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Abstract We studied pointing movements to remembered visual targets in a completely darkened room with
and without self-made step movements in order to investigate in which coordinate system and to what extent target representations relative to the body are updated for
self-induced egomotion. A small red-light-emitting diode
on the fingertip provided visual feedback about fingertip
position at all times. We asked subjects to make pointing
movements that started 2 s after disappearance of a visual target. In this interval of 2 s the subject did or did not
make a step. The pointing errors without a step showed
that subjects undershot faraway targets in a systematic
way, whereas they sometimes overshot nearby targets.
We found that the step causes larger pointing errors both
in amplitude and direction with a bias in the direction of
the step. We explored three different versions of a descriptive model in which polar coordinates were used to
describe the pointing movement, and in which either
Cartesian or polar coordinates were used to update target
position relative to the shoulder for the step. The results
suggest that incorporation of the step displacement in the
new target position relative to the subject is done in a
Cartesian frame of reference. Moreover, the amplitude of
the step displacement tends to be underestimated by subjects.
Key words Pointing errors · Remembered target
Navigation · Active self-movements · Human

Introduction
In many sensorimotor tasks, such as pointing to a visual
target, various frames of reference are involved. Initially,
visual information is encoded in a retinal coordinate
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system, when it enters the brain. For the process of translating the visual information about target position and
arm position into appropriate motor commands, several
hypotheses have been put forward proposing that end
point position of reaching is specified in shouldercentered coordinates (Soechting and Flanders 1989a,
1989b; Flanders et al. 1992), hand-centered coordinates
(Flanders et al. 1992; Gordon et al. 1994), or viewer-centered (McIntyre et al. 1997) frames of reference. In most
of these studies subjects did not move themselves relative to the targets but only made arm movements to point
to the targets. However, in many normal conditions, subjects frequently move relative to targets in the environment before reaching or pointing to a target. In such a
case, the internal representation of target position has to
be updated for movements of the body in order to preserve a correct representation of target position relative
to the subject. The present paper investigates the coordinate system used and the extent to which the internal
representation of position of remembered visual targets
is updated for self-initiated movements, by asking subjects to point to remembered targets without and after active movements (a step in one out of three orthogonal directions) of the subject.
Several studies have shown that pointing to visual targets without movements of the subject is complex by itself. For example, it is well known that subjects make
consistent errors when asked to point to visual targets in
space (Soechting and Flanders 1989a). Both undershoot
(Soechting and Flanders 1989a; Darling and Miller
1993; Gentilucci and Negrotti 1996; McIntyre et al.
1997) and overshoot (Foley 1975; Berkinblit et al. 1995;
McIntyre et al. 1997) of reaching movements have been
reported in the literature. These errors are different in
conditions when the visual target is visible throughout
the movement and in conditions when subjects are asked
to point to a remembered target position, i.e., when the
target disappears before pointing to the target. These
errors in pointing have been attributed to “errors in sensorimotor processes” (Soechting and Flanders 1989a,
1989b) and were found to depend critically on visual
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feedback (Berkenblit et al. 1995), proprioceptive information (Soechting and Flanders 1989a, 1989b;
Hocherman 1993), eye orientation (Enright 1995), and
delay between target offset and pointing (McIntyre et al.
1997).
In all these studies it was found that the pointing errors were elliptically distributed where the orientation of
the ellipse depends on the directon of the target. This
was interpreted as evidence for independent parallel
planning of movement for distance and direction in static
pointing movements (Soechting and Flanders 1989a,
1989b; Bock and Arnold 1992; Gordon et al. 1994;
Berkenblit et al. 1995). Moreover, as mentioned above,
several studies have indicated that end point of reaching
may be specified in shoulder-centered, hand-centered, or
viewer-centered frames of reference. This means that a
spherical coordinate system with an origin chosen at the
shoulder, the hand, or the eyes may be more appropriate
to study static pointing movements than an orthogonal
Cartesian coordinate system. Based upon the results of
Soechting and Flanders (1989a, 1989b), in the present
study the errors during static pointing movements will be
investigated in a shoulder-centered spherical frame of
reference.
In this study, we were primarily interested in the
problem of how target position relative to the body can
be updated for self-induced egomotion. Therefore, we
have studied reaching movements of subjects with and
without a step, in as much as possible the same stimulus
conditions. For this purpose, we instructed subjects to
make reaching movements to a remembered visual target. A small visual target was presented in a completely
darkened room for a period of 1 s and subjects were instructed to bring the tip of the index finger to the remembered target position about 2 s after offset of the visual
stimulus. In the intervening period, subjects did or did
not make a step. In this way, the delay between target
offset and reaching was the same in both conditions. The
latter is important since a recent study (McIntyre et al.
1997) showed that errors in pointing may depend on the
time period between target offset and pointing movement.
Two main sources of errors can be distinguished in
the finger position after pointing without a step, namely
errors due to perception or memorization of target position and errors due to the pointing movement itself. In
the step condition additional errors may be introduced,
for example, errors related to the internal representation
of the step and errors due to the computation of a new
target position by incorporation of the step. The latter are
equivalent to the computation of the new position of the
subject relative to the target.
The problem of how subjects perceive egomotion is
not new. Several studies in humans (Bloomberg 1991;
Klatzky et al. 1990; Loomis et al. 1992, 1995; Mittelstaedt and Glasauer 1991; Israël et al. 1993; Israël et al.
1997; Amorim et al. 1997) have shown that subjects can
estimate the traveled distance from self-generated information, i.e., without external sensory cues. For example,

