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Abstract The position of gaze (eye plus head position)
relative to body is known to alter the perceived locations of
sensory targets. This effect suggests that perceptual space
is at least partially coded in a gaze-centered reference
frame. However, the direction of the effects reported has
not been consistent. Here, we investigate the cause of a
discrepancy between reported directions of shift in tactile
localization related to head position. We demonstrate that
head eccentricity can cause errors in touch localization in
either the same or opposite direction as the head is turned
depending on the procedure used. When head position is
held eccentric during both the presentation of a touch and
the response, there is a shift in the direction opposite to the
head. When the head is returned to center before reporting,
the shift is in the same direction as head eccentricity. We
rule out a number of possible explanations for the differ-
ence and conclude that when the head is moved between a
touch and response the touch is coded in a predominantly
gaze-centered reference frame, whereas when the head
remains stationary a predominantly body-centered refer-
ence frame is used. The mechanism underlying these dis-
placements in perceived location is proposed to involve an
underestimated gaze signal. We propose a model demon-
strating how this single neural error could cause localiza-
tion errors in either direction depending on whether the
gaze or body midline is used as a reference. This model
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may be useful in explaining gaze-related localization errors
in other modalities.
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Introduction

The multiple sensory modalities contribute spatial infor-
mation each in a unique reference frame. Visual stimuli are
initially coded in retinal coordinates, tactile stimuli relative
to the skin surface, and auditory stimuli relative to the
head. These initial representations of stimulus location are
constrained by the anatomy of sensory receptors and need
to be converted to other reference frames to provide per-
ceptually useful information such as location in space.
Higher levels of processing combine information arising
from different sensory modalities into a single coordinate
system or else some hybrid system of multiple simulta-
neous reference frames (Andersen et al. 1993; Cohen and
Andersen 2002; Colby 1998; Deneve and Pouget 2004).
Previous studies have suggested that a gaze-based refer-
ence frame may be the most likely candidate (Azafion et al.
2010; Bolognini and Maravita 2007; Harrar and Harris
2009, 2010; Knudsen and Knudsen 1985; Roder et al.
2004, 2008).

If stimuli are coded relative to gaze, then a gaze signal is
required to transform the location from the reference frame
of the end organs to the central representation. Any sys-
tematic errors in coding the position of gaze would,
therefore, shift the perceived location of stimuli. Indeed,
several authors have demonstrated that eye position is
underestimated (Harris and Smith 2008; Hill 1972; Morgan
1978) and corresponding systematic errors in localizing
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various stimuli have been reported related to eye position
(auditory: Lewald and Ehrenstein 1996a, b; Weerts and
Thurlow 1971; visual: Bock 1986; Fiehler et al. 2010;
Henriques et al. 1998; Lewald 1998; tactile: Harrar and
Harris 2009, 2010). Similarly, eccentric head orientation
has also been found to produce errors in localizing auditory
(Lewald and Ehrenstein 1998; Lewald et al. 2000; van
Goossens and Opstal 1999), visual (Kopinska and Harris
2003; Wexler 2003), and tactile stimuli (Ho and Spence
2007; Pritchett and Harris 2011).

The effects of eye and head position on tactile (Pritchett
and Harris 2011) and auditory (Lewald and Ehrenstein
1998) localization are equivalent. This equivalency sug-
gests that head and eye position may be combined into an
encompassing gaze signal that may then form the reference
for spatial locations. This is consistent with research
showing that several monkey cortical and subcortical areas
use a single signal for gaze where eye and head information
is combined (Martinez-Trujillo et al. 2003).

Although it is known that stimuli are systematically
mislocalized when gaze is eccentric, there are inconsistent
reports on the nature and direction of these localization
errors. In auditory perception, most reports are of perceived
locations shifting opposite to eccentric eye or head position
(van Goossens and Opstal 1999; Lewald and Ehrenstein
1996a, 1998; Lewald 1998; Lewald et al. 2000) although
there are some reports of the perceived location of auditory
targets shifting in the same direction as gaze (Lewald and
Ehrenstein 1996b; Weerts and Thurlow 1971).

