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Classically, it has been assumed that visual space can be represented by a metric. This means that
the distance between points and the angle between lines can be uniquely defined. However, this as
sumption has never been tested. Also, measurements outdoors, where monocular cues are abundant,
conflict with this model. This paper reports on two experiments in which the structure ofvisual space
was investigated, using an exocentric pointing task. In the first experiment, we measured the influence
of the separation between pointer and target and of the orientation of the stimuli with respect to the
observer. This was done both monocularly and binocularly. It was found that the deviation of the
pointer settings depended linearly on the orientation, indicating that visual space is anisotropic. The
deviations for configurations that were symmetrical in the median plane were approximately the same,
indicating that left/right symmetry was maintained. The results for monocular and binocular condi
tions were very different, which indicates that stereopsis was an important cue. In both conditions,
there were large deviations from the veridical. In the second experiment, the relative distance of the
pointer and the target with respect to the observer was varied in both the monocular and the binocu
lar conditions. The relative distance turned out to be the main parameter for the ranges used (1-5 m).
Any distance function must have an expanding and a compresslllg part in order to describe the data.
In the binocular case, the results were much more consistent than in the monocular case and had a
smaller standard deviation. Nevertheless, the systematic mispointings remained large. It can therefore
be concluded that stereopsis improves space perception but does not improve veridicality.

Most of the time, people are unaware of any discrep

ancies between the visually perceived environment and

the physical environment. However, early experiments on

size constancy (e.g., Blumenfeld, 1913; Hillebrand,

1902) revealed that the visually perceived space (in short,

visual space) is distorted with respect to the physical space.

In order to explain these findings, Luneburg ( 1947) pro

posed a theoretical framework in which he assumed that,

in nature, visual space is a constantly curved Riemannian

space. For example, the surface of a sphere is a two

dimensional Riemannian space with a constant positive

curvature, and a surface with a constant negative curva

ture is saddle shaped (see any book on differential geom

etry, such as Stoker, 1969). After that, the focus of re

search shifted and was directed toward determining the

curvature ofvisual space (Blank 1958, 1961; Hardy, Rand,

& Rittler, 1951; Indow, 1991; Indow, Inoue, & Matsu

shima, 1962a, 1962b; Indow & Watanabe, 1984; Za

jaczkowska, 1956a, 1956b). These authors described ex

periments carried out in a dark room with small faint

luminous points as stimuli at distances ranging from 0.50

up to 5.00 m. From the results, the curvature constant was

then determined. During these experiments, the heads of

the subjects were fixed, whereas free eye movement was
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allowed. This reduced-cue environment, in which most of

the monocular cues were eliminated, actually closely ap

proached the assumptions made in Luneburg's theory.

But in everyday life, we have a full-cue environment and

broad daylight, which is very different from the dark room

experiments. More recently, similar experiments have been

carried out in the open air in order to find out to what ex

tent visual space is distorted under these conditions. For

example, Battro and his colleagues (Battro, di Pierro Netto,

& Rozestraten, 1976; Battro, Reggini, & Karts, 1978)

performed their studies in broad daylight in gardens and

on polo fields over distances up to 240 m. Wagner (1985)

took measurements on a flat open grassy field over dis

tances up to 72 m. These studies show that Luneburg's

model is less adequate in a full-cue environment, in which

monocular cues are abundant, and that stereopsis is less

effective because of the large distances. Apparently, the

structure of visual space depends on the actual environ

ment in which it is measured, and the initial assumptions

about the metrical structure of visual space need to be

examined more closely.

Luneburg (1947) assumed, for instance, that visual

space can be represented by one ofthe Riemannian spaces

of constant curvature. He also assumed that lights posi

tioned on a Vieth-Muller circle are perceived as lying on

a circle with the observer at its ct'nter. Both assumptions

have been shown to be, at least partly, incorrect (Foley,

1963, 1965, 1972; Heller, 1997b; Higashiyama, 1981,

1984). Discussions about the theoretical consequences
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for models of visual space may also be found in Blank

(1978), Eschenburg (1980), Heller (1997a), Indow (1991,

1997), and Lukas (1983).

A more fundamental assumption is that visual space is

metric. This means that a unique distance can be defined

between any two points. In order to investigate this, a task

is needed that does not require the existence ofa distance

relation.

In the experiments reported in this paper, we used an

exocentric pointing task for our measurements. In such

a task, the subject is asked to direct a pointer straight at a

target. The pointer, however, is placed at some distance

from the subject and is operated by remote control. As a

consequence, the pointer does not lie in the line ofsight,

as would normally be the case (e.g., aiming a rifle), but is

placed at a distance from the egocenter. In principle, the

pointer could be placed at any point in the surrounding

space, but for the purpose of this paper, the pointer was

always placed at eye height. Although there are only a few

references to pointing tasks in the literature (e.g., Ellis,

Smith, Grunwald, & McGreevy, 1991), a pointing task

turns out to be successful in obtaining properties of vi

sual space, as was shown by Koenderink and van Doorn

(1998). Furthermore, the task comes very naturally to sub

jects: It resembles a common practice in daily life in which

a person follows the gaze of another person in order to

find out what he or she is looking at.

In the exocentric pointing task, the subject needs to

estimate directions that may, in principle, be estimated

solely on the basis ofa single retinal image without mak

ing use of depth cues. However, in order to point veridi

cally, knowledge about the distance of the pointer relative

to the target is required. Therefore, we will assume that

the intrinsic geometry ofvisual space will be reflected in

this exocentric pointing task as in the classical experiments

(Indow, 1991), even though estimating directions may be

an entirely different process.

In many studies, visual space is measured in the binoc

ular condition only, while it is tacitly assumed that stere

opsis is the only relevant cue. In the classical dark room

experiments, this is bound to be true, since there is noth

ing visible except small faint luminous points with no ref

erence whatsoever. Out of doors this is less obvious, be

cause then there are numerous monocular cues present. Is

stereopsis the main factor in estimating distances in real

istic settings, or are monocular cues equally important?

In order to verify that stereopsis is the relevant cue in the

binocular condition, we also measured in the monocular

condition. The influence ofstereopsis will only be large if

it provides a considerable amount of additional informa

tion. For this reason, we reduced the number ofmonocu

lar cues by keeping the visual angle ofthe stimuli constant

and by concealing external reference lines as much as pos

sible without dimming the lights.

