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It has been suggested that humans encode the spatial lo-
cations of objects in the environment by using a multitude
of spatial representations,so-called maps. To guide eye and
arm movements toward visible objects, a cascade of coor-
dinate transformations is necessary to translate the target
location from retinotopic coordinates to a viewer-centered
coordinate system that can be used to execute the move-
ment (Buneo, Jarvis, Batista, & Andersen, 2002;Flanders,
Tillery, & Soechting, 1992; McIntyre, Stratta, Droulez, &
Lacquaniti, 2000). These spatial maps represent the loca-
tion of the target in relation to the observer (egocentric in-
formation). However, we are also clearly capable of en-
coding and remembering the spatial relationships among
different objects, invariant to the position of our body (al-
locentric information).

Egocentric and allocentric representationshave been as-
sociated with the dorsal and the ventral processing streams
arising from early visual areas and terminating in the pos-
terior parietal cortex and the inferior temporal cortex, re-
spectively (e.g., Merigan & Maunsell, 1993). In humans,
a dissociationbetween these two visual systems has primar-
ily been shown in brain-damaged patients: Lesions to the
dorsal stream can result in visuomotor impairment despite
intact object recognition (Perenin & Vighetto, 1988),
whereas lesions to the ventral stream might lead to dense
object agnosia despite largely intact visuomotor functions
(Goodale, Milner, Jakobson, & Carey, 1991; Milner et al.,
1991).

Behavioral studies in neurologically unimpaired per-
sons have suggested that direct motor actions rely mostly
on egocentric information,whereas perceptionand cognitive
judgments rely to a larger degreeon allocentric information.
These studies typicallyshow that the perceptionof an object
is affected by the surrounding visual context, whereas a
motor action in an analogous situation is not affected by it
or is affected to a lesser degree.

For example, in a study by Bridgeman, Peery, and
Anand (1997; see also Bridgeman, Gemmer, Forsman, &
Huemer, 2000), participants judged the spatial position of
a target dot within a rectangular frame. When the frame
was displayed to the left or right of the body midline, per-
ceptual judgments of target position were biased in the di-
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pointing movements are influenced by visual information in the surrounding visual field.
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rection opposite to the displacement of the frame. How-
ever, this bias was not present in direct pointing responses
toward the target. The crucial assumption behind this and
other comparablestudies is that the targeted spatial endpoint
is represented relative to the body of the observer in such a
way that this representation is independentof the surround-
ing visual context. Throughout this paper, we will refer to a
representation with this property as a context-independent
egocentric representation.

In the contrasting case, a spatial representation might
include multiple objects and locations and the relation-
ships among them. In this situation, interactions between
the different parts might lead to specific illusions or dis-
tortions that critically depend on the layout of the visual
display. It is important to note that context-dependentspa-
tial distortions do not necessarily imply that the map in
which these distortionsarise is coded with respect to an al-
locentric reference frame. If multiple objects are encoded
with respect to an egocentric reference frame and if these
representationsare allowed to interact, context dependency
can arise in an egocentric map as well. However, such a
representation would include not only information about
the positions relative to the body of the observer, but also
information about the interrelations of the objects—that
is, allocentric information. Context-independent egocen-
tric representationsand allocentric spatial representations
that are independentof the location of the observer are the
extreme points of a continuumon which spatial represen-
tations can lie (Pouget & Sejnowski, 1997).

In investigating spatial responses, two aspects are typi-
cally considered. The constant error refers to the difference
between the mean reproduced locationand the actual target
location. Any distortions in the participant’s representa-
tion of the location would manifest itself in this measure.
The variable error indicates the spread of the individual
responses around the mean reproduced location and can
be visualizedas confidenceellipses.The orientationof these
error ellipses often allows inferences about the structure
of the underlying representation.

For example, in a study by Rossetti and co-workers
(Rossetti, 1998), participantswere required to point accu-
rately to the target location when a go signal was provided
within 0–8 sec following target presentation. For imme-
diate responses, the confidence ellipses indicating the
variable error of movement endpoints were aligned with
movement direction, suggesting that mostly egocentric in-
formation was used to guide the movement. For delays
longer than 1 sec, the distribution of endpoints depended
on visual context, indicating the use of allocentric infor-
mation. This study suggests that the influenceof the visual
context on pointing or eye movements critically depends
on the delay between stimulus representation and the ini-
tiation of the action.

Similarly, Carrozzo, Stratta, McIntyre, and Lacquaniti
(2002) showed that if all possible target points were
arranged on a line, the confidence ellipses of the move-
ment endpoints tended to be aligned with this constructed
allocentric reference frame, even though the line was never

explicitly shown to the participants. Again, this influence
of an allocentricreference was much more pronouncedafter
a memory interval of 5 sec than after 0.5 sec.

A similar dependenceon the retention interval was also
found for pointingmovements toward an apex of a Müller-
Lyer stimulus (Gentilucci, Chieffi, Daprati, Saetti, &
Toni, 1996). Movements that were initiated immediately
after visual feedback was withdrawn were only slightly in-
fluenced by the illusion, whereas the movements initiated
5 sec later showed a substantial influence of the illusion
(see also Elliott & Lee, 1995; Hu & Goodale, 2000).

From these studies, it seems that the motor system
makes use of allocentric spatial information to guide hand
movements toward memorized targets. However, it is still
a matter of controversy whether immediate action may be
guidedby a context-independentegocentric representation
and, if so, how long such a representation might persist.
Several authorshave argued that there mightbe a specialized
motor short-term memory capable of storing egocentric in-
formation independently of a general visual short-term
memory store (Bridgeman, Lewis, Heit, & Nagle, 1979).
This store could underlie the ability to remember the end-
point of a recently executed reaching movement (Kelso,
1977; Laabs, 1973; Stelmach, Kelso, & Wallace, 1975), to
execute a delayed saccade (Gnadt & Andersen, 1992), or to
reach toward an object without visual guidance (Pelisson,
Prablanc, Goodale, & Jeannerod, 1986). Sustained neural
activityduring delayed reaching tasks has been observed in
dorsal stream areas (Smyrnis, Taira, Ashe, & Georgopou-
los, 1992) and also in the prefrontal cortex (Funahashi,
Bruce, & Goldman-Rakic, 1989; Goldman-Rakic, 1995),
constitutingpossibleneural correlatesof such a motor short-
term memory system.

