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CHAPTER 6

Frames of reference in hemineglect: a computational
approach
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Unilateral lesions of the parietal lobe in humans
often lead to a syndrome known as hemineglect
(Heilman et al., 1985; Pouget and Driver, 1999).
These patients experience difficulty processing or
reacting to stimuli located in the hemispace contralateral to their lesion. For instance, after a right
parietal lesion, the case we consider here, patients
fail to eat food located on the left side of their
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plates and forget to dress on the left side of their
bodies. When asked to cross out line segments
displayed on a page, a clinical test known as line
cancellation, they fail to cross out the lines located
on the left side of the page (Fig. 1).
Although it is clear that hemineglect patients
have problems with the left side of space, the frame
of reference of this left hemispace has remained
difficult to delineate. In principle, these patients
could be neglecting only objects falling on their
right retinal hemifield, in which case hemineglect

Fig. 1. A. Typical result for a line cancellation test in a left neglect patient. B. Percentage of correct identification in the Karnath et
al. experiment (1993). In condition 1 (Cl), subjects were seated with eyes, head, and trunk lined up whereas in condition 2 (C2) the
trunk was rotated by 15" to the left. The overall pattern of performance is not consistent with pure retinal or pure head-centered neglect
and suggests a deficit affecting a mixture of these two frames of reference. C, The two displays used in Driver et al. (1994) experiment.
Patients must detect a gap in the upper part of the central triangle. In the top (resp. bottom) display, the object made out of the triangles
is perceived as rotated 60 degrees clockwise (resp. counterclockwise). Left parietal patients detect the gap more reliably in the bottom
display, i.e., when the gap is associated with the right side of the object.

would be purely retinocentric. Alternatively, they
could be neglecting objects located on the left of
their trunk, which would correspond to trunkcentered neglect. Other frames of reference such as
head-centered or environment centered (allocentric) are also possible.
These various possibilities can be disentangled
by fixing the position of the stimulus in one frame
of reference while testing the subject in multiple
postures. An experiment by Karnath et al. (1991)
provides a good example of this strategy. Subjects
were asked to identify a stimulus that could appear
on either side of the fixation point. In order to test
whether the position of the stimuli with respect to
the body affects performance, two conditions were
tested: a control condition with head straight ahead
(Cl) and a second condition with head rotated 15"
on the right (where right is defined with respect to
the trunk) or, equivalently, with the trunk rotated
15" to the left (where left is defined with respect to
the head) (see Fig. lB, C2). In C2, both stimuli
occurred further to the right of the trunk than in C1,
though at the same location with respect to the head
and retina. Moreover, the trunk-centered position of
the left stimulus in C2 was the same as the trunkcentered position of the right stimulus in C1.
As expected, subjects with right parietal lesions
performed better on the right stimulus in the control
condition (Cl), a result consistent with both
retinotopic and trunk-centered neglect. However, to
distinguish between the two frames of reference,
performance should be compared across conditions. If the deficit was purely retinocentric, the
results should be identical in both conditions since
the retinotopic locations of the stimuli do not vary.
On the other hand, if the deficit is purely trunkcentered, the performance on the left stimulus
should improve when the head is turned right since
the stimulus now appears further toward the right of
the trunk-centered hemispace. Furthermore, performance on the right stimulus in the control
condition should be the same as performance on the
left stimulus in the rotated condition since they
share the same trunk-centered position in both
cases.
Neither of these hypotheses is fully consistent
with the data. As expected from retinotopic neglect,
subjects always performed better on the right

stimulus in both conditions. However, performance
on the left stimulus improved when the head was
turned right (C2), though not sufficiently to match
the level of performance on the right stimulus in the
control condition (Cl, Fig. 1B). Therefore, these
results suggest a retinotopically based form of
neglect modulated by trunk-centered factors. In
addition, Karnath et al. (1991) tested patients on a
similar experiment in which subjects were asked to
generate a saccade toward the target. The analysis
of reaction time revealed the same type of results as
the one found in the identification task, thereby
demonstrating that the spatial deficit is, to a first
approximation, independent of the task. Several
other experiments have found that neglect affects a
mixture of frames of reference in a variety of tasks
(Bisiach et al., 1985; Calvanio et al., 1987;
Ladavas, 1987; Ladavas et al., 1989; Farah et al.,
1990; Behrmann & Moscovitch, 1994).
At first glance, these results would appear to be
consistent with current views regarding spatial
representations in the parietal cortex. Several
authors argue that the parietal cortex contains a
mosaic of cortical areas each encoding the location
of an object in one particular frame of reference
and each involved in the control of one particular
behavior (Goldberg, 1990b; Stein, 1992; Colby,
1998).
Large lesions, which are unfortunately quite
common, would be expected to encompass many of
these areas and the resulting neglect would affect
multiple frames of reference. However, neglect
would also be expected to be behavior specific. For
instance, it has been suggested that cells in LIP use
retinotopic coordinates for the control of saccadic
eye movements (Goldberg et al., 1990) whereas
cells in VIP uses head-centered receptive fields for
the control of reaching toward the face (Graziano et
al., 1994; Duhamel et al., 1997). A lesion of these
modules would affect both behaviors but the deficit
would be retinotopic for eye movements and headcentered for reaching. More generally, for any
particular behavior, the deficit should be confined
to one particular set of coordinates. The fact that
Kxnath et al. (1993) found that a mixture of frame
of reference was affected for different tasks, verbal
report vs. saccades, is incompatible with this
prediction.