In a natural environment, people often turn their heads

to direct their gaze to places of interest. In classical ex-
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periments, the heads of subjects were fixated, and only

eye movements were allowed. In the outdoor experiments

(Battro et aI., 1976; Battro et aI., 1978; Koenderink & van

Doorn, 1998; Wagner, 1985), subjects were also allowed

to turn their heads. Free head movements will probably

have a large influence on the symmetry of visual space.

Under these circumstances, it will always be possible to

fixate any point symmetrically with respect to the eyes.

But will this possibility lead to an isotropic visual space?

In our study, subjects were allowed to turn their heads. In

order to address the symmetry properties, we varied the

relative orientation of the stimuli with respect to the ob

server.

It was found earlier (Battro et aI., 1978; Wagner, 1985)

that a description of visual space in terms ofa constantly

curved space is less adequate under full-cue conditions..

But it is still unclear whether visual space can be described

adequately with a metric or, alternatively, with a single

distance function. Which description is more appropriate

and under what circumstances? In the present paper, we

obtained the depth structure ofvisual space by measuring

at different distances from the observer, both monocu

larly and binocularly. We will try to determine what con

straints there are on any distance function and whether or

not such a function is independent of the orientation ofa

stimulus configuration with respect to the subject. In ad

dition, the influence ofstereopsis can be accessed by com

paring the viewing conditions.

In this paper, two experiments are presented in which

the aforementioned questions were examined. In the first

experiment, the monocular and binocular condition were

compared when the stimuli were at the same distance

from the observer. The dependence of the orientation of

stimulus configurations with respect to the observer was

investigated as well. The aim was to determine the role of

stereopsis and to address the symmetries of visual space.

In the second experiment, the relative distance of the

stimuli was varied and measured both monocularly and

binocularly. This should enable us to determine the con

straints on a possible distance function. The role ofstere

opsis was addressed in this experiment as well.

GENERAL METHOD

Subjects
The measurements were carried out with 3 naive subjects, who

were unfamiliar with the objectives of the experiments and had

never seen the experimental environment before. Their age was ap

proximately 22 years. All the subjects had normal or corrected-to

normal visual acuity. All the subjects were tested for stereo vision

and were found to have a stereo acuity ofbetter than 60 arcseconds.

During all the measurements, the subjects had no feedback about

their performance.

Experimental Setup
All the experiments were conducted in a 6 X 6 m room with

blinded windows under normal room-lighting conditions. The walls

were covered with black plastic sheet material so that the corners of
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Figure I. (A) Picture ofthe pointer and the target in the room in which the experiments were conducted. The heavy relief of the
plastic that covers the walls is clearly visible. The pointer was mounted on a motor that was operated by remote control, and the
target was placed on a tripod. (B) Picture of the outside of the front of the cabin in which the subject was seated. For clarity, the
background of the photograph is gray; in the actual setting, the background consisted of black plastic. The cabin was 80 em wide,
and the space between the roof and the front was about 10 em. As a consequence, the subject was unable to see the floor and the
ceiling of the room. The wire connected the remote control with the pointer. (C) View from inside the cabin where only the pointer
and the target remained visible against a "random" background. The total width of the visual field was much larger (210°) than
depicted. (D) The various pointers and targets that were used during the experiments. Both were scaled with distance so that the
apparent size remained constant.

the room were hidden and the general appearance of the back
ground was the same in all directions. The plastic was wrinkled in

order to create a heavy "random" relief: The extent of the protru
sions and cavities was of the order of 10 cm (see Figure IA).

The subject was s'eated on a chair, which was adjustable in height

and which was kept in the same position with the same orientation.

Since the subject was asked to sit up straight, the subject's body also

was in the same position and orientation. The chair was placed i n ~

side a small cabin with a horizontal opening at eye height so that

both the floor and the ceiling were hidden from view (see Fig

ure IB). The back ofthe cabin was open to allow easy access. Inside

the cabin, a wooden board was mounted with a U-shaped hole in

which the neck of a subject fitted. This simple construction pre
vented lateral head movements, but the subjects could still tum their

heads and move their eyes freely. As a result, the entire visual field

extended about 10° vertically and 210° horizontally (see Figure IC).

Stimuli

Four pointers and four targets of different sizes were used as
stimuli (see Figure ID and Table I). Each target consisted ofan or-

ange sphere mounted on a thin metal rod standing upright on a tri

pod. Each pointer consisted of a rod with a pointed tip (top angle,

30°), which protruded on both sides at right angles from a circular

disk. The rod was painted white, and the disk yellow-orange. The

pointer was mounted on a thin metal rod, which was connected to a

motor so that it could rotate in a horizontal plane. The motor was

operated by remote control so that the pointer could be turned to the
left or the right by pressing a switch. The height was adjusted so that

both the pointer and the target were in a horizontal plane at eye

height. Hence, only the pointer and the target itself were visible

from within the cabin (Figure IC).

Both the pointer and the target were positioned using markers on

the floor. The pointer-target positions were selected from the in

tersections of four lines of constant radius (1.47,2.1,3.0, and

4.31 m), centered on the subject, with 15 lines of constant angle,

ranging from - 105° to 105° in steps of 15°, emanating from the po

sition ofthe subject (see Figure 2A). Henceforth, we will use rp and

1jI as the polar distance and angle of the pointer position and r, and
Bas the polar coordinates ofthe target position (see Figure 2B). The

indicated direction of the pointer is expressed with the absolute
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Figure 2. (A) Schematic diagram of the room in which the experiments were conducted. The subject was seated on a chair so that

the turning point ofthe head was above the origin. The subject was oriented to face the 0° direction when looking straight ahead. The

dots denote the pointer and target positions that were used. (B) Diagram of the parameters used. The pointer and target positions are

denoted by the distance from the origin, r p and r" and by the polar angles 'l'and e. The deviation ofthe indicated angle from the veridi
cal is denoted by CHi'. The deviation is positive ifthe indicated angle is too large. The separation ofthe pointer and the target is denoted

by the angle' = 'I' - e, which is positive when the pointing direction is clockwise and negative when it is counterclockwise. The bi

secting angle w is used for the orientation of the stimuli.

angle ¢ relative to the line through the pointer and the origin. The

angle ¢ is always positive and smaller than or equal to 180°. Instead

of the actual pointer angle ¢. we will be mainly interested in the de

viation from the veridical value. We will denote this deviation from

the veridical by !i¢= ¢lllc.su'«1 - ¢\Cfid,«i1' which was positive if the
subject pointed behind the target and vice versa. Also. we define the

separation angle' = 'I' - 8 as the angle between the pointer and the

target and the orientation w= y~( '1'+ 8) as the angle of the bisector

of the angle between the pointer and the target. It should be noted

that' changes sign when pointer and target positions are inter

changed. When. as seen from the observer. the pointer is to the left

of the target. 'is positive. and the pointing direction is clockwise

with respect to the observer. If pointer and target positions are in

terchanged. 'becomes negative. and the pointing is counterclock

wise.