Visual context can lead to systematic distortions when
participantsare asked to reproduce the positionof a briefly
presented target by using paper and pencil or a mouse cur-
sor (Huttenlocher, Hedges, & Duncan, 1991; Nelson &
Chaiklin, 1980). In our own work on the reproduction of
dot location with a mouse cursor, we have demonstrated
that reliable distortionsare introducedby two horizontally
aligned landmark dots (Diedrichsen, 1998; Schmidt,
Werner, & Diedrichsen, 2003; Werner & Diedrichsen,
2002; Werner & Schmidt, 2000). Targets presented near a
landmark are remembered too far away from it, and there
is an additionaldistortionaway from the midpointbetween
the landmarks. At the same time, variable error of repro-
duced positions is greatly reduced near the landmarks. The
dependence of the distortions on the layout of the land-
marks is well established, because the distortion patterns
shift, rotate, expand, and contract along with the landmarks
(Werner & Schmidt, 2000). Furthermore, distortions arise
as early as 50 msec following offset of the target, increase
with longer retention intervals, and reach an asymptote at
about 400 msec poststimulus (Werner & Diedrichsen,
2002).

Thus, spatial distortions1 induced by visual landmarks
can provide a novel approach by which to investigate the
characteristicsof thespatial representationunderlyingpoint-



SPATIAL DISTORTIONS OF POINTING MOVEMENTS 91

ing movements toward remembered targets. In a recent ar-
ticle, distortion patterns similar to those found by Hutten-
locher et al. (1991) were reported for pointingmovements
(Gourtzelidis, Smyrnis, Evdokimidis, & Balogh, 2001).
These distortions were present when participants pointed
to the targets after a 6-sec delay period and even, although
they were somewhat weaker, when participantspointed to
the targets immediately after the offset of the target. How-
ever, in that study, movements were made on a graphic
tablet on a table, whereas the targets and visual movement
feedback were presented on a vertically aligned monitor.
A scaling factor of 0.7 was introducedbetween the spatial
distances of the movements and on the visual display. This
visuomotor transformation may have rendered the task
more akin to the manipulation of a mouse cursor than to
natural pointing movements and may have biased partici-
pants toward the use of allocentric information.

In this study, we investigated the question of whether
natural pointing movements toward remembered targets
rely on an undistorted egocentric representation by study-
ing the influence of visual landmarks. Because such dis-
tortions developvery rapidly in the contextof a perceptual
judgment task (Werner & Diedrichsen, 2002), they can be
used to differentiate a purely egocentric representation
from one that is influenced by allocentric information
even for very short memory delays. Experiment 1 showed
that memory representationsare systematicallydistortedby
visual landmarks even when pointing, rather than cursor
movements, are used and that these distortions are orga-
nized within a context-dependent frame of reference. Ex-
periment 2 showed that distortionsare due to the presence
of landmarks in the encoding phase and not to their sud-
den onset during the movement. In Experiment 3, we in-

vestigated the developmentof the distortionwith increasing
retention intervals up to 600 msec. We showed that these
effects were present even when the target was extinguished
no earlier than at the onset of the pointing movement. Fi-
nally, in Experiment 4 we demonstrated that the distortions
were qualitativelysimilar when the stimulusconfiguration
was shifted with respect to the observer and participants
were forced to reproduce the target position relative to the
landmarks.Taken together, the results indicate that pointing
movements are based on context-dependent spatial repre-
sentations that include allocentric landmark-to-target in-
formation.

EXPERIMENT 1

Experiment 1 was designed to investigate whether
pointing movements to memorized targets are susceptible
to context-dependent distortions. The participants were
instructed to remember the exact position of a target dot
that was briefly presented to them on a table surface. After
a brief interval in which a visual mask was presented, they
had to point to the remembered location of the dot (Fig-
ure 1). In addition, either one or two landmarks were pre-
sented during the presentation and reproduction intervals.
Note that the landmarkswere irrelevant to the task but could
be used as a spatial reference.

We expected that if the target was represented in a
context-dependent map including allocentric relations
among multiple objects, we would observe a systematic
pattern of spatial distortions throughout the visual field
that would resemble the one found with cursor movements
(Schmidt et al., 2003; Werner & Diedrichsen, 2002). Im-
portantly, distortion effects should strongly depend on

Figure 1. General procedure in the experiments. The participants sat in front of a
table surface, their hands in a predefined starting area. In the presentation phase, a
target dot and possible landmarks were presented. In this example, only one land-
mark is presented on the right side (unfilled circle). During the memory interval, the
display was masked by a random and rapidly changing checkerboard pattern. The
end of the mask and the reappearance of the landmark served as a starting signal for
the movement phase. The participants were instructed to make a smooth pointing
movement toward the memorized target location.
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whether one or two landmarks were presented. In contrast,
any pattern of bias arising within a context-independent
reference system would be expected to be independent of
the spatial layout of the landmarks.

Method
Participants. Nine undergraduate students from the University

of California, Berkeley, participated in the experiment. Their age
ranged from 18 to 20 years. Participation in the two 1-h sessions
partly fulfilled course requirements.

Apparatus and Stimuli. The participants were seated at a 75-cm-
high table surface. An LCD projector (Plus UP 800) controlled by
an IBM-compatible 486 PC was used to project stimuli from above
onto a rectangular cotton screen (100 3 77 cm), which was mounted
48 cm above the table surface. The participants positioned their
heads in a chinrest so that eye level was approximately 43 cm above
the table. They viewed the screen from below through a mirror that
was mounted halfway between and parallel to the table surface and
the screen. With this setup, stimuli projected onto the screen ap-
peared to lie on the table surface. The participants made the point-
ing movements below the mirror so that they could not see the limb.
A magnetic tracking device (mini-bird system, Ascension Tech-
nologies) with a sampling rate of 130 Hz and a spatial resolution of
around 0.5 mm was used to record the movements. For this purpose,
a small (1.7 3 0.8 3 0.8 cm) receiver antenna was attached to the
tip of the index finger of the right hand. A small dot (2 mm diame-
ter) was presented at the location corresponding to the position of
the index finger in order to give the participants visual feedback
about the position of the hand.