In this chapter, we suggest a different explanation for the mixture of frames of reference found in
hemineglect subjects. Our approach is based on
interpreting the responses of parietal neurons as
basis function of their sensory inputs. We show that
basis function decomposition is a computationally
efficient way to represent the position of objects in
space for the purpose of sensorimotor transformation. Basis function representations also have the
property that each cell can encode the location of
objects in multiple frames of reference simultaneously allowing them to be involved in the control of
multiple behaviors.
Thus, we concur with previous reports that the
parietal cortex appears to contain multiple modules,
but we argue that, in all modules, each neuron
encodes multiple frames of reference. As a result, a
lesion leads to a syndrome in which each behavior
is affected in multiple frames of reference in all
patients.
In the final section, we also address the issue of
object-centered neglect, which refers to the possibility that patients neglect the left side of object
regardless of the position and orientation of objects
in space. Object-centered neglect is clearly illustrated in an experiment by Driver et al. (1994) in
which patients were asked to detect a gap in the
upper part of a triangle embedded within a larger
object (Fig. 1C). They reported that patients
detected the gap more reliably when it was
associated with the right side of the object than
when it belonged to the left side even when this gap
appeared at the same retinal location across conditions (Fig. 1C).
We show that the basis function framework can
also account for such results without invoking the
existence of explicit object-centered representations. We also discuss other claims about
object-centered neglect and argue that, in many
cases, the deficit is not necessarily in objectcentered coordinates but rather in a relative
viewer-centered coordinate frame (the term viewer
centered here means any frame of reference
centered on a part of the body, such as the trunk or
the eyes). We call this relative neglect and we
demonstrate that basis functions combined with a
temporal selection process are sufficient to account
for this behavior.

This chapter is organized as follow: It starts with
a brief summary of the basis function approach
followed by the description of the architecture used
for the simulations of hemineglect. Next, the
behavior of a lesioned basis function network is
examined in a line cancellation task. Then the issue
of frame of reference is addressed by simulating the
Karnath experiment. Finally, object-centered
neglect is examined in the light of the basis
function approach.

Basis function representation
The basis function model of parietal cortex is
motivated by the hypothesis that spatial representations correspond to a recoding of the sensory inputs
that facilitates the computation of motor commands. This perspective is consistent with Goodale
and Milner's (1990) suggestion that the dorsal
pathway of the visual cortex mediates object
manipulation (the 'How' pathway), as opposed to
simply localizing objects as Mishkin et al. (1983)
previously suggested (the 'Where' pathway). In
general, the choice of a representation strongly
constrains whether a particular computation is easy
to perform or difficult. For example, addition of
numbers is easy in decimal notation but difficult
with Roman numerals. The same is true for spatial
representations. With some representations the
motor commands for grasping may be simple to
perform and stable to small input errors, but in
others the computation could be long and sensitive
to input errors.
A set of basis functions has the property that any
nonlinear function can be approximated by a linear
combination of the basis functions (Poggio, 1990;
Poggio and Girosi, 1990). Therefore, basis functions reduce the computation of nonlinear
mappings to linear transformations - a simpler
computation. Most sensorimotor transformations
are nonlinear mappings of the sensory and posture
signals into motor coordinates; hence, given a set of
basis functions, the motor command can be
obtained by a linear combination of these functions. In other words, if parietal neurons compute
basis functions of their inputs, they would recode
the information in a format that simplifies the
computation of subsequent motor commands.