The subjects were positioned so that the turning point ofthe head

was located directly above the origin. Also. the subjects were ori

ented in such a way that the direction of their gaze when looking

straight ahead was aligned with 0°.

Each pointer and target was used at only one distance from the

observer so that the apparent size was equal for all distances. The

distances used (1.47. 2.10. 3.00. and 4.31 m) were scaled with a

factor of approximately 0. The pointers and targets were scaled

accordingly (see Table I).

Procedure

For each trial. the subjects were asked to direct a pointer so that

it pointed straight to a given target. The position of the pointer

and/or the target varied from trial to trial. whereas the vantage point

was prescribed and the same for all measurements-that is. the ori

gin of the polar grid (Figure 2A). Once the subject was satisfied

with the setting. the pointing direction was noted. The subjects were

given no feedback about their performance. The initial direction of

the pointer was always the final direction ofthe previous trial. Dur

ing the measurements. the subjects were allowed to turn their heads

and move their eyes freely. However. lateral head movements were

inhibited by the construction in the cabin.

The subject always entered the room blindfolded. and once

seated in the cabin. the blindfold was removed. The same applied

when the subject left the room. Hence. he or she was aware of the

room from a single viewpoint only. During each trial. the experi

menter was not visible; in between trials. no special precautions

were taken. except that the subjects could never see the pointer and

the target when they were being mounted.

Distance (m)

1.47
2.10
3.00
4.31

Table I
Pointer and Target Dimensions for Each Distance

Target Pointer
Diameter (cm) Length (cm) Thickness (cm)

2.2 12.2 0.5
3.2 17.5 0.7
4.5 25.0 1.0
6.5 35.9 1.4

Disk
Diameter (cm)

4.0
5.7
8.2

11.8

Note-The pointer consisted ofa rod and a disk. The diameter of the rod was the same
as the thickness of the pointer.
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Table 2
Configurations Used in Experiment I

three times with subjects A.O., G.S., and IN., resulting

in a total of 1,800 trials.

EXPERIMENT 1

Note-In each entry, the sign of the values of the separation angle' is
shown for each distance and orientation. A positive sign corresponds to
pointing clockwise, and a negative sign to counterclockwise. If both
configurations were measured, this is indicated with a :!:. The letters L,
M, and R denote configurations that are oriented to the left (ro 2: 15°),
middle (-7.5° :s ro :s 7.5°), and right (ro:s -15°), respectively.
*Other orientations also were measured (see the text for details).

All the trials ofboth experiments were repeated three times. The

trials in the monocular condition were presented first and consisted

ofthree blocks: Each block was a single repetition ofall the monoc

ular trials, in randomized order. After that, the trials in the binocu

lar condition were presented ordered in a similar way. During

monocular measurements, all the subjects wore eyepatches over the

left eyes. The trials were in random order, except that all the trials

with a monocular viewing condition were measured first. The mea

surements were presented in sessions of approximately I h. The

total measuring time, including all 3 subjects, amounted to 60 h for

2,394 trials.

Method
Monocular viewing condition. Both the pointer and the target

were placed at the same distance from the observer. The distances

used were 1.47 and 4.31 m, and the stimuli were scaled accordingly.

The absolute value ofthe separation angle I; was varied from 15° to

210° in steps of 15°. However, at a distance of4.31 m, the maximum

angle was restricted to 60° because ofthe limited dimensions ofthe

room (see Figure 2A). Ifthe pointer and the target are interchangeable

without affecting the results, only one ofboth configurations needs

to be measured. Because we did not know whether this assumption

was valid, we left out one configuration for half of the separation

angles II; I(see Table 2). Consequently, we could still verify whether

the pointer and the target positions are interchangeable (since in

terchanging the position corresponds to a change of sign of /;).

For each separation angle 1;, one degree of freedom remains: The

triangle spanned by the pointer, the subject, and the target can have

different orientations ro (see Figure 2B). The number of positions

was limited by measuring at only two orientations: straight ahead or

to the side, either left or right (see Table 2). Only for a separation of

II;I = 45° were all orientations measured: For a distance of 1.47 and

2.10 m, these orientations were -67.5°, -37.5°, -7.5°,22.5°,

52.5°, and 82.5°; for a distance of3.00 m, -22.5°, -7.5°, 7'so, and

22.5°; for a distance of4.31 m, -7.5° and 7.5°. In this way, we were

able to investigate whether visual space is indeed isotropic.

Binocular viewing condition. The configurations were the

same as those in the monocular viewing condition, with the addi

tion of the positions at a constant distance of2.10 and 3.00 m. For

a distance of 2.1 0 m, the same separation angles t; and orientations

rowere used as for 1.47 m. For a distance of 3.00 m, the same con

figurations were used as for 4.31 m, except that the range of the

separation I; was extended to a maximum of 90°.

Results
In Figure 3, the results of the monocular and binocu

lar viewing conditions are shown for all 3 subjects (A.O.,
G.S., and IN.). All the data correspond to configurations

in which both the pointer and the target were placed at a
distance of 1.47 m from the subject. Each graph depicts
the deviation !!.cj> of the indicated pointer direction from

the veridical direction as a function of the separation
angle 1;. The deviation!!.cj> is the average of three repeti
tions, and the error bars denote the corresponding stan

dard deviations. The different points for the same value
of I; correspond to the different orientations w of the
same configuration of the stimuli. The filled circles de
note configurations that were placed directly in front of

the subject (w= 0° or w= ::!::7.5°), whereas the open dia
monds and open boxes denote orientations that were ori
ented to the right (w ::5 -15°) and to the left (w ~ 15°),
respectively.