The target dot was white and had a diameter of 2 mm. Unfilled
circles with a diameter of 1.3 cm were used as landmarks. They were
presented 12 cm to the left or right of the midline of the participant’s
body and 38 cm inward from the edge of the table surface. We used
an array of 37 possible target locations between and around the pos-
sible landmark positions, arranged in a rectangular 15 3 5 grid.
About half of the positions remained untested (the origins of the vec-
tors in Figure 2 indicate the tested positions).

Procedure. A trial started when the participant moved the right
index finger into the starting area and left it there for 800 msec. This
area was defined as a 10 3 20 cm rectangle along the lower edge of
the table surface, 28 cm below the landmarks. A trial began with a
1,000-msec presentation of the target dot at one of the 37 possible
locations, together with the left, the right, neither, or both landmarks.

Presentation of target and landmarks was followed by a high-
intensity flicker mask. Great care was taken to use a mask that would
effectively eliminate the visual trace of the target in sensory memory
but could not be used as a spatial reference itself. A random checker-
board pattern of small squares (3 3 3 mm) flickered at 60 Hz in an
oval region covering the whole display for 600 msec. At the borders
of the oval, the probability of white squares decreased in a Gaussian
manner with increasing distance from the center, causing a smooth
fading of the mask at the edges. The participants were not allowed to
move their hands before the presentation of the mask was completed.

After the masking interval, the landmarks, if any, were presented
again. Simultaneously, a dot appeared at the position of the hand.
The disappearance of the mask was the starting signal to execute a
smooth pointing movement to the remembered location. If the par-
ticipants moved before the starting signal, the trial was aborted. The
participants were encouraged to keep movement time between 700
and 800 msec while being as accurate as possible. A brief beep was
played as feedback after their movement had ended. The participants
then had to move their hands back to the starting position to initiate
the next trial.

All combinations of 37 possible target locations and four land-
mark conditions were presented once per block in pseudorandom
order. After each block, feedback was given about the reaction time

(RT; measured from mask offset to movement onset), the movement
time (MT; from movement onset to movement completion), and the
average accuracy in centimeters. Over the course of two 1-h ses-
sions, the participants received eight blocks of 148 trials, providing
eight measurements per factor combination and participant. At the
beginning of the first session, an additional practice block of 5 tri-
als was given to acquaint the participants with the apparatus.

Data analysis. The movement data were smoothed with a Gauss-
ian kernel of 6-msec width at half height. The onset and the end of
the movement were computed as the time when the tangential ve-
locity of the index finger first exceeded or fell below the threshold
of 2.8 cm/sec for at least 250 msec. The endpoint of the movement
was defined as the average position over the 250-msec rest period
completing the movement.

For each participant and each target location separately, the con-
stant error and variable error were computed. The constant error is
the vector between the mean endpoint of the pointing movements
and the target position. For statistical analyses, we treated the con-
stant errors in horizontal (x) and vertical ( y) directions separately,
each pooled over the values of the other coordinate. We introduced
this separation to reduce the degrees of freedom of the numerator, in
order to make the tests stricter, without intending to imply that the
two dimensions are indeed independent. Repeated measures analyses
of variance (ANOVAs) were conducted with Greenhouse–Geisser cor-
rected degrees of freedom and p values. To determine whether there
was a systematic pattern of distortion across participants, we tested
whether the constant error differed between target locations,
whereas differences between distortion patterns were tested by in-
vestigating the interaction between target location and experimental
condition. A global shift across all target locations (the intercept
term) was ignored by this analysis.

The variable error is the distance between each endpoint and the
corresponding mean endpoint for that target location and subject.
Using principle-component analysis, we computed the orientation
of the axis of maximal and minimal variability and their eigenvalues
for each participant and target position separately. The square root
of the eigenvalues corresponds to the standard deviation of the
movement endpoints along that axis.

Results and Discussion
All the trials in which no stable endpointwas reached—

for example, when there was a slow sliding motion of the
hand—were excluded from analysis (0.18%). Further-
more, all the trials in which the movement ended more than
5 cm distant from the presented target were also excluded
(3.7%). The averageRT was 183 msec; the averageMT was
753 msec.

The pattern of constant error (see Figure 2) provides ev-
idence that the representation of the target location was in-
fluenced by the presence of the landmarks. A two-way re-
peated measures ANOVA (target position 3 landmark
condition) confirmed that the pattern of distortions de-
pended strongly on landmark condition, as was shown by
significant interactioneffects [for x-direction,F(4.2,33.5)=
3.99, p = .009; for y-direction,F(3.4,27.1)= 3.8, p = .018].
Subsequent tests confirmed that distortion effects in the x-
directionwere present in the left-landmark, right-landmark,
and both-landmarks conditions (all Fs . 6.90, all ps ,
.003), but not in the no-landmark condition [F(2.2,17.9)=
1.41, p = .272].

The systematic pattern of constant error in the two-
landmarks condition (Figure 2, bottom panel) provides
evidence that the positional information is context sensi-
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tive, indicating the relevance of allocentric landmark-to-
object spatial relations. In contrast to the no-landmark
condition, in which there was no systematic bias in the
horizontal direction, remembered target positions were
systematically distorted away from the midpoint and to-
ward each landmark. This distortion followed the pattern
of the left-landmark condition for the left side and of the
right-landmark condition for the right side, suggesting
that the distortion pattern was locally defined by the clos-
est landmark (Schmidt et al., 2003). Regardingerror in the
y-direction,we found in the no-landmark conditiona gen-
eral tendency to undershoot far targets more [F(1.1,9.1) =
4.84, p = .052]. This tendency was strongly reduced in the
presence of landmarks, where movements to targets on the
imaginary line connecting the landmarks were accurate in
terms of their amplitude. Overall, landmarks introduced a

systematic pattern of spatial distortions that critically de-
pended on whether the landmark was presented on the left,
the right, or both sides of the display, suggesting that the
target position was stored in a map that was spatially orga-
nized by nontarget visual stimuli.