As illustrated in Fig. 2B, the response of parietal
neurons can be described as the product of a
Gaussian function of retinal location multiplied by
a sigmoid function of eye position. Sets of both
Gaussians and sigmoids are basis functions, and the
set of all products of these two basis functions also
forms basis functions over the joint space (Pouget
and Sejnowslu, 1995, 1997b). These data are
therefore consistent with the assumption that parietal neurons compute basis functions of their inputs
and thus provide a representation of the sensory
inputs from which motor commands can be computed by simple linear combinations (Pouget &
Sejnowski, 1995, 1997b).
It is important to emphasize that not all models
of parietal cells have the properties of simplifying

Fig. 2. A. Idealization of a retinotopic visual receptive field of
a typical parietal neuron for three different gaze angles (ex).
Note that eye position modulates the amplitude of the response
but does not affect the retinotopic position of the receptive field
(adapted from Andersen et al., 1985). B. 3D plot showing the
response function of an idealized parietal neuron for all
possible eye and retinotopic positions, ex and r,. The plot in A
was obtained by mapping the visual receptive field of this
idealized parietal neuron for three different eye positions as
indicated by the bold lines

the computation of motor commands. For example,
Goodman and Andersen (1990) as well as Mazzoni
and Andersen (1995) have proposed that parietal
cells simply add the retinal and eye position
signals. The output of this linear model does not
reduce the computation of motor commands to
linear combinations because linear units cannot
provide a basis set. By contrast, the hidden units of
the Zipser and Andersen model (1988), or the
multiplicative units used by Salinas and Abbott
(1995, 1996), have response properties closer to the
basis function units, and the basis function hypothesis can be seen as a formalization of these models
(for a detailed discussion see Pouget and Sejnowski, 1997b).
One interesting property of basis functions,
particularly in the context of hemineglect, is that
they represent the positions of objects in multiple
frames of reference simultaneously. Thus, one can
recover simultaneously the position of an object in
retinocentric and head-centered coordinates from
the response of a group of basis function units
similar to the one shown in Fig. 2B (Pouget and
Sejnowski, 1995, 1997). As shown in the next
section, this property allows the same set of units to
perfom multiple spatial transformations in parallel.
This approach can be extended to other sensory
and posture signals and to other parts of the brain
where similar gain modulations have been reported
(Trotter et al., 1992; Boussaoud et al., 1993;
Bremmer and Hoffmann 1993; Field and Olson
1994; Brotchie et al., 1995). When generalized to
other posture signals, such as neck muscle proprioception or vestibular inputs, the resulting
representation encodes simultaneously the retinal,
head-centered, body-centered, and world-centered
coordinates of objects.
We recently explored the effects of a unilateral
lesion of a basis function network (Pouget and
Sejnowski, 1997a). The next section describes the structure of this model.

Model organization
The model contains two distinct parts: a network
for performing sensorimotor transformations and a

selection mechanism. The selection mechanism is
used when there is more than one object present in
the visual field at the same time.
Network architecture
The network has three layers with basis function
units in the intermediate layer to perform a
transformation from a visual retinotopic map input
to two motor maps in head-centered and oculocentric coordinates respectively (Fig. 3). The visual
inputs correspond to the cells found in the early
stages of visual processing and the set of units
encoding eye position have properties similar to the
neurons found in the intralaminar nucleus of the
thalamus (Schlag-Rey and Schlag 1984). These
input units project to a set of intermediate units that
contribute to both output transformations. Each
intermediate unit computes a Gaussian of the
retinal location of the object, r,, multiplied by a
sigmoid of eye position, ex:

We consider horizontal positions only because
the vertical axis is irrelevant for hemineglect. These
units are organized in two two-dimensional maps
covering all possible combinations of retinal and
eye position selectivities. The only difference
between the two maps is the sign of the parameter
p, which controls whether the units increase or
decrease activity with eye position.' p was set to 8"
for one map and - 8" for the other map. The
indices (i, j) refer to the position of the units on the
maps. Each location is characterized by a position
for the peak of the retinal receptive field, r,,, and the
midpoint of the sigmoid of eye position, e,. These
quantities are systematically varied along the two
dimensions of the maps in such a way that in the
upper right corner r,, and e, correspond to right
retinal and right eye positions whereas in the lower
left they correspond to left retinal and left eye
positions.
This type of basis function is consistent with the
responses of single parietal neurons found in area
7a. A population of such units forms a basis
function map encoding the locations of objects in
head-centered and retinotopic coordinates simultaneously. The activities of the units in the output
maps are computed by a simple linear combination
of the basis function unit activities. Appropriate
values of the weights were found by using linear
regression to achieve the least mean square error.
This architecture mimics the pattern of projections of the parietal area 7a, which innervate both
the superior colliculus and the premotor cortex (via
the ventral parietal area VIP; Andersen et al.,
1990a; Colby and Duhamel, 1993), where neurons
have retinotopic and head-centered visual receptive
fields respectively (Sparks, 1991; Graziano and
Gross, 1994).