As is shown in the left column of Figure 3, there was
an increasingly negative deviation !!.cj> as the separation

angle II; Ibecame small in the monocular viewing condi
tion. When there was a negative deviation !!.cj>, the subject
actually pointed to a point somewhere between the target

and himself, or in other words, there was an undershoot.
This effect became large for small II; I, meaning that the

4.31 m

M R

:!:

+
:!:

:!:

IS :!:

30
45* :!:

60
75
90

105
120 +

135 :!:

ISO
165 :!:

180
195
210

1.47 m, 2.10 m 3.00 m

1'1 L M R L M R L

In this experiment, the dependence of the pointer set

tings on the separation angle I; was measured for several
distances. We measured both monocularly and binocu
larly, in order to see what effect stereopsis would have
on an exocentric pointing task. In fact, it was unclear
whether the task could be done at all monocularly, since

both the pointer and the target were scaled with distance
so as to keep the apparent size constant. Considering that
free turning of the head was allowed, one might argue
that visual space should be isotropic: If a pointer-and

target configuration is positioned in different orientations
with respect to the observer, the subject only needs to turn
his or her head in order to make the configurations iden
tical. If this is the case, the pointer and the target posi

tions will also be interchangeable, provided that the left
and the right visual fields are symmetrical. Although we
used this symmetry to reduce the number of measure
ments, these assumptions could still be verified. There
were 200 different configurations, which were measured



undershoot was large when the veridical direction was

almost perpendicular to the line of sight (when looking
at the pointer). This undershoot occurred despite the fact
that the distance between the pointer and the target be

came very small (38 cm at a distance of 1.47 m).
The right column of Figure 3 shows the results for the

binocular viewing condition. It is obvious that there were

no large negative deviations /11fJ in the binocular condi
tion, which is in contrast to the monocular condition. In
stead, there were smaller positive deviations. So, in gen

eral, one can say that the subjects performed better in an
exocentric pointing task when they had binocular infor

mation. In Table 3, the average deviation (/1IfJ) and the
standard error of the mean (SE) are shown for each sub

ject and each distance. It can readily be seen that large
negative deviations occurred only in the monocular con
dition. Only for subject G.S. and for a distance of4.31 m

was the average deviation positive. The average deviation
/11fJ in the binocular condition was always positive for

subjects A.O. and G.S. and approached zero for subject
IN. For subject A.O., the average deviations were rela
tively large (approximately 7° ± 1°) and larger than for

the other 2 subjects.
When the left and right halves of the graphs in Figure 3

are compared, it is clear that, in general, the deviation is

not independent of the sign of S. Symmetry in the sign
of Swould mean that interchanging the positions of the
pointer and the target would result in the same deviation

of the indicated angle 1fJ, but this does not seem to have
been the case. In order to look at the symmetries in more
detail, it is useful to plot the orientation dependence for

a fixed separation angle and distance of the pointer and
the target.

In Figure 4, the deviation /11fJ is shown for each subject

as a function of the orientation w for a pointer and target

distance of 1.47 m with a separation of ISI= 45°. The re
sults for the other distances are summarized in Table 4.
In each graph, two sets ofpoints are shown: The diamonds
correspond to pointing clockwise (with respect to the ob
server), and the stars correspond to pointing counter

clockwise. The sign of the counterclockwise orientation
(wccw ) is flipped so that points belonging to configura
tions that are symmetrical in the 0° line (see Figure 2)
have the same x-axis value. As a result, an overlap ofdata

corresponds to a visual field that is symmetrical with re
spect to the 0° line, or in other words, visual space has a
left/right symmetry with respect to the body. Note that
this symmetry is not head-centric but body-centric, be
cause the subject is allowed to turn his head freely. If the
deviation /11fJ were independent of the orientation (a zero
slope), this would indicate that visual space is isotropic.

The left column of Figure 4 gives the results for each
subject-A.O., G.S., and IN.-in the monocular view
ing condition. From the graphs it is clear that there is a
considerable overlap between pointing clockwise (dia
monds) and counterclockwise (stars). The average slope
differs from zero, except for subject A.O. Furthermore,
the slope is more or less the same for both pointing clock-
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wise and pointing counterclockwise, again with the ex
ception of subject A.O.

The right column of Figure 4 shows the results for the
binocular viewing condition. With regard to the binocu
lar condition, three main aspects catch the eye: First, the

slope is the same for pointing clockwise and counter
clockwise; second, the slope is nonzero; and third, there

is a considerable overlap of the data. The overlap is not
perfect, however: it seems that for subjects A.O. and IN.,

there is a positive and a negative bias, respectively, be
tween pointing clockwise (diamonds) and pointing coun

terclockwise (stars). When the monocular condition is
compared with the binocular condition, the average slopes
are found to have a larger negative value in the binocular

condition. Subject IN. is an exception, since the slopes
are about the same.

In order to test the significance ofa slope difference
and an offset difference between pointing clockwise and
counterclockwise, we performed a multiple regression

with interaction. For the pointing condition, an indicator
variable was used so that the data could be fitted to the
following equation: /14> = a + b . w + C • 8 + d . w· 8,

where 8 is the dummy variable representing the pointing
condition (8= I denotes clockwise, and 8= - I counter

clockwise). The offset difference in a4> is accounted for
by the parameter c, whereas a slope difference comes

from the interaction term with parameter d. From the
multiple regression, two equations are obtained: a4>= (a

+ c) + (b + d) . wfor pointing clockwise and a4>= (a - c)
+ (b - d) . w for pointing counterclockwise. From this

it is readily seen that the offset difference equals 2c, the

slope difference is 2d, and the average slopeis b.

In Table 4, the average slope, denoted by b, the slope
difference, denoted by /1b, and the offset difference, de
noted by /1a, are shown with their signifkance levels. It

is clear that there is no significant slope difference /1b,

with only one exception (A.O., 2.10 m, binocular condi
tion). On the other hand, the offset difference /1a is sig
nificant in many cases-that is, for subjects A.O. and
IN. in the binocular condition and for subjects G.S. and

IN. in the monocular condition. Thus, the asymmetry in
the sign of S, as observed in Figure 3 (which corresponds
to an asymmetry between pointing clockwise and point
ing counterclockwise), appears as an offset difference /1a

in Table 4.
In the monocular condition, the average slope is neg

ative for all the subjects, although the average slope is
approximately zero for subject A.O. (see Table 4). The
value ofb= 0.90 for subject G.S. at a distance of4.31 m
is an exception, but this may be due to the limited num
ber of points: Only two orientations were measured (six
data points for each pointing condition). A negative value

for the average slope means that, for clockwise pointing,
the deviation /11fJ decreases to a large undershoot as the
orientation of a configuration changes from right (w =
- 90°) to left (w = 90°). Similarly, for pointing counter

clockwise /1l/> also decreases to a large undershoot, but
now the orientation changes from left to right. Thus, in
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Note-The results are shown for all distances in the monocular and

binocular conditions. For distances of 1.47 and 2. 10m. 159 measure

ments are averaged. For distances of 3.00 and 4.31 m. 87 and 45 mea

surements are averaged. respectively.

the monocular condition, visual space is anisotropic for
subjects G.S. and IN., ~ i n c e there is an orientation de
pendence, and in the case ofsubject A.a., the orientation

dependence is in the same direction, although this is not
significant.