If landmarks are indeed an integralpart of the target rep-
resentation, we would also expect that the variable error
would be influenced by the landmarks, as has been ob-
served in reproduction experiments (Schmidt et al., 2003;
Werner & Diedrichsen, 2002). In the no-landmark condi-
tion, the axis of maximal variability tended to align with
the movement direction (Figure 3), as has been observed in
previous studies (Carrozzo et al., 2002). With the intro-
duction of landmarks, the variable error near the land-
marks was reduced considerably, and its structure changed.
To compare variable error when the landmark was or was

Figure 2. Vector plot of the average distance between the endpoint of the
movementand the presented target location, indicating a constant error toward
the nearest landmark. Results are shown for the no-landmark, left-landmark,
right-landmark, and both-landmarks conditions. For better readability, the
length of the vectors is magnified by a factor of three.
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not presented, we considered the data from the six posi-
tions immediately surrounding the possible landmark lo-
cations for the left and right halves of the display. Planned
tests showed that variable error in the direction of maximal
variability was substantially lower when a landmark was
present than when it was absent [F(1,8) = 26.69, p , .001].
The pattern of variable error suggests that landmarks
served to reduce positional uncertainty in their vicinity.

Distortions away from the midpoint between the land-
marks, as well as reductionsof variabilitynear the landmarks,
are consistentwith previous findings(Schmidt et al., 2003;
Werner & Diedrichsen, 2002). Strikingly, we did not find a
distortion away from the landmarks themselves,which had
been a typical finding in each of our previousexperiments

with mouse cursor instead of pointingmovements.We will
return to this issue in the General Discussion section.

EXPERIMENT 2

In the previous experiment, we attributed the pattern of
distortion introduced by landmarks to the use of allocen-
tric information in the guidance of pointing movements.
However, there remained an alternative account for such
an effect. After the memory interval and visual mask, the
participants experienced the sudden visual onset of the
landmarks. This onset likely captured covert visual atten-
tion (Yantis & Jonides, 1990) and may have elicited an eye
movement toward these landmarks. The tight coupling of

Figure 3. Variable error of movement endpoints in Experiment 1. To obtain
a graphical representation of the average within-subjects (variable) error for
each target point, we subtracted the participants’ average reproduced location
from the movement endpoints and pooled the residuals across participants.
The ellipses indicate 1 SD dispersion, and the two orthogonal axes indicate the
maximal and minimal variability of these residuals, centered around the aver-
age reproduced location for each target point.
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handand eye movements (e.g., Neggers& Bekkering,2000)
might have led to an attraction of the hand path toward the
landmark.2

In Experiment 2, we used a stimulus display with two
landmarks in three variations. The landmarks either were
visible during the presentationof the target, but not during
the reproduction (presentation-only condition), or were
visible only during the reproduction phase, but not during
the presentation phase (movement-only condition). We
also presented the landmarks during both presentationand
reproduction, as in the previous experiment (both-phases
condition).

If the distortion found in Experiment 1 was due to the
sudden visual onset of the landmark stimuli immediately
before the movement, the distortion should be present in
the movement-onlyand both-phasesconditions,but not in
the presentation-onlycondition.If allocentric information
is used strategically by participants to encode target posi-
tions relative to the nearest landmark and later to reproduce
the locationon the basis of this information,we should find
distortionsonly for the both-phasescondition.Finally, if the
spatial relations to neighboring objects and landmarks are
integrated in obligatoryfashion into the representationused
to guide movements, it should lead to distortions regardless
of the presenceof the visual contextduring the actualmove-
ment. If so, the characteristic attraction toward the land-
mark locations might be present in both the presentation-
only and the both-phases conditions.

Method
Participants. Fifteen students from the University of California,

Berkeley, participated. Their ages ranged from 19 to 30 years. The
participants received $10 or a class credit for the 1-h experiment.

Apparatus, Stimuli, and Procedure. The apparatus and stimuli
were identical to those in Experiment 1. For Experiment 2, only 31
of the previous 37 possible target locations were tested. Targets were
never presented at the locations of the landmarks, and the four most
lateral positions were not tested.

There were three conditions in Experiment 2. In the presentation-
only condition, the landmarks were visible only during the 1-sec pre-
sentation phase, together with the target. In the movement-only con-
dition, the landmarks were not present simultaneously with the
target but appeared at the offset of the flicker mask. In these condi-
tions, the participants were instructed to ignore the landmarks. In
the both-phases condition, the landmarks were present during re-

production and movement phases, and the participants were in-
formed that the landmarks remained at the same position.

To familiarize the participants with the general procedure, the ex-
periment started with 5 trials of each condition. The experiment con-
sisted of 18 blocks with 31 trials each, 6 blocks per condition in
pseudorandom order. Within each block, the condition remained the
same, and the 31 possible target positions were presented in random
order. After each block, feedback about average spatial accuracy and
MT was given. The participants were encouraged to achieve maxi-
mal accuracy while keeping the average MT between 700 and
800 msec.

Results and Discussion
Only 0.5% of the trials had to be excluded because the

movement endpoint missed the target by more than 5 cm.
Average RT and MT for the three conditions and for the
six target positions immediately surrounding the landmark
(near) and the remaining positions (far) can be seen in
Table 1. MTs were slightly longer in the both-phases con-
dition than in the presentation-only and movement-only
conditions. A repeated measures ANOVA indicated that
these differences were marginally significant [F(2,28) =
3.18, p = .057].

The pattern of constant error is shown in Figure 4. It is
immediately apparent that the distortion patterns in the
both-phases and presentation-only conditions were simi-
lar to each other and to those shown in Experiment 1 for
the both-landmarks condition. In contrast, the responses
in the movement-only condition were characterized by a
distortion away from the landmarks. To investigate
whether these distortion patterns were significant across
participants, we used repeated measures ANOVAs on the
constant x- and y-error within each condition separately.
The distortion in the x-direction was significant in
the presentation-only [F(3.0,42.8) = 6.06, p = .001], the
movement-only[F(3.3,46.1)= 8.39,p , .001], and the both-
phases [F(2.7,37.2) = 11.85, p , .001] conditions. In the
y-direction, the distortionwas significant in the movement-
only condition [F(1.9,26.3) = 12.78, p , .001], but not in
the presentation-only [F(1.3,18.8) = 2.25, p =.145] or the
both-phases [F(1.6,22.2) = 3.43, p , .06] condition.