Most pertinent to the current study are the contrasting
directions of tactile mislocalization found in response to
head position. Ho and Spence (2007) reported that when
participants localized vibrotactile stimuli presented on the
waist while holding an eccentric head orientation, tactile
localization was biased in the direction opposite to head
position. In contrast, results from this laboratory have
demonstrated that brief touches presented on the forearm
were mislocalized in the same direction as eye (Harrar and
Harris 2009, 2010) and head position (Pritchett and Harris
2011). The current study was therefore conducted to
resolve this discrepancy.

Comparing the studies on tactile localization errors
related to head position (Ho and Spence 2007 vs. Pritchett
and Harris 2011) is not straightforward as the studies differ
along important dimensions. First, different types of touch
stimuli were used and thus different sensory pathways
could potentially lead to differences in the subsequent
position coding. Ho and Spence (2007) used vibrotactile
stimuli at 250 Hz which are primarily detected by the deep
layer Pacinian corpuscles that have large receptive fields
(Janig et al. 1968). Pritchett and Harris (2011) used brief
discrete solenoid touches that are detected primarily by
surface layer Merkel receptors with receptive fields
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substantially smaller than Pacinian corpuscles (Johansson
and Vallbo 1979). There is evidence that information from
these different receptor types may be coded in different
cortical maps (Friedman et al. 2004) that may underlie the
different results reported using these different tactile
stimuli. Second, Ho and Spence (2007) tested tactile
localization on the front of the waist while Pritchett and
Harris (2011) tested the forearm. These two body parts
utilize different body landmarks as tactile reference frames,
which may lead to unique localization biases (Cholewiak
and Collins 2003 for abdomen, Cholewiak 2004 for fore-
arm). Finally, in addition to type and place of stimulation,
the studies used different experimental procedures. Dif-
ferent task demands could lead to different location-
encoding mechanisms. In the study by Ho and Spence
(2007) participants both received stimuli and made their
responses while their heads were eccentrically positioned,
while Pritchett and Harris (2011) had participants return to
straight ahead before responding.

We first replicated and extended the Ho and Spence
(2007) studies using the same kind of stimulation (250 Hz
vibration) and body part (torso) with the participants both
receiving stimuli and making responses with an eccentric
head position. In Experiment 2, we used the same stimuli
and body part but a protocol similar to that of Pritchett and
Harris (2011) where participants received tactile stimuli in
an eccentric head position but returned to center before
responding. Results indicated that it was the type of task
that determined the direction of localization errors and
ruled out the other possible factors listed above.

Experiment 1 and 2 method
Participants

Eight participants (4 male, 4 female, mean age 28 years)
volunteered to participate in Experiment 1. Experiment 2
had eight participants (4 male, 4 female, mean age
31 years), six of whom also participated in Experiment 1.
All reported having a normal sense of touch and normal or
corrected-to-normal vision. All experiments were approved
by the ethics board of York University and followed the
guidelines of Helsinki.

Apparatus

The vibrotactile stimuli were presented using an array of
eight tactors (Model C2, Engineering Acoustics, Florida,
USA) for all experiments. The tactors were mounted on a
belt worn around the participant’s waist. The eight-tactor
array was centered on the participant’s belly button with the
center of each tactor 4 cm from the next. The vibrotactile
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stimuli were at 250 Hz and were of 50 ms duration. The
intensity of each touch was randomly chosen from four
possibilities (37.5, 50, 62.5, or 75 % of maximum intensity)
in order to keep participants from distinguishing the tactor
locations by learning any subtle differences in their
intensities.

Head and eye position were manipulated by fixation
points positioned in space and a laser mounted on a hat
worn on the participant’s head. During testing participants
were seated in a darkened room in a chair chosen for its
high supportive back extending above the head. Partici-
pants maintained a seated upright posture in all experi-
ments. Each experiment used a slightly different set up of
chair position and fixation points to facilitate the different
experimental procedures (see Fig. 1). The details specific
to each procedure are described below.

