncertainty is equal in the texture and stereo conditions, optimal cue

integration predicts that the perceptuald-prime for the combined cuecondition will begreater than

the perceptual d-prime for each individual cue condition by a factor of
p

2. After somealgebraic

manipulation, this predicts that a subjects' visuomotor d-prime for the combined cuecondition cue

condition in experiment 1, d0
T S, would be related to the vsuomotor d-primes in the individual cue

conditions, d0, by

d0
T S = 1:15d0; (5)

This is to be compared with the value of d0
T S = 1:41d0 predicted by optimal integration when no

motor noiseis present. Our calculation shows that the relatively small improvement shown by two

of the three subjects in experiment 1 is, in fact, consistent with optimal cue integration, given the

levels of motor noisethat were likely present in the data.
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4.3 Visuomotor control issues

Place �gure 12 here.

While we have focusedon visuomotor sensitivity in this paper, we also noticed patterns in the

kinematic data charactering the transport of the cylinder that suggestan interesting synergy be-

tweenhand rotation and hand transport. Examination of the transport kinematics revealedthat the

transport kinematics of the cylinder appearedto be invariant over target surfaceorientation when

represented by the mid-point of the bottom of the cylinder (�gure 12). This result suggeststhat the

position of the bottom of the cylinder is oneof the parameters,along with orientation, that is con-

trolled by the motor systemto perform the object placement. Such a strategy makessensegiven the

task demands,which were to center the cylinder on the target location. Sincesubjects grasped the

cylinder at its mid-point, controlling the path of the bottom of the cylinder soasto maintain invari-

ance over cylinder orientation required coordinated control of the transport of the wrist through

spaceand of the movements used to orient the cylinder - rotation of the wrist and coordinated

movements of the �ngers to "roll" the cylinder betweenthem. While a number of physiological and

behavioral results support the hypothesis that proximal (e.g., hand transport) and distal compo-

nents (e.g. grip formation) of prehensionmovements arecontrolled through independent visuomotor

"channels" [Jeannerod 1981, Jeannerod et. al. 1995, Paulignon and Jeannerod 1996], other results

strongly suggestsomeinteraction between the two, particular as regards transport and hand ori-

entation [Haggard 1991, Soechting and Flanders 1993, Gentilluci et. al. 1996, Mamamssian1997].

The current results are consistent with the concept of a 
exible control system that coordinates

distal and proximal components of hand movements to successfullymatch the demandsof speci�c

motor tasks [Todorov and Jordan 2002].
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5 Summary

Applying linear discriminant analysis to the motion tra jectories of a cylinder measuredduring

an object placement task, we were able to compute measuresof visuomotor sensitivity to visual

information about surface slant. Subjects' motor performance re
ects a very high sensitivity to

surface slant information. This sensitivity is nearly the same for binocular information and for

monocular texture information, suggestingthat, for the control of hand orientation, monocular cues

can be just as useful for visuomotor control as binocular cuesto 3D surfacestructure. Comparing

visuomotor performance to perceptual discrimination measuresin equivalent stimulus conditions

reveals that motor and perceptual noise contribute, on average, similar amounts of variabilit y to

subjects' visuomotor performance. That the di�erence betweenvisuomotor varianceand perceptual

variance measures(squared thresholds) did not di�er signi�cantly acrossdi�eren t delay conditions

is consistent with a commonperceptual representation of slant underlying both tasks for the delays

tested.
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App endix A: Discriminan t analysis

Place �gure 13 here.

Given an N -dimensionalparametric representation of cylinder tra jectories at each of two neigh-

boring target slants (e.g. 90� and 85� ), we computed the discriminant vector, ~W , that supports

maximum discriminabilit y of the two setsof tra jectories. This is given by the equation,

~W = (~� 1 + ~� 2)� 1(~� 1 � ~� 2); (6)

where ~� 1 and ~� 2 are the covariance matrices and ~� 1 and ~� 2 are the means of the tra jectories

measuredfor each target slant. Given a sample tra jectory, an ideal classi�er would project the

N -dimensional vector representation of the tra jectory onto the discriminant vector and compare

the result to a scalar decision criterion to decide which target slant had been presented to the

subject. The discrimination performanceof such an observer is characterizedusing a singled0 value

computed as

d0 =
j < ~W; ~� 1 � ~� 2 > j

q
1
2( ~W T ~� 1 ~W + ~W T ~� 2 ~W )

; (7)

where < ~x; ~y > is the inner product between~x and ~y. The numerator is the distance betweenthe

projections of the two mean tra jectories onto the discriminant vector and the denominator is the

squareroot of the averagevarianceof each set of tra jectories when projected onto the discriminant

vector. One way to interpret the discriminant vector is that it is the vector that maximizes the

d0 value computed from equation 7; that is, it speci�es the projection of the tra jectory vectors

that maximizes their discriminabilit y. Figure 13 illustrates the analysis in two dimensions. d0 also

speci�es the probabilit y correct of the ideal classi�er, with an unbiasedobserver having a probabilit y
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correct given by the value of the cumulativ e normal distribution at the value speci�ed by d0; thus,

for example,d0 = 1 corresponds to approximately 76% correct classi�cation performance.
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App endix B