'

Fig. 3. Network architecture. Each unit in the intermediate
layers is a basis function unit with a Gaussian retinal receptive
field modulated by a sigmoid function of eye position. This type
of modulation is characteristic of the response of parietal
neurons.

We use the term retinal position to refer to the position
of the object in space with respect to a frame of reference
centered on the eye. This is not to be confused with the
position of the image of the object onto the retina.
Indeed, due to the optics of the eye, the image of an
object in the right retinal hemifield will be projected onto
the left hemiretina.

Hemispheric biases and lesion model
Although the parietal cortices in both hemispheres
contain neurons with all possible combinations of
retinal and eye position selectivities, most cells
tend to have their retinal receptive fields on the
contralateral side (Andersen et al., 1990a,b).
Whether a similar contralateral bias exists for the
eye position in the parietal cortex remains to be
determined although several authors have reported
such bias for eye position selectivities in other parts
of the brain (Schlag-Rey and Schlag, 1984; Galletti
and Battaglini, 1989; Van Opstal et al., 1995).
In the model, we divide the two basis function
maps into two sets of two maps, one set for each
hemisphere (again the two maps in each hemisphere correspond to two possible values for the
parameter p). Units are distributed across each
hemisphere to create neuronal gradients. These
neuronal gradients induce more activity overall in
the left maps than in the right maps when an object
appears in the right retinal hemifield or when the
eyes are turned to the right, with the opposite being
true in the right maps.
Several types of neuronal gradients can lead to
such activity gradients. The gradients we used for
the simulations presented here affected only the
maps with positive p; that is, maps with units
whose activity increased when the eyes turn right.
In both the right and left maps, the number of units
for a given pair of (r,,, ex,)increased linearly with
contralateral values of eye and retinal location, as
indicated in Fig. 4. The slope of the gradient was
chosen to be steeper for retinal location than for eye
position. This choice was motivated by electrophysiological recordings. As mentioned above, the
retinal gradient is clearly present in experimental
data whereas the eye position gradient is not as
clear. This would therefore suggest that if the eye
position gradient exists - and our model predicts
that it does - it is weaker than the retinal gradient.
A right parietal lesion was modeled by removing
the right parietal maps and studying the network
behavior produced by the left maps alone. The
effect of the lesion was therefore to induce a
neuronal gradient such that there was more activity
in the network for right visual field and right eye
positions.
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Fig. 4. Same as in Fig. 3 but with the intermediate layer split
into right and left hemisphere maps. The arrows indicate the
direction of the neuronal gradient. Each map overrepresents
contralateral retinal and eye positions. A right parietal lesion is
simulated by removing the right map.

The exact profile of the neuronal gradient across
the basis function maps did not matter as long as it
induced a monotonically increasing activity gradient as objects were moved further to the right
retinal position and the eyes fixated further to the
right. The results presented in this chapter were
obtained with linear neuronal gradients.

Selection model
The selection mechanism in the model was adapted
from Burgess (1995) and was inspired by the visual
search theory of Treisman and Gelade (1980) and
the saliency map mechanism proposed by Koch and
Ullman (1985). Unfortunately, most of these existing models are not based on distributed
representations of the kind used in the present
model. Models of stimulus selection, for instance,
typically use local representations in which a

stimulus is characterized by one number, usually
the activity of a single units (Burgess, 1995). In
contrast, distributed patterns of activity occur in the
basis function maps of the present model to
represent one or several stimuli (see Fig. 7B).
Therefore, we had first to reduce the dimensionality of our representation before an existing model
of target selections could be used. A saliency value
was assigned to each stimulus present on the
display. The saliency was defined as the sum of the
activity of all the basis function units whose
receptive field were centered exactly on the retinal
position of the stimulus, ri. This method is
mathematically equivalent to defining the saliency
of the stimulus as the peak in the profile of activity
in the superior colliculus output map.
Once the saliencies of the stimuli were computed, the selection mechanism was initiated. It
involved a repetition over time of three steps:
winner-take-all, inhibition of return and recovery.
On the first time step, the stimulus with the highest
saliency was selected by winner-take-all, and its
corresponding saliency was set to zero to implement inhibition of return. At the next time step, the
second highest stimulus was selected and inhibited,
while the previously selected item was allowed to
recover slowly. These operations were repeated for
the duration of the trial. This procedure ensured
that the most salient items were not selected twice
in a row. However, due to the recovery process, the
stimuli with the highest saliencies might be
selected again if displayed for a sufficiently long
time.
In this model of selection, the probability of
selecting an item is proportional to two factors: the
absolute saliency associated with the item and the
saliency relative to the ones of competing items.
It is possible to implement a selection mechanism similar to the one described here by using
lateral connections within the basis function map
(Cohen et al., 1994). This implementation does not
make an artificial distinction between the representation and the selection mechanism, as made
here, and is more biologically plausible. We favor
the idea that there is no distinction between the
cells responsible for encoding the location of
objects and the ones responsible for selective
attention. However. the model of Cohen et al.