when subjects were walking with closed eyes to previously viewed targets in a well-lit environment their performance was quite accurate (Loomis et al. 1992; Rieser
1989). However, under dark viewing conditions it was
recently found by Philbeck and Loomis (1997) that subjects when walking to targets in a range from 79 from
500 cm tend to overshoot the distance to near targets
(they walked too far), whereas they undershoot the distance to far targets. Also Glasauer et al. (1994) found
that subjects underestimated their displacement during
active self-motion. However, when subjects were displaced passively (for example, subjects seated in a car)
without any feedback or training, the target distance is
undershot, indicating that subjects tend to overestimate
their own displacement (Israël et al. 1993, 1997). Israël
et al. (1997) showed that the performance of subjects in
a car did not depend on whether subjects were displaced
passively or actively by control of a joystick which could
control velocity and direction of the car. The subjects in
these studies on path integration and navigation could
not use proprioceptive information from muscles and
tactile receptors, which is directly related to egomotion.
However, this information is available when subjects
make voluntary steps. In order to allow the use of proprioceptive information, we asked subjects to make a
step within reaching space and tested the accuracy of
pointing without a step and after a step.
Until now, it has been unclear in which coordinate
system target positions are updated for active displacements of the subject. In the present analysis, we explored
a descriptive model in which polar coordinates are used
to describe the pointing movement using either Cartesian
or polar coordinates for the incorporation of the step in
the pointing movement. We tested in which case the performance of the model (Cartesian or polar coordinates)
was better by a goodness-of-fit analysis. Based upon this
analysis we conclude that the incorporation of the step
displacement in the new target position relative to the
subject is done in a Cartesian frame of reference. Moreover, the results demonstrated that the step displacement
tends to be underestimated by the subject.

Materials and methods
Subjects
Seven healthy adult volunteers (two women and five men, aged
21–45 years) participated in the experiment. Three of the subjects
(P.M., S.A., and S.G.) were familiar with the purpose of the experiment. The results of these subjects were not different from those
of the other subjects. All subjects gave informed consent to participate in the experiment. All subjects were right-handed, and were
free of any known sensory, perceptual, or motor disorders. All
pointing movements were made using the right (preferred) arm.
Experimental setup
Subjects stood erect in a completely darkened room and were tested with two different sets of target configurations. The targets of
the first set (target set A) had fixed positions relative to the sub-
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ject. Targets of the second set (target set B) appeared at various locations relative to the subject. In target set A four red-light-emitting diodes [LEDs, type HLMP 3762, 10 millicandela (mcd)]
served as targets and were attached to a flat T-shaped mold. All
“legs” of the T had equal length such that the three targets at the
end of the legs were located at a distance of 35 cm from the central target. For each trial the mould was placed at a fixed position
relative to the subject’s shoulder in a transversal plane at the subject’s shoulder height. Targets 1, 2, and 3 were on a straight line at
a distance of 30 cm in front of the subject. The leftmost target (target 1) was in front of the subject’s eyes. Targets 2 and 3 were at 35
and 70 cm, respectively, to the right of target 1 (see target positions in Fig. 2). Target 4 was located at a distance of 35 cm from
target 2, which is at a distance of 65 cm from the subject. After
one of the four LEDs had been lit for 1 s, the experimenter withdrew the T-shaped mold such that the subject could not touch the
targets when pointing to the remembered target position. Subjects
were tested in two conditions as described below. Five out of the
seven subjects were tested using target set A. All seven subjects
were tested with target set B.
The targets of target set B were presented at various, quasi-random positions by the experimenter. The experimenter tried to restrict the targets to positions in a transversal plane at the subject’s
shoulder height. Deviations from the transversal plane remained
within 10° below or above the shoulder. The distance of the targets varied between 20 and 70 cm relative to the subject’s shoulder. The directions of the targets ranged from 60° medially to 60°
laterally to the subject’s sagittal plane. As before, the target was an
LED (HLMP 3762, 10 mcd) fixed at a little stick held by the experimenter. The experimenter switched on the LED for 1 s and
then withdrew the target. All subjects participated in this version
of the experiment (i.e., using target set B) and were tested in two
conditions, a STATIC condition and a STEP condition (see below).
During the experiment, infrared-light emitting diodes (IREDs)
were attached to the subject’s limb segments: shoulder (acromion)
and elbow (lateral epicondyle) as well as on the nail of the right
index finger and on the target LED. Furthermore, the subject wore
a helmet with three additional IREDs to measure head position.
All IRED positions were measured in three dimensions using an
OPTOTRAK 3020 system (Northern Digital Inc.), which operates
by tracking active IREDs in a precalibrated space by means of
three lens systems. It provides the three-dimensional positions of
the IREDs with an accuracy of about 0.1 mm in a range of about
2.3 m3. The coordinates of the IREDs were transformed to a righthanded coordinate system with the x–y plane aligned with the subject’s transversal plane, and the z-axis orthogonal to this plane according to the conventions of a right-handed coordinate system.
The positive x-axis was chosen to the right and the positive y-axis
was pointing forward relative to the subject.
The positions of the IREDs were measured for a period of 1 s,
both during the presentation of the target and when the subject had
brought the fingertip to the remembered target position. To provide visual feedback about the subject’s finger position, another
visible LED (the same type as the target LED) was placed on the
fingertip. This LED was visible throughout the experiment. Since
we were interested in the effect of the movement of the subject on
pointing accuracy, which took place in the horizontal (x–y) plane,
we only focussed our attention on the pointing accuracy in that
plane. For that reason, the data will be treated as being two dimensional and will be analyzed in both polar and Cartesian coordinate
systems according to the model described below. For reasons mentioned in the “Introduction”, we studied static pointing movements
(i.e., without a step of the subject) in a spherical coordinate system
using polar coordinates relative to the subject.