A 21-inch LCD computer monitor was used to display a
visual scale (described below) for recording the perceived
location of touches and to display fixation points. For all
experiments, the computer monitor was 55 cm from the
viewer when the visual scale was presented. Participants
used a cordless optical mouse to indicate the perceived
location of the touch on the scale.

Visual scale for reporting perceived touch location

Before beginning each experiment, the vibrotactile stimuli
were delivered from each tactor in order from the furthest
right to the furthest left. Participants were instructed to
memorize the location of the end points of the array and to
use the end points of a white bar (35.3° x 0.62° visual
angle) presented on the screen to represent those locations
(as in Ho and Spence 2007). Participants reported the
perceived location of touches by moving a sliding bar
(0.51° x 0.77° visual angle) along the scale by means of a
mouse. The bar could be moved by dragging it, by clicking
on the desired location on the scale, or by clicking the left
or right spaces at the end of the scale. When the participant
was happy with the positioning of the vertical bar they
clicked on an “OK” button at the bottom of the screen.
This response method is the same as used by Ho and
Spence (2007).

The unique details for each experiment are described
below.

Experiment 1

The first experiment was a replication of Ho and Spence
(2007). One change from their protocol was the use of the
head laser to enable participants to reliably position their
heads in all conditions. Participants were arranged with
their head either 90° left, 90° right or straight with the
screen straight ahead of them (Fig. 1). Each trial began

with a fixation cross displayed centered on the screen, the
head-mounted laser was illuminated and the participant
fine adjusted their own head position. This was done to
make the conditions as similar as possible between all the
experiments. After 2 s the fixation cross and laser were
turned off and a vibrotactile stimulus was presented from a
randomly chosen tactor along the array. The visual scale
was displayed on the screen 500 ms later and the partici-
pant indicated the perceived location of the touch. Clicking
the “OK” button led to the beginning of the next trial. Each
of the eight tactors was presented 12 times which took
about 7 min. Once the block was complete, the experi-
menter moved the chair into the next position (see Fig. 1)
and the next block of trials commenced until all three head
conditions had been run. Running order was counterbal-
anced across participants.

Experiment 2

The second experiment followed a procedure similar to
Pritchett and Harris (2011) but with the vibrotactile stim-
ulation on the torso and the response measure (the visual
scale) that was used by Ho and Spence (2007). The chair
was positioned so that the participant looked at the com-
puter monitor with their head and eyes straight ahead.
Target LEDs to indicate required eye and head position
were positioned 90° to the left and 90° to the right of the
participant.

Each trial began by directing the participant to the fix-
ation position for that trial. If it was a head-centered trial,
the fixation cross on the screen was presented. If it was a
left or right head condition trial, an arrow was displayed on
the screen pointing in the appropriate direction, left or
right. The participant was given 2 s to turn their head to the
specified direction and to align their head-mounted laser to
the illuminated LED at 90°. After 2 s the fixation point was
removed, the head laser turned off, and the vibrotactile
stimuli were presented from a randomly chosen location on
the tactor array. The head laser then turned on again and
the participant turned their head back to align the laser with
a centered fixation point before reporting the location of the
touch on the visual scale. The next trial began when they
clicked the “OK” button. Each of the eight tactors was
presented 12 times for each head condition for a total of
288 trials. The experiment was approximately 21 min in
duration.

Data analysis
Participants reported the perceived location of touches on a
linear scale. The furthest left end was coded as 0, and the

furthest right end was coded as 1. Data were transformed
into cm from navel by multiplying by 28 cm, the distance
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Fig. 1 Head and body positions during touch delivery and response are
illustrated for each experiment. In Experiment 1, head position was
manipulated in a blocked design as in Ho and Spence 2007, the head was
eccentric for touch delivery and during reporting perceived touch location.
In Experiment 2, head position was manipulated in a randomized design,
and the head was always returned to the center to report touch location. In
Experiment 3, the touch was always delivered with head centered and the
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Actual Touch Location (cm)