An ANOVA comparing the presentation-onlyand both-
phases conditions indicated that the distortion pattern did
not differ significantly between these two conditions [x,
F(2.7,38.5)= 2.15,p = .115;y, F(2.2,31.3)= 1.09,p = .353].
In contrast, an ANOVA comparing the movement-only
and the both-phasesconditionsshowed a significantinterac-
tion between condition and target location [x, F(3.3,46.0) =
8.64, p , .001; y, F(3.0,42.2) = 20.63, p , .001].

The analysis of the constant error indicates that the dis-
tortion pattern found in Experiment 1 was not due to the
sudden onset of the landmarksat the beginningof the move-
ment phase. Rather, the onset alone, without previous pre-
sentation of the landmarks, led to a distortion away from
the landmarks. Because the landmarks did not constitute
a physical obstacle to the reaching movement, we do not
believe that this effect was due to the participants’ trying
to avoid the landmarks. However, Tipper, Howard, and
Houghton (2000) reported that distractors, even if not di-

Table 1
Reaction Times (RTs), Movement Times (MTs), and

Variable Endpoint Errors (VEs) Along the Axes of Maximal
and Minimal Variance in the Three Conditions of Experiment 2

Experimental Condition

Presentation Only Movement Only Both Phases

Variable Near Far Near Far Near Far

RT (msec) 233 236 220 220 215 218
MT (msec) 728 789 721 775 784 804
VE maximal (cm) 0.73 0.74 0.70 0.71 0.53 0.60
VE minimal (cm) 0.32 0.34 0.31 0.31 0.25 0.28

Note—Results are shown separately for the six locations immediately
surroundingeach landmark (near) and for the remaining locations (far).
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rectly in the path of the reach, can lead to significant de-
viation of the hand path away from the distractor location.
The authors hypothesized that salient nontarget objects
automatically elicit a neural activity in parietal and motor
regions that represents a vector in the direction of that lo-
cation. This activity mixes with the activity related to the
reach toward the target. To reach for the target accurately,
cells whose preferred direction points toward the distrac-
tor have to be suppressed. This would lead to the observed
bias away from the distractor location (see also Kerzel,
2002; Suzuki & Cavanagh, 1997).

The variable error in the three conditions is shown in
Figure 5. We analyzed the size of the variable error as the
standard deviation of the movement endpoints along the
axis of maximal variability (the square root of the largest
eigenvalueof the variance/covariancematrix) and separated
target positionsimmediately surroundinga landmark (near)
from all the remaining positions (far; see Table 1). A re-
peated measures ANOVA showed a significant effect of
condition [F(2,28) = 17.02,p , .001] and a significant ef-
fect of target region [far/near; F(1,14) = 6.15, p = .027].Al-
though the reductionof the variableerror in the both-phases
condition was especially pronounced near the landmarks

(Table 1), the target region 3 condition interaction failed
to reach significance [F(2,28) = 3.09, p = .061].

Note that the landmarks in the presentation-onlycondi-
tion did not lead to an improvement in accuracy; they were
likely ignored in this condition. However, the pattern of
constant error was very similar to that observed in the
both-phases condition, in which the participants did use
the landmarks to improve their accuracy. Thus, nearby dis-
tractor objects seemed to have entered the representation
of target location for pointing movements in an obligatory
fashion, and not only when they actually could be used to
improve accuracy. In sum, Experiment 2 providesevidence
that the spatial distortions observed in Experiment 1 arose
from the common encoding of the target and the sur-
rounding landmarks, rather than from the sudden onset of
these stimuli at the beginning of the movement phase.

EXPERIMENT 3

The previous two experiments indicated that pointing
movements are influenced by allocentric information—
that is, the relations between target and landmark loca-
tions—after retention intervals as short as 600 msec.

Figure 4. Constant error in Experiment 2 in the presentation-only,movement-
only, and both-phases conditions. Errors are magnified threefold.
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However, even such a relatively short delay might lead to
a shift from a context-independent egocentric map to a
more stablemap that includesthe relationshipsof nearbyob-
jects (Elliott & Lee, 1995; Hu & Goodale, 2000; McIntyre,
Stratta, & Lacquaniti, 1998; Rossetti, 1998).

In Experiment 3, we systematicallyvaried the retention
interval in order to investigatewhether there would be evi-
dence for an undistorted representation with shorter reten-
tion intervals. In addition to delaysof 600 and 150 msec, we
included a condition in which the participants pointed im-
mediately to a target position that was masked for 150 msec
only aftermovement onset. This design allowed us to track
the time course of context-dependentdistortions. Specifi-
cally, we could evaluate the hypothesis that the motor sys-
tem may rely at first on an undistorted egocentric repre-
sentation that only later is affected by context-dependent
distortion effects.

Method
Participants. Twelve undergraduates from the University of Göt-

tingen, with ages ranging from 20 to 25 years, were recruited for
payment of 15 DM for a single 1-h experimental session.

Apparatus and Stimuli. Experiments 3 and 4 were conducted in
a different laboratory, which required a change of apparatus, as com-
pared with Experiments 1 and 2. Responses were performed with a
hand-held stylus and recorded with a 45.7 3 30.5 cm graphic tablet
(Wacom Ultrapad A3, UD-1218). In each trial, the hand started at
the lower rim of the sensitive area of the graphic tablet. A movement
was considered to have been started when the stylus lost contact with
the surface and was considered complete when it touched the surface
again. The apparatus allowed full vision of the hand. Stimuli were
projected on the surface of the graphic tablet with an LCD projector.

The landmark circles had a diameter of 0.95 cm and were presented
8.8 cm to the left and to the right of the sagittal midline. The target dot
measured 3.5 mm in diameter and could be presented at 29 of the pos-
sible 65 intersection points of a 13 3 5 position grid spanning an area
of 26 3 4 cm (see the origins of the vectors in Figure 6). The visual
mask used in this and the subsequent experiment consisted of a col-
lection of white lines with random positions, lengths, and orientations
that changed every 50 msec. The lines covered the entire surface of the
graphic tablet, rendering 20% of the surface white in each frame.