Paradigm
Subjects made pointing movements in two conditions: a STATIC
condition and a STEP condition. Each trial started with the presentation of the target for 1 s, which then disappeared both visually

and physically. This prevented the subject from touching the target, which would have provided feedback information about the
location of the target.
STATIC condition
In this condition the subject was standing at a fixed position in the
experimental room. After the target disappeared, the subject had to
wait for 2 s before being allowed to bring the tip of the index finger to the remembered target location. No restrictions were imposed on head or eye movements. Measurement of head position
revealed that during the experiment all subjects rotated their head
in the direction of the target within the 1-s presentation of the visual target.
STEP condition
In this condition the subject was standing at a fixed starting position in the experimental room. After the target disappeared the
subject made a step in one out of three directions. The direction of
the movement, which actually was a step of less than 1 m, was
verbally instructed by the experimenter, and could be sideward
(left or right along the x-axis), or forward (y-direction). The step
directions were equally distributed over the three directions. The
subject was instructed not to turn the body during the self-displacement. Using target set A only steps in the rightward direction
were made by the subject. The size of the step was left free to the
subject, as long as he was able to point to the remembered target
position in the new position. After each trial, the room lights went
on such that the subject could return to the starting position, which
was marked on the ground and which was the same position as the
position in the static condition. This light also prevented the subject from losing his orientation for left, right and forward. In addition, the room light prevented adaptation to the dark room by the
subject. Also in this condition there was no constraint on head or
eye movements.
For reasons mentioned in the “Introduction”, the time delay
between target offset and pointing movement (2 s) was the same in
both the STATIC condition and the STEP condition. In the STEP
condition the subject could make the step-movement in this 2-s
time period, which enabled us to exclude any effect of time differences between the presentation of the target and the pointing moment in both conditions.
Data analysis
Static pointing data were analyzed in a spherical coordinate
system with the origin at the shoulder. To characterize the shape of
the distribution of the end points of the tip of the index finger for
fixed targets (target set A) in the STATIC condition, we used a
principal components analysis (Sokal and Rohlf 1981; Gordon et
al. 1994; McIntyre et al. 1997). In this procedure two axes are determined: the principal axis corresponding to the direction with the
largest variability and an axis orthogonal to this axis in the horizontal plane of target positions. The directions of these axes correspond to the eigenvectors of the covariance matrix of the end
points of the tip of the index finger relative to the targets. The eigenvalues are equivalent to the variances along the corresponding
eigenvectors of the matrix. The eigenvector with the largest eigenvalue (the direction with the largest variance) defines the principal
axis of the distribution. The other axis is orthogonal to this principal axis. With the two axes an ellipse can be constructed which
contains 95% of the end points.
In the case of target set B (i.e., various target locations), the
static pointing
results were analyzed by minimizing the residual
→
error vector ε in the equation:
→

→ → →

R=AT+ C+ ε

(1)
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where R and T represent the finger position and target location, respectively, in polar coordinates
(r,ϕ) relative to an origin
at the
→
→
shoulder. A is a matrix, C is a constant vector, and ε is random
noise with mean value zero. For an ideal subject, who made no errors (neither due to the pointing movement nor due to perception
or storage of the target
location), matrix A should→be the identity
→
matrix, the vector C should be zero, and the noise ε should be zero
too.
To analyze the pointing results obtained with target set B in the
STEP condition, we used a descriptive model (model 1), which is
schematically illustrated in Fig. 1A. In this model we→ chose the origin at the right shoulder [S] of the subject. Vector T gives the location of the target [T] relative to the shoulder when it is briefly
presented to the→subject. The step displacement of the subject is
given by vector S. If the subject
has a correct percept of target lo-→
→
cation T, as represented by T, but does not account for the step S
at all, the fingertip position at the→ end of the pointing movement
will be incorrect as indicated by N. However, if the subject pointed to the new target position after the step without any errors, he
would have updated the internal representation
→ → → of the remembered
detarget position according to the relation S= T– R. We, therefore,
→
fine the internal representation of the step displacement Sint of the
subject by the relationship:
→
→ →
Sint=T– R