Actual Touch Location (cm)

head then turned before responding. In a, ¢ and e perceived locations
(related to the body midline at 0) of the 8 tactors under head left (dotted line,
square symbol), head right (dashed line, triangle symbol) and head center
(solid line, diamond symbol) are shown for each of three experiments.
Standard error bars are the size of the symbols. In b, d and f the difference
between the head-eccentric and head-centered locations are illustrated for
the three experiments. Error bars show one standard error of the mean
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between the first and last tactor and subtracting 14. For
each participant the mean reported position for each touch
location at each head position was averaged over 12 trials.
This perceived location data were subjected to a two-way
repeated-measures ANOVA. The effect of head position
was quantified by calculating the difference between the
perceived location of a touch during the eccentric head
condition and the perceived position of the same touch
during the centered head condition. This absolute differ-
ence from center data was used as an index of the mag-
nitude of the effect of head position. It was also subjected
to a two-way repeated-measures ANOVA for each of the
three experiments.

Experiment 1 and 2 results
Experiment 1

The mean perceived location of touch with the head held
eccentric is plotted in Fig. la. A significant effect of touch
location (F' (7, 49) = 248.67, p < 0.001) confirmed that the
touch locations could be discriminated. A main effect of
head position was also found (F (2, 14) = 15.92,
p < 0.001) indicating that the perceived position of a touch
was influenced by head position. A trend analysis indicated
that the effect of head position was linear (F (1, 7) = 25.06,
p = 0.002), meaning that left and right head position
affected touch location similarly in magnitude but in
opposite directions. Touches were perceived furthest to the
left in the right head condition (M = 1.03 cm left), more
medially in the centered head condition (M = 0.12 cm
left), and furthest to the right in the left head condition
(M = 0.60 cm right). There was not a significant interac-
tion of head position and touch location (F (14, 98) = 1.45,
p = 0.147).

Further analysis of the effect of head position was
conducted using the difference between the perceived
position of each touch during the head-eccentric trials (left
or right) and the perceived position of the same touch
during the head-centered trials (Fig. 1b). The average
unsigned difference between eccentric and centered head
position was used as an index of the magnitude of the effect
of head position. These data were subjected to a two-way
repeated-measures ANOVA. The main effect of head
position was not significant (F < 1, ns), indicating that left
and right head position effect touch location similarly in
magnitude. Additionally, the touch location main effect
was not significant (F (7, 49) = 2.23, p = 0.11), suggest-
ing that the magnitude of the effect was the same across
touch locations. However, a significant interaction of touch
location by head position was found (F (7, 49) = 5.75,
p = 0.013). As can be seen in Fig. 1b, head position had a

larger effect on touches that were located on the same side
of space. Thus, when the head was positioned to the left the
touches on the left were affected more (M = 11.3 mm left
tactors, M = 6.0 mm right tactors) and when the head was
positioned to the right the touches on the right were
affected more (M = 16.0 mm right tactors, M = 8.7 mm
left tactors).

We hypothesized that holding the head eccentrically for
several minutes might lead to some kind of adaptation,
which might affect the coding of touch location. Therefore,
we calculated correlations between the perceived position
of touch and the time in seconds since the participant had
began that head condition. Pooling across and controlling
for touch location, no evidence for a drift in perceived
position of touch was found for either left (r (766) =
—0.009, p = 0.80) or right (r (766) = 0.055, p = 0.13)
head positions.

Experiment 2

The localization data from Experiment 2 where the head
returned to center before the response was made is plotted
in Fig. lc. These data were analyzed using a two-way
repeated-measures ANOVA. A significant effect of tactor
location (F (7, 49) = 244.83, p < 0.001) confirmed that
touch location could be discriminated. A significant effect
of head position (F (2, 14) = 17.36, p = 0.004) indicated
that the perceived position of a touch was affected by head
position. As in Experiment 1, the effect of head position
was found to be linear (F (1, 7) = 17.82, p = 0.004),
indicating that left and right head positions affected per-
ceived touch location equally in magnitude but opposite in
direction. Touches were perceived furthest to the left when
the head was positioned to the left (M = 1.13 cm left),
more medially when the head was centered (M = 0.11 cm
left), and to the right when the head was right
(M = 1.06 cm right). A significant interaction of head
position by touch location was found (F (14, 98) = 8.57,
p < 0.001), indicating that the effect of head position was
different at the different touch locations. This effect is
further explored in the analysis of the difference-from-
center data (Fig. 1d).