Procedure. Three conditions were used in this experiment: im-
mediate reproduction, 150-msec delay, and 600-msec delay. A trial
started with the presentation of the two landmarks and the target for
1 sec. In the immediate-reproduction condition, a 220-msec-long
high-pitched tone served as a starting signal for the pointing move-
ment. As soon as the hand left the starting position, the display was

Figure 5. Variable error (1-SD ellipses) in Experiment 2, shown as in Fig-
ure 3, in the presentation-only, movement-only, and both-phases conditions.
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masked for 150 msec and then presented again without the target
while the finger was still in motion. Thus, the landmarks were visi-
ble until movement onset and again during the final 80% of the
movement. In the delayed conditions, the visual mask was presented
for either 150 or 600 msec, and the reappearance of the landmarks
served as a starting signal for the pointing movement.

Two practice blocks of 15 trials, one in the 600-msec and one in
the immediate-reproduction conditions, were administered at the be-
ginning of the experiment. Each of the three conditions was repeated
three times with blocks of 58 trials. The participants alternated be-
tween conditions, and the starting condition was counterbalanced
across participants.

Results and Discussion
Trials in which the participants began to move before

the starting signal or failed to move at all were excluded

from further analysis (6.8%). All reproductions deviating
more than 5 cm from the target were also excluded (0.8%).
The RTs, MTs, and variable errors for locations near the
landmark (the 6 positions immediately surrounding each
landmark) and far from the landmark (the remaining 17
positions) are shown in Table 2. RTs were substantially
longer in the immediate-reproductioncondition;however,
the target was still visible in this condition during the RT
phase. The effective interval between the disappearance
of the target and the start of the pointing movement was
0 msec or slightly negative for the immediate-reproduction
conditionand, onaverage,403and 898msec for the 150-and
600-msec conditions, respectively. MTs were significantly
shortened with decreasing memory intervals [F(2,22) =
6.71, p = .005] and were, on average, 18 msec slower when
the targets were close to the landmarks [F(1,11) = 131.48,
p , .001]; there was no interaction of these variables
[F(2,22) = 0.16, p = .85].

The constant error (Figure 6) showed an overall pattern
similar to that observed in Experiment 1, with distortions
away from the midpoint and toward the landmarks. How-
ever, in this experiment, we observed a strong global ten-
dency to undershootthe target, likely related to the changed
experimental setup. The distortion toward the landmark in-
creased markedly with retention interval, indicated by a
strong target position 3 retention interval interaction [x,
F(6.1,66.6) = 6.53, p , .001; y, F(3.6,39.3) = 4.39, p =
.006]. Effects of target position on the constant error in the

Table 2
Reaction Times (RTs), Movement Times (MTs), and

Variable Endpoint Errors (VEs) Along the Axes of Maximal
and Minimal Variance in the Three Conditions of Experiment 3

Memory Interval

Immediate 150 msec 600 msec

Variable Near Far Near Far Near Far

RT (msec) 388 389 253 253 299 297
MT (msec) 461 444 491 471 513 496
VE maximal (cm) 0.34 0.33 0.31 0.36 0.33 0.39
VE minimal (cm) 0.16 0.15 0.13 0.15 0.15 0.18

Note—Results are shown separately for the six locations immediately
surroundingeach landmark (near) and for the remaining locations (far).

Figure 6. Constant error in Experiment 3. The errors are magnified threefold.
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horizontal direction were significant at each retention in-
terval. This even held true in the immediate-reproduction
condition [F(3.5,38.9) = 5.80, p = .001], in which the dis-
tortion was smaller than but in the same direction as that
in the other conditions.

Furthermore, the increase of the distortion, averaged
over all the participants, appeared to be smooth. In con-
trast, Bridgeman et al. (1997) reported that the effect of a
visual illusion on pointing responses can be quite abrupt,
suggestinga sudden qualitativechange from an undistorted
to a distorted representation in some participants. To test
for this possibility, we quantified the size of each partici-
pant’s distortions in each condition by measuring the av-
eragehorizontalrepulsioneffect from the midlinefor the tar-
get locations with a horizontal coordinate of 64.3 cm, the
locationsat which the average pattern showed the largest ef-
fect. The average repulsioneffect was 0.11 cm (SD = 0.09)
in the immediate-reproduction condition, 0.22 cm (SD =
0.11) in the 150-msec condition, and 0.34 cm (SD = 0.20)
in the 600-msec condition (Figure 7). The increase was
gradual for all the participants. No participant showed a
sudden increase in distortion from one memory interval to
the next.

A gradual increase of the influenceof the visual context
on the remembered location is not unique to pointing
movement studies. In earlier experiments, we found a simi-
lar pattern for a judgmenttask.Here, we studiedeven shorter
memory intervals by first presenting the target along with
the landmarks, then the visual mask, and finally the land-
marks and the target again, but with the target slightly
shifted eitherwith or against the directionof expected dis-
tortion. The participants’ task was to detect the shift. Psy-
chometric functions clearly shifted with retention interval,

indicating a gradual build-up of distortion during the first
400msec of retention.However, distortionswere detectable
as early as 50 msec after target offset (Diedrichsen, 1998;
Werner & Diedrichsen, 2002).

The variable error (Figure 8, Table 2) also increased
with the memory interval. The standard deviation along
the axis of maximal variability showed a significant inter-
action effect between retention interval and distance from
the landmark [F(2,22) = 8.19, p = .002]. The variable error
increased for targets far from landmarks but remained
constant for targets near landmarks. The variable error
along the second axis showed the same significant interac-
tion [F(2,22) = 4.59, p = .022]. Note that in the immediate-
reproduction condition, there was no difference in variable
error between targets close to landmarks and those far from
them.

In summary, these results demonstrate that distortion
increases with longer retention intervals, indicating that it
is related to changes in the memory representation of the
target, not to a general misperception or a motor artifact.
The increase was gradual and was not accompanied by
qualitativechanges in the overall pattern.More specifically,
distortions were measurable even if the time between tar-
get offset and movement onset was reduced to zero. Vari-
able error also increased for positions far away from the
landmarks. Although in the immediate-reproduction con-
dition no difference was found between positions near and
far from the landmarks, this difference emerged for longer
intervals.