→
→
Sint= S the

(2)

such that when
subject has correctly updated the target
position for his step displacement.
In this descriptive model (Eq. 2) it is assumed that all pointing
errors are due to the step. This is a simplification, since subjects
also make errors in static pointing movements. These errors can be
due to either an erroneous percept or storage of the target location
or due to errors in the motor planning of the pointing movement.
When we assume that the errors in the STATIC condition are due
to an erroneous percept or storage of the target position, the incorrectly memorized target position will induce errors in the pointing
movement in the STEP condition. Accordingly, we can correct Eq.
2 by:
→

→

→

Sint=T’– R

→

→ →

(3)

in which T’=AT+ C represents the perceived or memorized target
vector by the subject, according to Eq. 1. Figure 1B gives an illustration of Eq. 3, which will be referred to as descriptive model →
2.
In model 2 it is assumed that the values of matrix A and vector C,
as determined for each subject separately in the STATIC condition, also hold for the STEP condition.
When we assume that the errors in the STATIC condition are
due to errors in the motor planning of the pointing movement, this
will affect errors in the STEP condition in a different way. For this
case, we have to correct Eq. 2 by:
→

→ →

Sint=T– R’

→

→ →

(4)

in which R’=A–1(R– C) represents→the pointing vector as corrected
by Eq. 1 with values for A and C obtained in the STATIC condition for each subject separately. This descriptive model, designated as model 3, is illustrated in→Fig. 1C.→
The relationship between Sint and S in models 1–3 can be fitted
in both Cartesian
and polar coordinates by minimizing the residual
→
error vector ε in a regression analysis by the equation:
→

→ → →

Sint=B S+D+ ε
→

(5)

in which S is the vector representing the actual step displacement
→
made
which relates the actual step S to
→
→by the subject, B, a matrix
→
Sint, D a constant vector, and ε random noise with mean value zero. For an ideal subject, who made no errors in incorporation of
his egomotion
displacement, B should→be the identity matrix, the
→
vector D should be zero, and the noise ε should be
→ zero too. When
subjects make errors, matrix B as well as vector D tell us how the
internal representation of the step is related to self-induced displacements. The coordinate system which fits the data best using
Eq. 5 is assumed to be the reference frame in which target representations are updated with respect to the body for self-displacements.

Fig. 1A–C Illustration
of the descriptive models tested in this
→
study. The vector T represents the position of the target (T) relative to the subject’s shoulder (S) before he made a step. The vector
→
S represents the new shoulder position (N) after the step relative to
the shoulder position (S) before the step movement. The three
models give different descriptions for the computation of the internal step displacement. A When the subject correctly perceives target location (T), but does not account for the step displacement at
all, Model →1 predicts that fingertip position after the pointing
movement N will end up in (T’). When the subject performs perfectly, the internal representation
→
→of→perceived step-displacement
as given by the
→ relationship Sint=T–R is equal to the actual stepdisplacement S. B Model 2 accounts for an erroneous percept or
storage of target position as source of the errors in the static pointing task. C Model 3 accounts for errors in motor planning of the
pointing movement as being the source of the errors in the static
pointing condition

Results
We shall now describe the results of the pointing experiments in the two conditions (i.e., for pointing to a target
without and after a step) as described in the “Methods”
section. As outlined in “Methods,” subjects were given
two different sets of target positions. The first (target set
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Fig. 2 End points of pointing
movements for one subject to
four remembered targets in the
STATIC condition (target set
A). The subject made 12–15
movements to each of the four
targets. The end points of the
pointing movements are elliptically distributed. The thick dots
represent the target positions

A) with four fixed target positions was used to investigate the distribution of the pointing errors in the two
conditions. The other set (target set B) with multiple target positions was used to test the descriptive models, defined by Eqs. 2–4 in both Cartesian and polar coordinates.
Static condition
Figure 2 presents data of a typical subject pointing to
fixed target positions relative to the shoulder (target set
A). Some small deviations of the mean end point relative
to the target position can be observed for all targets. In
all trials the subject undershot the distance of target 4.
Also there is a small error in the pointing direction to targets 2 and 3. Furthermore, Fig. 2 shows that the ellipses,
which indicate the area which contains 95% of the distribution of end positions of the index fingertip for each
target, are more or less of equal size. The long axes of
the ellipses are approximately oriented towards the subject, indicating that the variability in pointing distance is
larger than the variability in pointing direction. The
mean variable error across all subjects was 4.1 cm
(SD=2.5 cm). In comparison with earlier studies (e.g.,
Gentilucci and Negrotti 1996; McIntyre et al. 1997), Fig.
2 shows no new features and just serves to illustrate the
scatter of the pointing data.
To further investigate the effect of target position on
pointing accuracy, Fig. 3 shows the data of all subjects
pooled in polar coordinates for the STATIC condition for
various target positions (target set B). Figure 3A shows

Table 1 Fit results of the parameters in Eq. 1 for the STATIC condition. Only the diagonal coefficients of matrix A are shown, since
the values of the off-diagonal components were small and not significantly different from zero. After each value its standard deviation is given in parentheses. The goodness-of-fits R2 were higher
than 0.87, indicating that the data can be well described by the
model
Subject

Arr

Aϕϕ

Cr (cm)

Cϕ (deg)