Wefound that psychometric functions for somesubjects in the discrimination experiment leveled

o� at points below 1.0 and above 0.0. We modeled thesee�ects by assumingthat subjects su�ered

from occasionallapsesin attention, leadingto a percentageof trials in which they guessedthe correct

answer[Wichmann and Hill, 2001]. In order to correct for these lapsesand the resultant guessing,

we �t a modi�ed cumulativ e Gaussianpsychometric function to each subject's data in which the

probabilit y of selecting a comparison stimulus was assumedto be a mixture of an underlying

Gaussiandiscrimination processand a random guessingprocess.Writing subjects' decisionas

D =

8
>>><

>>>:

1; Secondstimulus judged more slanted

0; First stimulus judged more slanted

(8)

The psychometric model was

p(D = 1j � S) = (1 � p) �(� S; �; � ) + pq; (9)

where � S is the di�erence in slant between the �rst and secondstimulus, � is the mean of the

cumulativ e Gaussian,� is the standard deviation of the cumulativ e Gaussian,p is the probabilit y

that a subject guessedon any given trial and q is the probabilit y that subject guessedthe comparison

stimulus, given that he or sheguessedat all. The mean parameter, � , is a measureof the point of

subjective equality between�rst and secondstimuli. It accommodates e�ects like perceptual drift

in the remembered slant of the �rst stimulus. We computed a corrected 76% threshold from the

standard deviation parameter � of the model. The corrected threshold re
ects the 76% threshold

di�erence in slant between test and comparison stimuli that a subject would have in a 2-AFC

choice without guessingand without a temporal order bias in slant judgments (re
ected by the �

parameter).
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The guessingparameters add two free parameters to the psychometric model, which, for an

individual subject and condition, make model �ts di�cult. For example, they correlate strongly

with both the threshold and the bias parameters. We hypothesized that the lapse and guessing

parameterswould be constant acrossdi�eren t test slants and perhapseven acrossdi�eren t delays.

We therefore consideredthree qualitativ ely di�eren t modelswhen �tting discrimination thresholds:

� Unconstrained model - subjects had di�eren t lapse rates and di�eren t guessingbiasesfor every

di�eren t condition in the experiment (di�eren t test slant and di�eren t memory delay).

� Delay-conditioned lapsemodel - subjects had the samelapserate and guessingbiasesfor di�eren t

surfaceslants, but di�eren t valuesfor theseparametersfor di�eren t memory delays (e.g. onemight

reasonablyexpect the lapserate to increasewith increasedmemory delay).

� Constant lapsemodel - subjects had constant lapserates and guessingbiasesacrossall conditions

of the experiment.

In terms of the model parameters, the three models correspond to, respectively, �tting the p and q

parametersindependently for each condition of the experiment, �tting onesetof p and q parameters

for each memory delay condition, and �tting only onesetof p and q parametersacrossall conditions.

We used Bayesian model testing to �nd the model which best �t the data. In particular, we

calculated p(Modeli j Data), for each of the three models by integrating the likelihood functions

for the free parameters in each model (the threshold and bias estimates and the free p and q

parameters) [MacKay 1992]. This involves selectingpriors on the model parameters. We assumed

uniform priors on the lapse and guessingbias parameters between 0 and 1, a uniform prior on

the thresholds between 0 and 10 degreesand a uniform prior on the bias parameter, � between

� 10 and 10 degrees. Since the only di�erence between the models was in the number of p and
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q parameters that were free to vary, the priors on the thresholds and bias parameters did not

contribute signi�cantly to the relative likelihoods of the three models. For all three subjects, the

constant lapsemodel wassigni�cantly more likely than the other two, by factors greater than 1000.

We therefore usedthis model to �t subjects' thresholds. Standard errors for the threshold �ts were

computed from the inverseof the Gaussianof the model likelihood function.