The offset difference denoted by Aa is negative
throughout, although this is not significant in the cases
ofsubject A.a. and, for a distance of4.31 m, subject IN.
An offset difference indicates that the left/right symme

try has a bias. But although the offset difference is sig
nificantly different from zero in the case ofsubjects G.S.
and IN., there is still a considerable overlap (see Figure 4,

middle and bottom right graphs). So visual space is still
approximately left/right symmetrical. Furthermore, for a
distance of 4.31 m, there were only two possible orien

tations, so the actual error may be larger than es!!mated.
For the binocular condition, the average slope b is neg

ative and ranges from about -0.1 to -0.3 for all the sub

jects and for all the distances ~ x c e p t 4.31 m. At a dis
tance of 4.31 m, the values of b are even more negative.
On the other hand, the regression lines were calculated for
only two orientations 0), so the error may be much larger

than estimated. In most cases, the average slope is more
negative than was found for the monocular viewing con
dition. This would indicate that the anisotropy is stronger

in the binocular case.
The difference between the offsets for pointing clock

wise and for pointing counterclockwise (Aa) in the
binocular viewing condition turns out to be small but
significant for subjects A.a. and IN. (p = .1 for subject
A.a. at a distance of4.31 m andp < .004 otherwise). We
find values ofapproximately 10°,0°, and -10° for A.a.,
G.S., and IN., respectively. Thus, only subject G.S. ap
pears to have a good left/right symmetry, whereas sub
jects A.a. and IN. show small biases that are consistent
over all distances but opposite in sign.

Subject

A.D.

G.S.

IN.

Table 3
Average Deviation ~ I / > o f t h e

Pointer Settings in Degrees for Each Subject

Monocular Binocular

Distance (m) ~ t P SE ~I/> SE
._~

1.47 -10.3 1.0 7.4 0.7
2.10 4.3 1.0
3.00 9.0 1.2

4.31 -0.2 2.6 8.0 2.2
1.47 -7.4 0.9 3.0 0.8

2.10 1.8 0.8

3.00 3.6 0.7

4.31 6.5 1.5 4.0 0.9

1.47 -15.1 1.4 0.8 0.8

2.10 -0.4 0.6

3.00 -1.5 0.8

4.31 -11.4 1.5 -3.1 1.0
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Discussion
Although the results obtained in the monocular view

ing condition are different from those in the binocular
viewing condition, the settings ofeach subject do not, as

one might expect, become independent ofthe stimulus po

sitions. Thus, the environment must have contained suf

ficient monocular cues for the subjects to carry out the
task. This is somewhat surprising, because the apparent

sizes of the pointer and the target were kept constant.
Also, monocular cues from the floor, walls, and ceiling
were reduced as much as possible (without dimming the
lights). Subjects A.a. and IN. reported having noted only
two and three different sizes, respectively, of the pointer

and the target, whereas actually four were used. Subject
G.S. had no trouble at all in distinguishing the stimuli. A
possible explanation for this is that the pointer could ro

tate and that both the pointer and the target could sway
slightly. Furthermore, the subjects could rotate their

heads freely, although lateral movements were inhibited.
All these movements contribute to a motion parallax that

a subject can use in coming to a decision during an ex
periment. Another explanation is that the subjects may
have been able to derive information from observing the

experimenter's movements. There is no indication that
this was the case, because the subjects behaved very sim
ilarly and did not notice the number ofdifferent pointers.

At best, the subjects were able to aim the pointer in the
right ballpark.

When the pointer and the target were placed at the

same distance, stereopsis improved the veridicality of
the judgments of the subjects. The large undershoot ob
served in the monocular case was no longer present in the

binocular case; subject A.a. even showed an overshoot.
The degree of mispointing depended both monocularly
and binocularly on the separation between the pointer

and the target: the smaller the separation, the larger the
deviation of the pointer direction from the physically cor

rect direction.
A rather straightforward explanation would be that

when the separation angle ISIwas large, an error in esti
mating the pointer and target distance had only a small
effect on the pointing direction. When the subject was
situated between the pointer and target (I SI= 180°), the
pointing direction (I/> = 0°) would have been the same ir

respective of the distance between the subject and the
pointer and the subject and the target. On the other hand,

this is somewhat surprising because, for angles ISI> 90°,
the subject could no longer see the pointer and the target
at the same time. Only by turning the head back and forth
can he or she make ajudgment. Apparently, the accuracy
did not suffer from this additional complication, and the
subjects seem to have been able to judge egocentric di

rections well.
The fact that the deviation AI/> depended Iinearly on the

orientation of a given pointer-and-target configuration
reveals that binocular visual space was anisotropic for
all the subjects. This effect was weaker in the monocular
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Table 4 _
For Each Subject and Distance, the Average Slope (b),

the Slope Difference :J.b, and the Difference in the
Offset (:J.a) for Pointing C!ockwise and Counterclockwise

Subject Distance (m) !1a !1h h

Monocular

A.a. 1.47 -3.4 1.9 -0.01

4.31 -13.2 -0.4 -0.03

G.S. 1.47 -8.9* -0.8 -0.09*

4.31 -8.0* 0.1 0.90t
J.N. 1.47 -7.2t 1.0 -0.15t

4.31 -6.4 1.0 -0.16

Binocular

A.a. 1.47 8.5t 1.1 -O.IOt

2.10 12.9t 2.2* -0.26

3.00 1O.9t -0.7 -0.G7

4.31 14.3 0.8 -0.70

G.S. 1.47 1.5 0.5 -0.2It

2.10 -7.2* -1.9 -0.16t

3.00 0.8 1.1 -0.42t

4.31 -1.8 -0.3 -0.87t

J.N. 1.47 -12.lt -0.3 -0.12t
2.10 -12.0t 0.1 -0.08t
3.00 -9.0t -0.7 -0.19t

4.31 -10.9t 0.0 -0.31*

N o t e ~ The slopes and offsets are calculated using multiple regression
with intemction (see the text for details). The slope values and slope dif
ference values are dimensionless, whereas the offset values are in de
grees. For each condition, the parameter values are calculated from 18
measurements for a distance of 1.47 and 2.10 m and from 12 and 6 mea
surements for a distance of 3.00 and 4.31 m, respectively. The signifi
cance levels are indicated with a * for p < .05 and a t for p < .0 I.

condition, where there was no clear orientation depen

dence for subject A.D. Apparently, the viewing condition

affects visual space quite profoundly, since its symmetries

can differ.