S.A.
M.S.
M.Z.
P.M.
P.S.
B.B.
S.G.
Pooled

0.73 (0.02)
0.74 (0.04)
0.91 (0.03)
0.81 (0.04)
0.69 (0.05)
0.80 (0.04)
0.78 (0.03)
0.77 (0.02)

0.98 (0.01)
0.97 (0.01)
0.99 (0.01)
0.95 (0.01)
0.98 (0.01)
0.99 (0.01)
0.96 (0.01)
0.97 (0.01)

7.2 (1.8)
12.6 (2.3)
4.1 (1.7)
8.9 (2.3)
11.3 (2.6)
6.4 (1.8)
3.6 (1.8)
8.2 (1.1)

–4.7 (1.5)
–7.1 (2.3)
–0.8 (1.4)
–0.4 (2.2)
–6.1 (1.8)
–3.4 (1.6)
–8.6 (1.3)
–3.7 (0.8)

the target distance versus the distance of the fingertip at
the end of the pointing movement, relative to an origin
chosen at the shoulder. In agreement with the data shown
in Fig. 2, Fig. 3 shows that targets at larger distances are
undershot by the subject (sometimes more than 10 cm).
This is obvious from the fact that the pointing data are in
general located along a line with a slope smaller than 1.
Figure 3B demonstrates that the directions of the targets
are judged accurately. The data fall along a line that deviates only slightly from a line with slope 1 passing through
the origin. Fitting Eq. 1 to the pooled data in polar coordinates reveals for the diagonal terms of matrix A, Arr=0.77
(SD=0.02) and Aϕϕ=0.97 (SD=0.01). The off-diagonal
terms, which tell us something about the interaction between radial and azimuthal components of the pointing
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Fig. 3A,B Results of pointing
movements for all subjects in
polar coordinates. The measured
position of the fingertip is plotted against the position of the
target. Each data point represents the result of one trial.
A shows an undershoot of pointing amplitude which is larger for
targets far away from the subject. B shows the direction of
pointing. These data points are
scattered around the line y=x, indicating that the direction of the
target is well judged by the subject. The goodness-of-fit R2 is a
measure of how well the data
can be fitted by Eq. 1

Fig. 4 End points of pointing
movements without a step
(small thin dots near the ellipses) and after a step (open circles) to targets represented by a
thick dot. The data are from the
same subject as in Fig. 2. The
subject made 55 steps to the
right. The shoulder positions
after the step are represented by
the open squares at the lower
right, indicating the extent of
variability in step size. The
pointing results in the STEP
condition (open circles) are
shifted in a rightward direction
relative to the target, which is
in the same direction as the
movement

→

→

vector R and target vector T, were small (Arϕ=0.03±0.01
cm/deg→and Aϕr=0.01±0.01 deg/cm). The components of
vector C (Cr=8.2±1.1 cm and Cϕ=–3.7±0.8 deg) reveal a
bias component in both the radial and azimuthal direction
which is significantly different from zero. These fit results
indicate that the amplitude of the pointing movement by
the subject depends on the target distance: an undershoot
for large distances and hardly any undershoot and sometimes even an overshoot for small target distances.
The fit results of all subjects are listed in Table 1. The
goodness of fit R2 varied between 0.87 and 0.99 for the
radial component and was near 0.99 for the azimuthal
component for various subjects, indicating that, in general, Eq. 1 could account for more than 87% of the pointing errors. Since the off-diagonal terms, which describe
the interaction between→radial and azimuthal→components
of the pointing vector R and target vector T, were small
(mean values: Arϕ=–0.02±0.02 and Aϕr=0.05±0.06) and

not significantly different from zero (t-test, P>0.05),
these off-diagonal terms are not listed in the table and
only the diagonal components of matrix A are presented.
As shown in Table 1, both the Arr and Aϕϕ components
deviate significantly from 1 (χ2-test for Arr: χ2(6)=392,
P<0.01; and
for Aϕϕ: χ2(6)=49, P<0.01). The components
→
of vector C indicate a bias component and range from
3.6 to 12.6 cm in the radial direction and from –8.6 to
–0.4 deg in the azimuthal direction. For the whole population of subjects these values were significantly different from zero in a χ2-test (for Cr: χ2(6)=4183, P<0.01;
and for Cϕ: χ2(6)=136, P<0.01).
Step condition
Figure 4 shows the end positions of the pointing movements without a step and after a step for the same subject
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Fig. 5 Selection of pointing
movements to illustrate
the main findings
for the STEP
→
condition (T, the vector representing the target position
rela→
tive to the shoulder; S, the vector which gives the →
movement
of the subject; and R, the vector
denoting the fingertip position
with respect to the shoulder).
The upper, middle, and lower
figures illustrate three pointing
movements after a step in the
right, left, and forward direction, respectively. This figure
illustrates that the step gives
rise to a bias in pointing in the
direction of the step