An alternative approach to Bayesianmodel testing is to useda standard nested-hypothesistest

to determine if we can reject the simplest model �t to the data (constant lapsemodel). The relative

likelihoods of the simplest and more complex models,

2loge(
L independent

L simpl e
); (10)

is distributed as � 2 with either 4 degreesof freedom (when comparing the delay-conditioned

lapse model to the constant lapse model) or 22 degreesof freedom (when comparing the uncon-

strained modell to the constant lapse model). In neither casedid the Chi-square statistic reach

the p = :05 level of signi�cance. While this con�rms the results of the Bayesianmodel testing, we

prefer the former, as it placesall three modelson equal footing. The nestedhypothesistest, on the

other hand, is inherently biased to accept the simpli�ed model (it is rather arbitrarily considered

to be the null model) and henceis subject to Type 2 inferenceerrors. Bayesianmodel testing has

it's own di�cult y - having to assumea �xed prior; however, in this case,a uniform prior makes

senseand changing the prior (e.g. making the prior on squaredvaluesof p and q uniform) has little

e�ect on the probabilities assignedto the di�eren t models.
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Figure Captions

Figure 1: The task sub jects performed in the exp erimen t. Starting from a horizon tal

platform (P anel a), sub jects placed a cylinder 
ush onto a 
at target surface of variable

slant moun ted on the end of a rob ot arm (P anel b). Stim ulus information about surface

orien tation was isolated by �xing the lo cation of the targeted placemen t in space. The

rob ot arm was used to orien t the surface at di�eren t slants across trials.

Figure 2: The dimensions of the exp erimen tal setup. The hatc hed area represen ts

the back-pro jection of the round viewing apertures onto the target surface when the

surface was level (p erp endicular to gravit y). The dashed line through the target

surface in the bottom �gure represen ts the axis around whic h the surface was rotated

to create di�eren t target surface slants.

Figure 3: Examples of the textures moun ted on the end of the rob ot arm. (a) A

white noise texture that pro vides little if any texture cues to surface orien tation when

pro jected in to the retinal image and (b) a regular pattern of dots whose pro jection

pro vides very good information about surface orien tation.

Figure 4: The acceleration pro�le for one tra jectory . In this case, contact with the

target surface was mark ed by t wo sharp negativ e peaks in acceleration follo wing in

quic k succession. The �rst peak re
ects the initial contact. The second peak re
ects

the poin t at whic h the cylinder rotates down 
ush to the surface.

Figure 5: Av erage slant and tilt tra jectories for each sub ject for the full cue stim ulus

condition. Each curv e re
ects a di�eren t target slant.
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Figure 6: Left column: Av erage contact slants as a function of target slant for each of

the three sub jects. Righ t column: Standard deviations of contact slants as a function

of target slant.

Figure 7: d0s averaged across target surface slants for each of the stim ulus conditions.

Three sets of bar plots are shown for each sub ject corresp onding to the three metho ds

used to deriv e d0 estimates.

Figure 8: (a) The sequence of events for a trial in the visuomotor exp erimen t. A tone

sounded after the delay perio d instructing the sub ject to begin the movement to place

the cylinder on the surface. The LCD glasses were closed during the delay perio d.

(b) The sequence of events in a discrimination trial. The LCD glasses were closed

during the in ter-stim ulus in terv al, prev enting vision of the moving surface. Note that

the surface randomly changed positioned in the in ter-stim ulus in terv al. Parts of the

surface outside the viewing aperture were not visible to the sub ject.

Figure 9: Visuomotor discrimination thresholds, deriv ed as describ ed in the text, for

the three sub jects, plotted for each target slant as a function of the delay between

stim ulus presen tations in the temp oral 2-AF C task.

Figure 10: Perceptual discrimination thresholds for the 25� slant condition plotted

for the three matc hing delays used in the visuomotor task (1,2 and 3 seconds). Also

shown are the equiv alen t visuomotor thresholds.

Figure 11: Plots of the standard deviation of motor noise deriv ed from the simple ad-

ditiv e noise mo del. This is giv en by the square ro ot of the di�erence of squared visuo-

motor and perceptual discrimination thresholds (assuming indep enden t noise sources
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and no e�ectiv e decision noise in the perceptual task). Error bars were deriv ed from

the error bars of the visuomotor and perceptual discrimination thresholds.

Figure 12: Transp ort paths for the cylinder in the bino cular, good texture condition.

The left graphs show the average paths of the center of mass of the cylinder for each

target slant. The righ t graphs show the average paths of the bottom of the cylinder.

Figure 13: (a) Scatter plot of cylinder slants at t wo poin ts in a movement (mid-p oin t

and contact) deriv ed from movements in one condition to ward target slants of 90�

(red) and 85� (blue). The ellipses represen t the covariance ellipses of the data for

the t wo target slants. The line, D represen ts the line of maximal discrimination. An

ideal classi�er would lab el movements falling below the line as being to ward a target

slant of 85� and movements falling above the line as being to ward a target slant of

90� . Mathematically , this is done by pro jecting the poin t represen ting the movement

onto a vector, W, perp endicular to the discriminan t line and determining whether it is

above or below some criterion (b). The discriminabilit y of the t wo sets of tra jectories

is captured in a d0 measure giv en by the distance between the means of the pro jected

poin ts normalized by their average standard deviations. In higher dimensions, the

discriminan t line, D, becomes a hyp er-plane.
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Figure 1:
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Figure 3:
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