The unsigned difference data were subjected to the two-
way repeated-measures ANOVA. The main effect for head
location was not significant (F (1, 7) = 2.31, p = 0.17),
indicating that the size of the head orientation effect was
equal for the left (M = 1.14 cm) and right (M = 1.34 cm)
head orientations. A main effect of tactor location indicated
that the effect of head position was different depending on
the location of the touch (F (7, 49) = 6.29, p = 0.003).
The head position by touch location interaction was also
significant (F' (7,49) = 9.062, p = 0.002). This indicated
that touches on the same side as the eccentric head position
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were affected more (head left, left touches M = 1.62 cm;
head right, right touches M = 1.94 cm) than those on the
opposite side (head left, right touches M = 0.66; head
right, left touches M = 0.74 cm).

Experiment 1 and 2 discussion

The results of Experiment 1 replicate Ho and Spence
(2007), showing that when touches are localized under
eccentric head conditions the perception is shifted in the
opposite direction of head eccentricity. The results of
Experiment 2 are consistent with the results of Pritchett and
Harris (2011), demonstrating that when a touch is applied
under eccentric head position but reported under centered
head position the perception is shifted in the same direction
of head eccentricity.

We can therefore conclude that the opposing results are
not due to the different body parts tested (torso vs. arm) or
to the type of touch stimuli used (vibration or tap). We can
also rule out adaptation affects during the blocked head
condition trials of Experiment 1 as no systematic drift in
perceived touch location was found across time.

Other differences between the two procedures are that
the scale used for response in Experiment 1 was viewed
with the head-eccentric and that it was necessary to
remember and update the location of the touch after
moving the head in Experiment 2. Experiment 3 was
therefore designed to test the possible contribution of these
two factors. In Experiment 3, touches were delivered while
the head was centered, but the response was made with
head-eccentric; thus, the scale was viewed with head-
eccentric (as in exp 1), and it was necessary to remember
the location of the touch during a movement (as in exp 2),
but the touches were delivered with the head and eyes
centered.

Experiment 3
Participants

Eight participants (4 males, 4 females, mean age 28 years)
completed Experiment 3. Five of them had also completed
both Experiments 1 and 2.

Method

Participants were arranged with their body pointing either
to the left, right, or straight toward the screen for each
block of trials. In conditions where the participant was not
facing the monitor, an LED was placed directly in front of
the participant as a fixation point; when facing the monitor,
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a cross displayed on the screen was used. To begin each
trial the central fixation point and the head-mounted laser
were illuminated and participants aligned their eyes and
head with this point. After 2 s the fixation and head-
mounted laser were turned off, and a touch was presented
from a randomly chosen tactor on the array. Next, the laser
and a fixation cross on the computer monitor were illu-
minated. Participants were given 2 s to align the head laser
with the fixation cross. Next the visual scale was displayed
on the screen. The participant reported the perceived
location of the touch on the scale and clicked the “OK”
button. This triggered the beginning of the next trial. The
participant turned their head back to the centered location
and aligned the laser and their eyes with the fixation point
ready for the next trial. Each of the 8 tactors was presented
12 times before the block terminated in approximately
7 min. The chair was then repositioned, and the next head
condition was run until all three had been completed.
Conditions were counterbalanced across participants.