as in Fig. 2. When a step was made, the direction of the
step was in the rightward direction. The pointing results
for the static condition are given by the tiny dots surrounded by the ellipses and are identical to the results
shown in Fig. 2. The open circles represent the end
points of the pointing movements for each target position
after the subject has made a step. The open squares at the
lower right give the shoulder positions of the subject after each sideward step. The data clearly show that the
end points are consistently biased to the right of the targets, i.e., biased in the same direction as the step. Moreover, the scatter in the pointing data in the STEP condition is much larger than in the STATIC condition, indicating that the step contributes to a large extent to the
pointing errors.
In order to test whether the bias in pointing accuracy
after a step is related to the direction and size of the step,
pointing accuracy to targets at different positions (target
set B) was tested for steps of different amplitude in different directions. Some typical results
are shown in Fig.
→
→
T,
step
movement S,
5, which shows the target
position
→
and pointing movement R after the step for several trials.
The upper panel illustrates three trials in which the subject made a step to the right. In all three trials the subject
consistently pointed with a deviation to the right relative
to the target. The middle panel shows three trials in
which the subject made a step to the left. For this step direction there is a tendency for the subject to point with a
deviation to the left of the target. The bottom panel
shows data for step movements in the forward direction.
In this case the end position of the pointing movement
falls short of the target position. These data suggest that
subjects do not correctly compute new target positions
after self-induced egomotion, or correspondingly seem
to underestimate their step size. To test in which reference frame the internal representation of the step is computed, we applied our descriptive models (see Eqs. 2–4)

to the data and tested whether the data could be best described in Cartesian or polar coordinates.
Table 2 presents the mean values of all subjects for
the diagonal components
of matrix B and the compo→
nents of vector D for both Cartesian and polar coordinates for the three models as outlined in the “Methods”
section. As in Table 1, the off-diagonal terms of matrix B
are not listed in the table. In Cartesian coordinates, the
off-diagonal terms were not significantly different from
zero in all subjects (i.e., no significant cross-talk between the x- and y-component). However, using the polar coordinates we found a small but significant coupling
between the r-component and ϕ-component (range –0.62
to 0.66 mm/deg) in all subjects. The model performance
is expressed by R2 values, which are the goodness-of-fit
values obtained by fitting Eqs. 2, 3, and 4 to the data. As
shown in the table, the overall performance of all three
models is better in Cartesian (R2≈0.85) than in polar coordinates (R2≈0.70). This is also illustrated by the large
→
standard deviation of the components of bias vector D in
polar coordinates. The bias in the r-component varied
between –30 and 30 cm and the ϕ-component ranged between –23 and 7 deg among subjects.
For Cartesian co→
ordinates, the components of vector D as well as the diagonal terms of matrix B have much smaller standard deviations. The bias varied between +5 and –5 cm and is
on average zero. The small range around zero for the bias components in the Cartesian coordinate system implies that the update of the target representations is completely described by matrix B. This makes sense since
we expect →that
subjects do not perceive self-displace→
ments for S=O, which implies a bias equal to zero. In
summary, in order to preserve the representation of target positions relative to the subject, our data suggest a
Cartesian reference frame in which internal representations of target positions are updated for movements of
the body. Another criterion upon which the most prefera-

–4.5 (6.9)
–6.9 (8.3)
–7.6 (9.6)
0.99 (0.01)
0.99 (0.01)
0.99 (0.01)
0.99 (0.01)
0.99 (0.01)
0.99 (0.01)
Model 1
Model 2
Model 3

0.85 (0.10)
0.90 (0.10)
0.88 (0.11)

0.65 (0.11)
0.75 (0.12)
0.70 (0.13)

0.83 (0.16)
0.87 (0.15)
0.83 (0.16)

0.3 (2.8)
0.3 (2.7)
0.4 (3.2)

3.6 (2.7)
–0.9 (1.3)
–1.2 (1.6)

0.95 (0.28)
0.90 (0.25)
0.89 (0.31)

0.96 (0.04)
1.02 (0.02)
1.02 (0.02)

0.72 (0.18)
0.72 (0.23)
0.68 (0.26)

–6.5 (17.5)
–1.2 (14.9)
–2.2 (18.9)

Dϕ (deg)
Dr (cm)
R 2ϕ
R 2r
Bϕϕ
Brr
R 2x
Bxx

Byy

R 2y

Dx (cm)

Dy (cm)

Polar
Cartesian

Table 2 Fit results and model performance expressed by R2 values. After each value its
standard deviation is given in parentheses. The R2 values are shown separately for each
component, i.e., (x,y) for Cartesian coordinates and (r,ϕ) for polar coordinates. The over-

all performance of all three models is higher in Cartesian than in polar coordinates. Model 2 performs slightly better compared to the other models in Cartesian coordinates
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Table 3 Fit results of descriptive model 2. Only the diagonal coefficients of matrix B are shown, since the values of the off-diagonal components were small and not significantly different from zero. After each value its standard deviation is given in parentheses
Subject

Bxx

Byy

Dx (cm)

Dy (cm)

S.A.
M.S.
M.Z.
P.M.
P.S.
B.B.
S.G.