The cause of such an anisotropy is unclear. Perhaps

the orientation dependence is related to the stance of the

eyes in the orbit. But any asymmetry caused by this is

with respect to the head. This, in itself, cannot explain

why there is an orientation dependence. Additional as

sumptions are needed concerning the strategy a subject

adopts in executing the pointing task. It was observed

that the subjects used a lazy approach while directing the

gaze back and forth between the pointer and the target:

They only started to turn their heads when moving their

eyes further was no longer possible without reducing the

binocular image quality. The turnover is near 30° to the

left or right, so the binocular visual field subtends an

angle of 60° with respect to the head. Beyond this point,

a subject starts looking against his or her own nose,

which results in a monocular image, and consequently,

the subject will turn his or her head. If the subject uses a

lazy-head strategy, the pointer and the target will be per

ceived differently if they are oriented to the right (or left).

As a consequence, a difference occurs between pointing

clockwise and pointing counterclockwise, because the

pointer is oriented more to the right of the observer when

pointing counterclockwise than when pointing clockwise.

Deviations in the binocular condition ofleft/right sym

metric configurati<)Os of the pointer and the target were
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approximately the same. This indicates that visual space

is approximately left/right symmetrical. Two subjects

had a bias of about 10°, which was positive in one case

and negative in the other. This bias was independent of

the distance and, therefore, probably reflected a property

of the subject. In the monocular case, there did not ap
pear to be such a constancy.

An explanation for the left/right asymmetry that was

found for 2 subjects might be eye dominance. When a

subject directs his gaze back and forth from pointer to tar

get, it matters whether the pointer (and the target) is po

sitioned to the left or to the right with respect to the head

of the subject. This difference could have lead to the

measured bias. However, the actual mechanism underly

ing this effect is not at all clear. Alternatively, one might

argue that the symmetry axis of the subject was mis

aligned with the 0° line. This would appear as a horizon

tal shift in Figure 4, rather than as a vertical shift. How

ever, an offset difference of 10° in 1!1¢ would require a

misalignment of I!1w '" 50°, because the average slope of

the measured deviation l!1¢as a function of the orientation

w was about 0.2. Such a large misalignment does not

seem likely.

EXPERIMENT 2

The logical counterpart of Experiment 1 was to vary

the relative distance of the pointer and the target from

the observer. This may provide insight into the distance

dependence of the pointing task, and consequently, ques

tions about the depth structure ofvisual space can be ad

dressed. Also, we wanted to verify that the stereopsis cue

was actually used by the subject; we could do this by com

paring the data with the monocular condition. Further

more, it would be interesting to see whether the task is in

fact possible when viewing monocularly.

Method
In this experiment. the angular separation and the orientation

were kept constant, whereas the relative distance of the pointer and

the target with respect to the observer was varied. As before, the

stimuli were scaled accordingly. The orientation was set to straight

ahead (i.e., (0= 0°), and the measurements were done for three sep

aration angles Sof 30°. -60°, and 90°. All possible distances were

u s e d ~ t h a t is, from 1.47 to 4.3 I m in the case ofa separation of 30°

and -60° and from 1.47 to 3.00 m for a 90° separation. The range

was smaller for a separation of 90° because of the limited dimen

sions of the room. All the trials were carried out both monocularly

and binocularly and were repeated three times. The trials were pre

sented in random order and mixed with those of Experiment I, al

though the trials in the monocular condition were presented first.

There were 82 different trials, which were reduced to 66 trials owing

to a small overlap with Experiment I. For 3 subjects (A.a., G.S.,

and IN.) and three repetitions, this yielded a total of594 additional

trials.

Results
In Figure 5, the results are shown for the monocular

viewing condition. In each graph, the deviation 1!1¢ of the

pointer direction is plotted as a function of the relative

distance rp / rt ofthe pointer and the target (with respect to
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the observer). Each line connects the data points of four

pointer distances rp for a single target distance r t . The top,

middle, and bottom rows represent the data for subjects

A.O., G.S., and IN., respectively. In the left, middle, and

right columns, the separation angle ~ is 30°, -60°, and

90°, respectively.

From the graphs in Figure 5, it can be seen that there

is a reasonable overlap between the various lines when it

is taken into account that the standard error of the mean

(SEM) ofeach point is, on average, 5°. This is especially

clear in the top left (subject A.O., ~ = 30°) and bottom

right (subject IN., ~ = 90°) graphs. It is difficult to find

a common trend in the results for the various subjects. In

fact, the subjects show large differences especially for

~ = 30°, There are slight similarities between the separa

tion angles, although the range ofthe deviations decreases

as the separation angle increases. This is similar to the

results ofExperiment 1, in which it was also observed that



the deviations Llt/> decreased as the separation I(I of the

pointer and the target increased. For subject IN., the shape

of the curves appears very similar: They all have a min

imum at r p / r( = I and tend to zero for both smaller and

larger values. Only the magnitude of the deviations Llt/> is

different. Most of the time, the pointer settings were far

from veridical (Llt/> = 0°): Mispointings as large as 40° un

dershoot occurred. Also, pointing in the frontoparallel

plane (rp / r, = I) did not generally result in veridical point

ing; only subject a.s. showed such a tendency.

Figure 6 shows the results for the binocular viewing

condition. Clearly, there is a considerable overlap in the

data: The average SEM amounts to approximately 2°,

which is considerably smaller than that in the monocular

condition. Furthermore, there is a clear dependence of

the deviation Llt/> on the relative distance rp/r,. In each

graph (except for the top left graph), there is an overshoot

(Llt/> > 0) when the pointer was closer to the observer than

was the target (rp / rt < I), whereas there is an undershoot

(Llt/> < 0) when the pointer was further from the observer

than was the target (rp / rt > I). When the pointer and the

target were placed at the same distance from the observer

(rp / rt = I), the settings were almost veridical, in contrast

to the monocular condition. Only subject A.O. for a sep

aration angle of (= 30° showed a large deviation ofabout

20° (top left graph), when it should have been frontopar

allel. A comparison of the 3 subjects reveals that the

shape of the graphs is indeed very similar, but again the

top left graph is an exception. When the different separa

tion angles are compared, the dependence of the devia

tion Llt/> on the relative distance rp / rt is also very similar.