EXPERIMENT 4

In previous experiments,we have studied the same two-
landmarks situation with a perceptual judgment task or a
reproduction task with a mouse pointer and have observed
a repulsionof the remembered locationaway from the land-
marks (Diedrichsen,1998;Werner & Diedrichsen,2002). It
is possible that these differences reflect the fact that par-
ticipants coded the stimulus positions egocentrically in the
pointingtask and allocentricallyin the cognitive/perceptual
tasks.Alone, context-dependentdistortions,as shown in Ex-
periments 1–3, do not necessarily imply that the target loca-
tion was remembered in an allocentric reference frame.
Even an egocentric map of space can give rise to context-
dependent patterns of distortions when both the target and
the landmarkare representedwithin the same map and when
the two representations are allowed to interact.

To test whether we would find a distortion effect away
from the landmark if the participants were forced to base
their pointing movements on allocentric information, we
changed the task demands in Experiment 4. The two land-
marks were shifted unpredictably during the retention in-
terval, and the participantswere instructed to reproduce the
target location relative to the landmarks. Therefore, it was
not possible to preprogram the motor response; the point-
ing movement had to be based on the target-to-landmark
relation.

Figure 7. Increase of the distortion in Experiment 3 with in-
creasing memory interval for the 12 individual participants.
Shown is the repulsion effect from the midline, averaged across
all target positions with a horizontal coordinate of 64.3 cm.
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Method
Participants. Six right-handed participants from the University

of Göttingen, Germany, participated for a payment of 15 DM in a
single 1-h session.

Apparatus and Stimuli. Experimental setup and stimuli were
identical to those in Experiment 3, except that the landmarks were
presented 6.5 cm, instead of 8.7 cm, to the left and the right from the
midline, to allow for landmark displacements. The possible target
locations were scaled accordingly.

Procedure. Each trial began with the presentation of the target
along with the two landmarks for 1 sec, followed by a masking in-
terval of 600 msec. As a starting signal for the pointing movement,
the two landmarks appeared again, but shifted by 7.5 cm relative to
their original locations. Shifts occurred unpredictably toward one of
the four corners of the graphic tablet. As before, the participants
were encouraged to respond quickly. The experiment began with a
practice block of 20 trials, followed by three experimental blocks of
116 trials.

Results and Discussion
Trials with movements starting before mask offset

(6.9%) or with MTs longer than 700 msec (2.3%) were ex-
cluded from data analysis. Responses that deviated from
the target by more than 5 cm were also excluded (0.8%).
The average RT was 354 msec (SD = 45 msec), and the av-
erage MT was 505 msec (SD = 66 msec).

The overall pattern of constant error (Figure 9, upper
panel)was significant across participants [x, F(3.2,15.8)=
14.43, p , .001; y, F(2.1,10.4) = 15.64, p = .001]. Impor-
tantly, we did not find a repulsion effect away from the

landmarks, as has been observed with other experimental
tasks (Werner & Diedrichsen, 2002). Although the pattern
was much more pronounced than that in each of Experi-
ments 1–3, a qualitativelysimilar pattern with marked dis-
tortion away from the midpoint and toward the landmarks
was found.Correlatingeach individual’s distortionpattern in
this experiment (both x- and y-components)with each indi-
vidual’s pattern in the 600-msec condition of Experiment 3
(6 3 12 = 72 possible pairings) yielded an average corre-
lation of .66.

The variableerror (Figure 9, lower panel)was clearly re-
duced for the six positions immediately surrounding each
landmark,as comparedwith thesevenpositionsnear themid-
point between the landmarks [0.34 vs. 0.55 cm for the max-
imal component,F(1,5) = 191.6,p , .001; 0.20 vs. 0.27 cm
for the minimal component,F(1,5) = 37.94,p = .002]. The
variable error in this experiment was substantially larger
than that in the previous experiment, showing that ego-
centric information was used to improve accuracy in Ex-
periments 1–3. The axis of maximal variability was di-
rected toward the landmarks, whereas in the no-landmark
condition of Experiment 1, these were aligned toward the
person. This reflects the two reference frames required by
the different tasks (Carrozzo et al., 2002; Rossetti, 1998).
The pattern of variable error when the landmarks did not
shift appears to be a mixture of these two patterns, indicat-
ing that both egocentric and allocentric information was
used.

Figure 8. Variable error in Experiment 3 for the immediate-pointing, 150-
msec delay, and 600-msec delay conditions.
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In this experiment, it was not possible to memorize the
positionof the target exclusivelyin egocentriccoordinates—
for example, as a preplanned motor program. The spatial
relations between the target and the landmarks had to be
encoded and used to guide the movement. The results
suggest that the distortion arising in this situation does not
differ qualitativelyfrom the distortion patterns in the previ-
ous experiments. This adds credibility to our assertion that
distortionstems from codingof the spatial relationbetween
target and landmarks.

GENERAL DISCUSSION

In this article, we investigated the short-term memory
representation underlying pointing movements to memo-
rized targets. Specifically, the question was whether an
early memory representation that is egocentrically orga-
nized and immune to context-dependentspatial distortions
can be utilized to guide movements (Bridgeman et al.,
1997; Hu & Goodale, 2000; Milner & Goodale, 1995).
Experiment 1 showed that visual nontarget landmarks had
a systematic influence on the endpoints of the pointing
movements, which is evident both in decreased positional
uncertaintynear the landmarksand in the pattern of constant
error away from the midpoint and toward the landmarks.
These effects were clearly stimuluscentered, as was shown
by the differential effects of displays containing only the
left, only the right, both, or no landmarks.

In other studies, we have investigated distortions in vi-
sual memory for targets in the same constellationof land-
marks, using reproductions of the position with a mouse
cursor or same/different judgments as response modali-
ties (Diedrichsen, 1998; Werner & Diedrichsen, 2002;
Werner & Schmidt, 2000). Unlike in the experiments re-

ported here, the landmarks induced a repulsion effect on
the memorized locations for targets in close proximity to
the landmarks.