Results

The localization data from Experiment 3 are plotted in
Fig. le, f and were analyzed using a two-way repeated-
measures ANOVA. The main effect of touch position was
significant (F (7, 49) = 539.10, p < 0.001), indicating that
the touches could be discriminated. The main effect of
head position was not significant (F (2, 14) = 2.56,
p = 0.12), indicating that the touches were perceived
similarly regardless of the position of the head at the time
when the location was reported. Finally, the touch location
by head position interaction was not significant (F (14,
98) = 0.77, p = 0.54). These results indicate that there
was no effect of head position on the response. This
suggests that there were no effects of eccentrically viewing
the scale in Experiment 1 or of moving the head in
Experiment 2.

General discussion

The experiments described here confirm that there is a
systematic effect of head position on perceived touch
location and that this depends critically on the procedure
used to measure it. We have successfully reproduced the
effect of shifting touch in the opposite direction of eccen-
tric head position when following the procedure of Ho and
Spence (2007). And we replicate the effect of shifting
perceived touch location in the same direction as head
position when following procedures more similar to
Pritchett and Harris (2011).

The present experiments allow us to rule out some
explanations for the opposing effects. The difference is not
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A Body  perceived

Perceived
Gaze

Fig. 2 Model of how an eccentric head position may shift perceived
touch location in either the same or opposite direction as head
position. Solid lines represent accurate locations, dashed lines
represent perceived locations (of body and gaze in a and of touch
in b, ¢). a Illustrates different consequences of an underestimated
gaze angle. The perceived body center is shifted toward gaze and

simply due to type of touch (vibration or tap) or to the body
part tested (torso vs. arm). We can rule out adaptation
effects during the blocked head condition trials of Exper-
iment 1 as no systematic drift in perceived touch location
was found across time. Finally, the null results of Experi-
ment 3 demonstrate that the difference cannot be simply
explained as resulting from eccentric viewing of the scale
in Experiment 1, or from moving the head in Experiment 2.
Instead, the results point to different mechanisms for
encoding, storing, or retrieving touch location in the two
experimental situations.

Lewald and Ehrenstein (1996a) argued that auditory
localization was only found to move in the direction oppo-
site to gaze when a visual reference was used and that the
effect of gaze on visual localization was larger than it was on
auditory. This combination can, therefore, make it appear as
if auditory localization is shifted in the same direction as
gaze because of the opposing effects of gaze on the sound
stimulus and on the visual reference used to measure it. Our
control study rules out effects of the probe scale as an
important contributor to the results reported here. We offer
another explanation for opposite effects of gaze on the
perceived location of touches in different situations.

Why are gaze-induced localization errors found
in opposing directions?

Holding the eyes eccentrically shifts the perceived body
straight ahead in the same direction as the eyes (Harris and
Smith 2008; Hill 1972; Morgan 1978). Similar results have
also been found when the head rather than the eyes is held
eccentrically (Yamaguchi and Kaneko 2007). That is, the
angle between the body and eye straight ahead is underesti-
mated. As shown in Fig. 2a, an underestimated representation

B Perceived Actual
Touch Touch

]
I

Body

C Actual Perceived
Touch To

perceived gaze is shifted toward the body (see text for details). b The
result of coding relative to a shifted body midline is that the perceived
location of touch is shifted in the direction opposite to head position.
¢ The result of coding relative to a shifted gaze direction is that the
perceived location of touch is shifted in the same direction as head
position

of gaze eccentricity can be described as perceiving the
body straight ahead as shifting toward gaze, that is, in the
same direction as head position (as in Hill 1972 Experi-
ment 2 and 3). Or, it may be regarded as the location of
gaze moving closer to the actual body, that is, a shift in the
direction opposite to head position (as in Hill 1972
Experiment 4). Thus, which direction the perceived touch
location shifts may be dependent on the frame of reference
(body or gaze) to which it is attached.

As shown in Fig. 2b, if the body midline were shifted in
the same direction as head position, any location coded
relative to body midline would show errors in the direction
opposite to head position. In contrast, Fig. 2c shows that if
perceived gaze were shifted in the opposite direction of
head position, then any stimuli coded relative to gaze
would show errors in the same direction as eccentric
position. We therefore conclude that the opposing effects
of gaze eccentricity described here may be the result of
coding stimuli relative to the body in Experiment 1 and
relative to gaze in Experiment 2.