0.93 (0.02)
0.77 (0.01)
0.77 (0.01)
0.99 (0.01)
1.01 (0.02)
0.92 (0.01)
0.90 (0.01)

0.69 (0.04)
0.54 (0.15)
0.68 (0.03)
0.68 (0.06)
0.88 (0.03)
0.82 (0.03)
0.85 (0.02)

–3.9 (1.0)
1.5 (0.5)
–2.2 (0.9)
–0.6 (0.7)
1.6 (0.9)
1.8 (0.5)
4.0 (0.7)

–0.6 (0.9)
–0.2 (0.4)
–1.4 (0.6)
1.1 (0.6)
–2.7 (0.7)
–2.1 (0.6)
–0.6 (0.6)

ble coordinate system might be chosen is that in which
the amount of cross-coupling between the two components (represented by the off-diagonal terms of matrix B)
is minimal. Also this criterion suggests a Cartesian frame
of reference. From now on, we therefore continue our
data analysis using a Cartesian model description to incorporate the step movements.
Since model 2 gives a slightly better fit than the other
two models, we have shown interindividual differences
among subjects in Table 3 using this model. Only the diagonal terms of the matrix were presented since the offdiagonal terms were small and not significantly different
from zero. The mean values for the diagonal components
of matrix B were 0.90 (SD=0.10) and 0.75 (SD=0.12) for
Bxx and Byy, respectively (see Table 2). Although these
coefficients were not significantly different from the value 1 for each single subject (e.g., subjects P.M. and P.S.
update target positions almost perfectly for steps in the
x-direction), the data for the whole population revealed a
statistically significant deviation from 1 (for Bxx:
χ2(6)=1166, P<0.01; and for Byy: χ2(6)=425, P<0.01). Furthermore, an ANOVA revealed significant differences
between Bxx and Byy (ANOVA F(1,6)=12.4, P<0.05), indicating that the direction of the step did have an effect on
the update of target
position relative to the subject. With
→
regard to vector D, the data for the whole population revealed a rather small (less than 4 cm) but statistically
significant deviation from zero (for Dx: χ2(6)=79, P<0.01;
and for Dy: χ2(6)=41, P<0.01). The differences between
Dx and Dy were not significant (ANOVA F(1,6)=1.1,
P>0.05). In summary, our data suggest that internal representations of step displacement depend almost entirely
on the amplitude and direction of the actual body-displacement of the subject.

Discussion
In the present study we have investigated for the first
time the ability of human subjects to account for self-initiated movements (steps) within reaching space when
pointing to remembered target positions. We found that
the step causes the pointing errors to increase in amplitude and to become biased in the same direction as the
step (Fig. 4). Under the assumption that there is a linear
relationship between the internal representation of the
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step displacement and the actual displacement of the
subject, our descriptive models gave the best fits for a
Cartesian frame of reference. Thus in order to preserve
the target representation relative to the body, our data
suggest that subjects compute the new target position in
a Cartesian rather than a spherical reference frame. This
is supported by the finding that the amount of cross-coupling between the two components is minimal for
Cartesian coordinates. Furthermore, we found that our
model 2 (which accounts for an erroneous percept of
storage of remembered target position; see “Methods”)
gave a slightly better fit to the data than the other two
models. This suggests that subjects account for the perceived or stored target position before the step, not the
actual target position, after their step performance. The
contribution to the pointing error by the step displacement denotes how well the step is incorporated in the
pointing movement. Therefore, an undershoot was interpreted as an underestimation of the step amplitude. The
underestimation of the step size could be 54% of the real
step size. However, we also found two subjects (P.M.
and P.S.) who incorporated their step displacement in the
x-direction almost perfectly (see Table 3). This illustrates
that the amount of underestimation varies among subjects. We never found that subjects overestimated their
step size. In this respect the errors related to the step differ from errors in pointing for the static condition: step
size is always underestimated, whereas in the static condition the pointing movement will reveal a smaller undershoot (and sometimes an overshoot!) for targets nearby. To further discuss the findings in the present study
we will distinguish between the static pointing results
(STATIC condition) and the pointing results after the
step movement (STEP condition).
In general the results of the experiments in the static
condition were in good agreement with findings reported
in previous studies (Soechting and Flanders 1989a;
Gordon et al. 1994; Berkenblit et al. 1995; Gentilucci
and Negrotti 1996; McIntyre et al. 1997). The spatial
distributions of the movement end points were elliptical
in shape with a tendency of the major axis to be oriented
towards the subject (Fig. 2). Based on these observations, we chose a spherical coordinate system with an origin at the shoulder (Soechting and Flanders 1989a,
1989b; Flanders et al. 1992) to analyze the static pointing data to various target positions. When analyzed in
such a coordinate system we found that pointing movements showed an undershoot for targets faraway. This
undershoot could be more than 10 cm. For nearby targets
pointing movements were more accurate and for targets
near the body pointing movements could even show a
small overshoot. The finding of an overshoot for nearby
targets and an undershoot for targets farther away might
explain an apparent discrepancy between previous results in the literature: some authors reported an overshoot (e.g., Berkenblit et al. 1995), whereas others found
an undershoot of target distance (e.g., Soechting and
Flanders 1989a). This apparent discrepancy might well
be explained by different target distances relative to the