This invariance of subject and separation angle is differ

ent from the monocular viewing condition.

Discussion

The results show clearly that the pointer settings did

not depend on the absolute distance, in particular for the

binocular condition. For the monocular case, this would

not be so surprising, because the visual angle of the stim

uli was kept constant. As a consequence, configurations

of the stimuli with the same relative distance but at dif

ferent absolute distances will be indistinguishable, pro

vided no other cues (such as accommodation) interfere.

In the binocular case, however, disparity and vergence

provided information on the absolute depth, although the

accuracy was rather poor, as compared with relative dis

parity (Collewijn & Erkelens, 1990). Nonetheless, the

data depended only on the relative distance, which indi

cates that knowledge about the absolute distance, ifpre

sent, was not being used for this range ofdistances.

From the results, it is also clear that the pointer set

tings depended strongly on the relative distance rp/ rt , in

both the monocular and the binocular conditions. As was

discussed in Experiment I, this is surprising for the

monocular condition, because the visual angle ofthe stim

uli was kept constant and external reference lines of the

floor, walls, and ceiling were removed as much as possi

ble. Motion parallax and accommodation were still pos-
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sible cues for distance, which may explain why there was

a dependence. Unfortunately, the experimenter's move

ments were visible between trials, from which informa

tion about the position of the stimuli could have been de

rived as well. Only for subject IN. is there an indication

that this information was actually used, because he sys

tematically aimed at a spot before the target. However,

subject IN. did not aim the pointer straight at the posi

tion at which the experimenter was visible: The deviation

increased with the distance of the target. Apart from this,

subject IN. was not very different from the other 2 sub

jects. So, even if the experimenter's movements were used

by IN., this does not affect the main conclusions.

In the monocular condition, the range of the devia

tions Llt/> decreased as the separation angle I(I increased,

whereas there was no such dependence in the binocular

case. This is similar to the results ofExperiment I, where

we found a vanishing deviation when the separation angle

approached I(I = 180°. Again, one might ascribe this ef

fect to the insensitivity of the pointing task for inaccurate

depth estimates when the separation angle is large. In Ex

periment I the same applied for the binocular condition,

albeit to a lesser degree, but in Experiment 2 the pointer

settings did not depend on the separation angle. Possibly,

this effect is too small for the binocular viewing condi

tion. The deviations became very large (up to -40°) for

a separation angle of 30°, which indicates that the task

was very difficult in the monocular condition. Also, the

differences between the subjects were considerable. Pos

sibly, the subjects developed different strategies in order

to cope with the difficulty of the task.

The differences between the subjects were large in the

monocular condition, but they were very small in the

binocular case. Apparently, stereopsis improved space

perception, in that the standard error was reduced and the

consistency across subjects and separation angles im

proved. Nonetheless, stereopsis did not generally improve

the veridicality. Only when the pointer and the target were

at the same distance from the observer were the settings

veridical.

GENERAL DISCUSSION

AND CONCLUSIONS

Although it is commonly assumed that, with stereop

sis, depth perception is more veridical, this did not really

manifest itself in the size of the deviations measured in

the pointing task. In the monocular condition, the devi

ations were large, but the pointer settings were not inde

pendent of the stimulus positions, even though the visual

angle ofthe stimuli remained constant and any reference

from the walls, floor, and ceiling was minimized. In the

binocular condition, on the other hand, the deviations of

the pointer settings from the veridical were also large.

Only when the pointer and the target were placed directly

in front of the subjects and at the same distance from the

observer were the settings nearly veridical, which is in

contrast to the monocular viewing condition. Stereopsis,
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however, did affect the consistency of the measurements,

not only for each subject, but also across subjects. In the
literature, there are only a few studies that compare

monocular and binocular cues. For example, Foley (1977)

compared verbal and manual distance estimates in

monocular, binocular, and multicue conditions for a dis

tance range of 11-33 em. Similar to the results reported

here, it was found that the perceived distance depended

systematically on the physical distance in the monocular

condition and that there were considerable deviations in

the binocular condition. Only in the multicue condition

did the deviations from the veridical vanish.

The consistent picture for the binocular viewing con

dition in Experiment 2 suggests that a distance function

may exist that describes the data. An important constraint

on possible distance functions can already be obtained

from the data ofFigure 6: Because there was an overshoot

when the pointer was nearer the subject than was the tar-



get and vice versa, it can be shown that any distance func

tion d(r) must have an expanding part when the pointer is

nearer and a compressing part when the target is nearer.

More formally, if the deviation AlP < 0, then the distance

function must satisfy d"(r) < 0, and the other way around,

ifAlP> 0, then drl(r) > O. On these grounds, a large class

of functions can already be rejected. For instance, for a

power law the second derivative is either negative or pos

itive, depending on the exponent. A number of distance

functions have been proposed in the literature, such as the

function proposed by Luneburg (1947), Gilinsky (1951),

and Foley (1980, 1991). The second derivative of Gilin
sky's function d(r) = a . rl(a + r) is d"(r) < 0 for all r >
O. Thus, it has no expanding part and, therefore, cannot

explain an overshoot of AlP > O. Foley ( 1991) proposed

a model in which distance is perceived relative to a ref

erence point but the reference distance is misjudged. If

we assume that the target is the reference, the perceived

pointer distance d(r) equals Gilinsky's function, with a =

Jr(/(Er
t
+ (F - I)l) (see Foley, 1991, for details). There

fore, this function does not apply, for the same reason as

Gilinsky's function. The second derivative of the Lune
burg function d(r) = e-;' can be both positive and nega

tive-that is, drl(r) > 0 if r < a 12, and drl(r) < 0 if r >
a 12. So, qualitatively, this function provides a better de

scription. The same conclusion was already drawn by

Koenderink and van Doorn (1998). But for a quantita

tive description, there is a serious drawback: The pa

rameter a in the Luneburg function is already determined

by a single point. As a result, a numerical fit will be dif

ficult, because there is no parameter left that controls the

rate of compression and expansion.

It is interesting to see how the error in the pointer set

tings compares with the thresholds of monocular and

binocular vision. In the monocular condition, the dis

crimination of the pointer direction is determined by the

length ofthe projection of the pointer on the retina. Turn

ing the pointer over a small angle changes the length of

this projection. In the monocular condition, the average

standard deviation ofSD = 7° corresponded to an average

change of 46 arcminutes in the visual angle.