We do not believe that these differences in the patterns
of constant error are due to a fundamental difference in
the spatial representations used for these tasks. One may
argue that pointing movements are based on egocentric
representations,whereas judgments are based on allocen-
tric representations.However, in Experiment 4, we did not
find any repulsion effect away from the landmarks, even
when the participants were forced to base their pointing
movements on allocentric information.

We hypothesizethat, rather than reflecting qualitatively
different systems for the two response modalities, differ-
ences between the experiments may be due to eye move-
ments or attentional factors. Sheth and Shimojo (2001) re-
cently demonstrated that memory of spatial location is
biased toward fixationand toward salient landmarksand that
this distortion increases with longer memory intervals. In
contrast, a repellent effect of attended, but nonfixated, lo-
cations has been reported (Kerzel, 2002; Suzuki & Ca-
vanagh, 1997). When pointing with the mouse, partici-
pants may spend more time fixating the cursor than they
do during natural pointing movements. However, in our
study, the lengthof the encodingphase allowed several ex-
ploratory saccades. We neither restricted nor recorded eye
movements, which limits the conclusions that can be
made from this study about their role in producing the dis-
tortion effects.

In Experiment 2, we tested whether distortion might be
due to the sudden onset of the landmarks after the mem-
ory interval. When the landmarks were presented only in
the movement phase, a qualitativelydifferent pattern was
found, characterized by a distortion away from the land-

Figure 9. Constant and variable error in Experiment 4. Constant error is
shown magnified by a factor of two (the other figures used a larger magnifica-
tion of three). The ellipses indicate 1 SD dispersion of movement endpoints
around the individual’s average reproduced location.
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marks. The participants reported having focused on the re-
membered target position, so the repellent effect of the
landmark is likely related to the repellent effect reported
for nonfixated irrelevant distractors (Kerzel, 2002;Suzuki
& Cavanagh, 1997). In contrast, the distortion observed in
the presentation-onlyconditionwas similar to the distortion
observed when the landmarkswere present in both phases,
characterizedby a distortion toward the landmark. This in-
dicates that the influence of landmarks on short-term
memory is not limited to situations in which they improve
accuracy.

Experiment 3 showed that the pattern of spatial distor-
tions is already present when pointingmovements are ini-
tiated under full vision of the target. We also found that the
distortion increased in magnitude when the retention in-
terval was lengthened to 150 and 600 msec. It has been
proposed that immediate actions are based on a context-
independent egocentric map that can stay unaffected by
visual illusions for as long as 2–4 sec (Bridgeman et al.,
1997). When the action is delayed further, that represen-
tation deteriorates, and the action become increasingly in-
fluenced by visual context (Bridgeman et al., 1997; Gen-
tilucci et al., 1996; Hu & Goodale, 2000). Although our
results confirm the time dependencyof context-dependent
effects, they are incongruentwith the observation that the
participants switched from an undistorted toward a dis-
torted representation in an all-or-none fashion (Bridgeman
et al., 1997). Rather, the distortion developed gradually
over time and had a very early onset. One critical differ-
ence between our study and the results reported by Bridge-
man et al. (1997) could be the fact that, in the latter study,
the display was not masked after target presentation,mak-
ing it possible for the participants to rely on the visual af-
terimage of the target to guide the pointing movement.
This strategy would have been feasible only for a limited
time (in darkness, probablyin the order of multipleseconds),
after which the participants would have had to rely on a
distorted memory representation.

Most important, we observed a significant influence of
the landmarks on the pointingmovement even when there
was no delay between target offset and start of the move-
ment. We were able to map the emergence of context-
dependent effects on pointing movements for much
shorter retention intervals than had previously been done
(Bridgeman et al., 1997; Gentilucci et al., 1996; Hu &
Goodale,2000).Furthermore, our results extendedprevious
findings by Gourtzelidis et al. (2001) and showed that the
early distortion is present even under natural pointingcon-
ditions. The early presence of these effects clearly contra-
dicts the hypothesis that a pure context-independent ego-
centric representation can be used to guide an action. In
Experiment 2, we provided evidence that the landmarks
introduced a distortion, although they could not be used
strategically to improve accuracy.

There are two possible ways to account for these data.
In a two-representation framework, a gradual shift can be
accountedfor if one proposes that pointingmovements are
based on a mixture between a context-independent ego-

centric map and a map that includes the relative position
of the objectswith respect to one another. The accurate ego-
centric representationdecays rapidly, leading to an increas-
ing influence of the context-dependent representation. Al-
thoughour results are not inconsistentwith this framework,
they indicate that a context-independent egocentric repre-
sentation, should it indeed exist, is immediately accom-
panied by a context-dependentrepresentation and that the
weights of these two representationschangesmoothlyover
time. A suddenswitch between representationsor strategies
is not compatible with our results.

Alternatively, a model that assumes one unitary under-
lying representation can also account for the data. As was
pointed out above, the presence of stimulus-dependentvi-
sual distortions does not imply an allocentric reference
frame. Instead, locations for pointingmovements might be
represented in a map coded relative to an egocentric refer-
ence frame but including multiple objects and their inter-
relations. As information on the target location begins to
decay (Gnadt, Bracewell,& Andersen, 1991;White,Sparks,
& Stanford, 1994), the influence of the other encoded
stimuli in this map increases. Indeed, neural network sim-
ulationsdemonstrate that an increase of lateral interactions
of targets and nontargets can lead to distortion patterns
similar to the ones reported here (Trommershäuser, 2001).

The latter view would imply that the dorsal stream rep-
resents the target of the upcoming action together with
other objects in the surrounding context in the same rep-
resentational medium. Such a view is consistent with the
observation that multiple spatial locations can be repre-
sented simultaneously in dorsal motor areas (Cisek &
Kalaska, 2002). It would also account for the difficulty of
showing a dissociation between the sensorimotor and the
cognitivemodes in terms of susceptibilityto visual illusions
(Bruno, 2001; Franz, 2001). A representation of multiple
objects in the dorsal stream likelyhas functionalbenefits—
for example, for the avoidance of obstacles (Sabes & Jor-
dan, 1997).
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