This explanation is consistent with work in the auditory
domain. Numerous reports exist of auditory perception
shifting in the direction opposite to gaze (Kopinska and
Harris 2003; Lewald and Ehrenstein 1996a, b, 1998). The
explanation offered for this shift has been that it is linked to
a shifted perceived median of the head. When participants
were asked to adjust a dichotic sound until it sounded as if
it were in the middle of the head while their eyes (Lewald
and Ehrenstein 1996a, 1998) or head (Kopinska and Harris
2003; Lewald and Ehrenstien 1998) were turned, partici-
pants consistently adjusted the sound such that it was more
intense in the ear on the same side as gaze. This indicated
that they perceived the sound as shifted in the direction
opposite to gaze.
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Mechanism

Touch location is initially coded by a labeled-line system
where the nerve endings in the skin transmit information
to the primary somatosensory tactile homunculus. If the
conscious perception of touch arose from that represen-
tation, then no systematic errors related to gaze position
would be expected: perceived touch location should cor-
respond directly to actual touch location. However, the
parietal cortex contains many spatial representations that
are responsive to tactile as well as visual and auditory
stimulation (Avillac et al. 2005; Cohen and Andersen
2002; Galati et al. 2001; Mullette-Gillman et al. 2005;
Schlack et al. 2005). These multisensory maps are thought
to code space in different coordinate systems. For exam-
ple, the lateral intraparietal area (LIP) of the monkey
seems to code space not only in an eye-centered repre-
sentation but also relative to head-centered and interme-
diate reference frames (Mullette-Gillman et al. 2005;
Stricanne et al. 1996), while the ventral intraparietal area
(VIP) seems to code space in a body-centered represen-
tation (Sereno and Huang 2006). Converting touch infor-
mation from a body representation into head, eye, or gaze
frames requires taking eye and head position into account.
Inaccuracies in the representation of head, gaze, or eye
position thus get passed along as tactile space is converted
into such a frame.

Why are our effects asymmetrical?

A noticeable feature of our data is the asymmetry of the
effects on the left and right sides of the body (Fig. 1b, d).
When the head was turned to the left the touches on the
left side of the body were more affected, and when the
head was turned to the right the touches on the right side
of the body were more affected. This is true for both
Experiment 1 and 2 as can be clearly seen in the data of
Fig. 1a, b. It seems that only the touches on the same side
of the body as the direction of gaze are affected. When
interpreted in the context of the frame conversion model,
this might suggest that only touches within the current
visual field are recoded relative to the body midline or
gaze. The non-affected touches, which are outside the
visual field, may remain coded in the original somatotopic
reference frame. This is consistent with other work
showing that vision affects coding of touch location
(Haggard et al. 2007; Kennett et al. 2001; Sathian and
Zangaladze 2002; Tipper et al. 2001). Another possibility
is that touches on the side of the body opposite to gaze are
coded in both gaze- and body-centered coordinates
simultaneously with equal weighting. In that case, the
opposite-directed errors could cancel out.

@ Springer

Conclusion

The results of the experiments described here suggest that
perceived locations of tactile stimuli are coded differently
depending on the situation. In the static design of Experi-
ment 1 and Ho and Spence (2007), touch location may be
coded relative to the body, while in the more dynamic
conditions of Experiment 2 and Pritchett and Harris (2011),
touch may be coded relative to gaze. This may be con-
nected to using a more centralized, gaze-centered reference
frame when the locations of touches need to be remem-
bered and reconstructed after a move. These findings may
have important applications in designing working envi-
ronments as spatial representations may be different
depending on context and task demands. Drivers, pilots or
users of backhoes, for example, may interpret the location
of tactile objects differently depending on the situation and
where they are looking. These findings may improve our
understanding of the different patterns of spatial neglect
that are seen in parietal brain damage patients attempting
different tasks (see Colby 1998) and may have implications
for the blind.
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