In the binocular condition, there is also stereo informa

tion present-that is, changing the direction ofthe pointer

causes a change in absolute disparity of the tip. The rate

of change also depends on the distance. In this case, an

average standard deviation of SD = 5° corresponded to a

change of 47 arcseconds in absolute disparity for a dis

tance of 1.47 m. This is much smaller than the average

change in the visual angle, which was 33 arcminutes for

SD = 5°. For the distances 2.1,3.0, and 4.31 m, the aver

age disparities were 33, 23, and 16 arcseconds, respec

tively. These values are of the same order as the discrim

ination thresholds for stereoacuity.

The relative disparity between the tip and the end of

the pointer also changes as a function of the pointer di

rection. For a distance of 1.47 m and an average standard

deviation of SD = 5°, the average change in relative dis

parity amounted to 1.46 arcminutes, which is about three
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times as large as the change in absolute disparity. For the

distances 2.1,3.0, and 4.31 m, the average disparities were

1.02, 0.71, and 0.50 arcminutes, respectively.

Thus, the change in the visual angle of the pointer was,

at least geometrically, the most important cue for dis

crimination of the pointer direction in both the monocu

lar and the binocular conditions. The measured average

standard deviations are well above acuity thresholds and

are therefore easily discriminable. Furthermore, because

the visual angle of the stimuli was kept constant, the

(monocular) discriminability was independent of the dis

tance. In the binocular condition, disparity provided ad

ditional cues for the direction of the pointer. These cues

were much harder to detect, however, and the differences

in absolute disparity were already near discrimination

thresholds of stereo acuity.

It is conceivable that, instead of the relative distance,

the direction of the pointer is misperceived. So the mea

sured deviations from veridical can be described as a de

formation ofeither the perceived distance or the perceived

direction of the pointer. Formally, these descriptions are

equivalent for a given separation angle. However, each

description predicts a different dependence of the mea

sured deviations AlP on the separation angle ,: If we take

the relative distance equal to r pi r
t

= I, we would expect

that the deviations would be zero for each separation angle

if the perception of the distance was distorted, whereas

one would expect a dependence if the perception of the

pointer direction was distorted. In Experiment I, it was

found that, in the binocular condition, the deviation AlP""

owas independent of the separation angle, suggesting

that only the distance was distorted. But in the monocular

condition, there was a clear dependence, suggesting that

the perception ofthe pointer direction was distorted. How

ever, as was argued before, the strongest cues for percep

tion of the pointer direction are monocular, so why would

the direction be perceived differently in the monocular

and in the binocular conditions? By assuming that the dis

tance is distorted, the results ofExperiment I in the binoc

ular condition are obtained automatically. The results for

the monocular condition are obtained if the distance of

the pointer is overestimated relative to the target distance.

This is plausible, because in the monocular condition dis

tance estimates are very poor.

Thus far, the perception of the pointer direction and the

distance are treated as independent. It is very likely, how

ever, that they are not independent. For example, if the

distance is perceived distortedly, the distance of each tip

of the pointer is also perceived distortedly and, conse

quently, so is the direction ofthe pointer. From this point

of view, there is no ambiguity between a distorted per

ception of the pointer direction and a distorted perception

of the distance. Both arise from the same phenomenon:

a distorted visual space. The question that is unanswered

and that requires further analysis is whether there exists

a consistent single deformed visual space that explains

all the data. Although we think it is unlikely that the per

ception of the distance and the perception of the pointer
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direction are independent, more evidence is needed to

prove or disprove the existence ofa single consistent de

formed visual space.

In between trials, the movements of the experimenter

were visible. This is unfortunate, because this might be

the reason why subjects were able to "guess" the correct

direction of the pointer in the monocular condition, apart

from motion parallax and accommodation. It seems that

only subject IN. may have used this information in the

monocular condition. However, subject IN. does not dif

fer from the other subjects: The same conclusions apply

for subject IN. as for the other subjects.

In conclusion, we found that stereopsis provides addi

tional information and is also used in an exocentric point

ing task. Monocularly, the task is much harder, but the

pointer settings still depend systematically on the stim

ulus positions. The main differences between monocular

and binocular viewing are that the standard deviation be

comes smaller and the results are more consistent in the

binocular condition. Nevertheless, the deviations remain

large in the binocular condition. Similar results were found

earlier by Foley (1977).

It was found that the deviations depend linearly on the

orientation of the stimulus configuration, indicating that

visual space is anisotropic. At the same time, the devia

tions of left/right symmetrical configurations are ap

proximately the same. This indicates that visual space is

approximately left/right symmetrical. Subjects A.O. and

IN. did show a small but significant bias, however. Also,

the pointer settings depend on the separation angle of the

stimuli: The deviations from the veridical vanished for

large angles. This may be explained by the insensitivity of

the pointing task for misjudging distances for these large

angles. Several studies report the failure of the left/right

symmetry for a few individualsubjects when the head is

held fixed (Foley, 1972; Heller, 1997b). The unequal mag

nification of the lenses of the two eyes, or aniseikonia, is

mentioned as a possible cause. Because in most of these

studies the head of the subject was fixed, it cannot be

compared directly with the anisotropy found in the pre

sent results. An exception is Battro et al. (1976), in which

asymmetries were found even when the subject was al

lowed to turn his head freely.

The relative distance proves to be the most relevant pa

rameter as far as the depth structure ofvisual space is con

cerned. The results for the different absolute distances of

the pointer and the target coincide for the range of1.47

4.31 m. The consistent picture in the binocular case across

subjects and separation angles also suggests the existence

ofa distance function ofsome sort. A necessary constraint

is that it must have an expanding part when the pointer

is positioned closer to the subject than is the target and a

compressing part if it is positioned further away. It turns

out that of two common functions in the literature,

Luneburg's (1947) function satisfies this requirement,

whereas Gilinsky's function docs not. This is in agreement

with the findings of Koenderink and van Doorn (1998).

Although there are many differences among subjects

at a detailed level, the general picture is indeed very sim

ilar, especially in the binocular condition. All the subjects

use stereopsis, ifavailable, to determine the correct pointer

direction. Nonetheless, the deviations from the veridical

remain large, but they become very systematic. On the

whole, the left/right symmetry of visual space is main

tained, but at the same time it is strongly anisotropic. In

terms of a distance function, the description of visual

space must contain an expanding and a compressing part

for all subjects.
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