body in the various studies. With regard to pointing direction, we found that the direction of pointing was accurate for the static condition. These results support previous results (Soechting and Flanders 1989a, 1989b;
Bock and Arnold 1992; Gordon et al. 1993) that distance
and direction may be controlled independently.
There have been many suggestions as to the origin of
the pointing errors. We cannot provide a full explanation
for the pointing errors in our data. In the literature two
hypotheses have been proposed which may be relevant.
The first hypothesis is based on a nonlinear distortion of
perceptual space. If perceptual space were to be distorted
nonlinearly, as hypothesized by Wolpert et al. (1994),
then the subject would have a wrong percept of target
position in space. However, if the subject moves his finger to this incorrectly perceived target position in space,
the finger may still end up in the actual target position.
The nonlinear distortion hypothesis predicts that pointing errors after the step vary in a complicated way as a
function of direction and amplitude of the step. Since our
models (Eqs. 2–5 in Cartesian coordinates) are basically
linear, the good fit of the models in explaining the relation between internal representation of the step and actual step displacement argues against a role of nonlinear
distortion of perceptual space in the spatial updating of
remembered target positions.
The other hypothesis proposes that errors in motor
planning prevent the subject from pointing accurately to
the remembered target position (Soechting and Flanders
1989a, 1989b). This may well explain the pointing errors
obtained in the STATIC condition in the present study.
This hypothesis also predicts that pointing error depends
on target position relative to the body. Gentilucci and
Negrotti (1996) suggested that the two processes of perception and visuomotor transformation share common
mechanisms for distance reproduction. If that were true,
more specific experiments would be necessary to locate
the precise location of the origin of the various error
components in the chain of sensorimotor transformations.
The descriptive models 2 and 3 that we used to explain our data assume that the errors related to pointing
in the static condition persist in the STEP condition. In
addition to errors in the update of step displacements,
model 2 only incorporates errors due to an erroneous
percept or storage of target position, whereas model 3
only incorporates errors in the pointing movement. We
would like to emphasize that both corrections represent
some extreme cases, since each correction (model 2 or
model 3) attributes errors to a single factor (errors in target or in pointing movement). Presumably, a combination of both factors may be more realistic.
The diagonal components of matrix B, which represent the contribution of body displacement to the perceived step displacement, are all smaller than 1 for nearly all subjects. Two subjects (P.M. and P.S.) incorporate
their step in the x-direction (not in the y-direction) in a
nearly perfect way. The other subjects revealed an undershoot in the update of the remembered target position for
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their own displacements. For those subjects we found
statistically significant differences in pointing error for
steps in the x- and y-direction. We invariably found that
the underestimation of the step was larger in the y-direction (forward) than in the x-direction (left/right direction).
→
The fact that the components of vector D are small
(less than 4 cm) and on average near zero indicates that
the perceived step displacement of the subject is almost
entirely specified by the components of matrix B. This is
in agreement with the fact that the subjects do not perceive a →
self-displacement
without step displacements
→
(i.e., for S = O).
As far as we know there are no studies which have investigated the effect of one-step self-displacements within reaching space on pointing movements to remembered
visual targets. However, there are some reports on the
percept of egomotion during walking and navigation to a
target. We will first discuss the relevance of these papers
for our results. Subsequently we will speculate about
possible explanations and implications of our results.
Israël et al. (1993) did a study in which subjects were
displaced passively on a sled which was linearly accelerated. Subjects had to push a button to indicate when they
thought the sled had traveled a particular distance. Their
results showed that subjects pushed the button too soon,
suggesting that they overestimated the traveled distance
for relatively small distances (about 0.8 m). The explanation for the apparent overestimation of displacement
provided by Israël et al. is based on the abrupt onset of
acceleration which induces a transient in otolith output.
Glasauer et al. (1994) did an experiment in which they
asked subjects to walk blindfolded to a previously seen
target on the ground. These subjects walked too far, corresponding to an underestimation of their displacement
during active self-motion. According to Glasauer et al.
(1994), the vestibular system does not play a major role
in active displacements, where proprioception is apparently more important. This finding corresponds with our
observations and contributes to the notion that the abrupt
acceleration in the experiment by Israël et al. may be responsible for the apparently discrepant overestimation of
self-motion. An underestimation of distance walked was
also found by Amorim et al. (1997). Also recently, Philbeck and Loomis (1997) found that subjects underestimated their walking distance under dark viewing conditions. Taken together, these studies indicate that subjects
underestimate self-motion both during active walking
and navigation, as well as in pointing.
With regard to possible implications of our findings
we would like to discuss two other observations. Rossetti
et al. (1995) argued that a weighted fusion of visual and
proprioceptive information about hand position is used
in pointing movements with the hand. One could speculate that when visual information is not available [as was
the case in our study and in those of Glasauer et al.
(1994) and Philbeck and Loomis (1997)], the absence of
visual information in the weighted fusion may give rise
to a decreased amplitude of perceived target distance. In

another study investigating navigation of subjects towards a target in a complex environment, Amorim et al.
(1997) made a distinction between two so-called processing modes used to update target location and orientation. When the subject had to keep track with the target
position relative to his own position all the time during
navigation (the object-centered mode), the errors were
much smaller than in the mode in which the subject focused on the path he walked during the trajectory towards the target (trajectory-centered mode). The authors
concluded that the type of cognitive task might affect the
accuracy of updating the orientation and location of a
target. Based on this result, one could argue that most of
the subjects in our experiment used the trajectory-centered mode.
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