(1994) required complex dynamics and computation-intensive simulations and would have
produced the same results as the present model.
Thus, the selection mechanism used here was
motivated by practical considerations.

Evaluating network performance
We used this model to simulate several experiments
in which patient performance was evaluated
according to reaction time or per cent of correct
response.
In reaction time experiments, we assumed that
processing involves two sequential steps: target
selection and target processing. Target selection
time was assumed to be proportional to the number
of iterations, n, required by the selection network to
select the stimulus using the mechanism described
above. Each iteration was arbitrarily chosen to be
50 ms long. This duration matters only when more
than one stimulus is present, so that distractors
could delay the detection of the target by winning
the competition.
The time for target processing (that is to say,
target recognition, target naming, etc.) was
assumed to be inversely proportional to stimulus
saliency, si.Thus, the total reaction (RT) time was
given by:

The percentage of correct responses to a stimulus
was determined by a sigmoid function of the
stimulus saliency:

where so and t are constants.
This model for evaluating the output is based on
signal detection theory when signal and noise
follow Gaussian distributions of equal variance
(Green and Swets, 1966). This is equivalent to
assuming that the rate of correct detection (hit rate)
is the integral of the probability distribution of the
signal from the decision threshold to infinity.
In line bisection experiments, subjects were
asked to judge the midpoint of a line segment. In
the network model, the midpoint, m, was estimated

by computing the center of mass of the activity
induced by the line in the basis function map.

where r,, is the retinal position of the peak of the
visual receptive field of unit i.
All the results given here were obtained from the
lesioned model in which the right basis function
maps had been removed. For control tasks on the
normal network see Pouget and Sejnowski
(1997a).

Line cancellation
We first measured the saliency of a stimulus as a
function of its retinal location ([ - 30°, 3O0]) and
eye position ([ - 30°, 30'1) after a simulated right
parietal lesion in the basis function network.
Saliency was defined as the summed activity in the
basis function layer in response to the stimulus.
As shown in Fig. 5A, the saliency increased as
the stimulus was moved to the right hemifield or
when the eyes fixated toward the right. This
saliency gradient is a direct reflection of the
underlying neuronal gradient introduced by the
lesion. The fact that the saliency is affected by both

the retinal location of stimuli and the position of the
eyes can account for the fact that neglect affects
multiple frames of reference in the model, as
elaborated in the next sections.
Next, we tested the network on the line cancellation test, in which patients are asked to cross out
short line segments uniformly spread over a page.
To simulate this test, we presented the display
shown in Fig. 5B and ran the selection mechanism
to determine which lines get selected by the network. As illustrated in Fig. 5B, the network only
crossed out the lines located in the right half of the
display, mimicking the behavior of left neglect
patients in the same task (Heilman et al., 1985).
The rightward gradient introduced by the lesion
makes the right lines more salient than the left
lines, As a result, the rightmost lines always won
the competition, preventing the network from
selecting the left lines. The probability that the line
was crossed out as a function of its position in the
display is shown in Fig. 5C, where position is
defined with respect to the frame of the display.
There was a sharp jump in the probability function
such that lines on the right of this break had a
probability near 1 of being selected whereas lines
on the left of the break had a probability near zero
(Fig. 5C).
The sharp jump in the probability of selection
stands in contrast to the smooth and monotonic

Horizontal Position

Fig. 5. A. Saliency gradient in a network with a right lesion. Saliency increases when an object is moved toward the right hemiretina
or when the eyes move right. B. Simulation of a line cancellation task. The network failed to cross out the line segments on the left
side of the page, as in right parietal patients. C. Probability of crossing a line as a function of its horizontal position in the display.
The Iesioned network fails to cross out the lines in the left half of the display as if the neuronal gradient introduced by the lesion was
a step function. The gradient, however, is smooth, and the sudden change in behavior in the center of the display is the result of the
dynamics of the selection mechanism.

'

profile of the neuronal gradient. Whereas the sharp
boundary in the pattern of line crossing may
suggest that the model 'sees' only one half of the
display, the linear profile of the neuronal gradient
shows that this is not the case. The sharp jump is
mainly a consequence of the dynamics of the
selection process: because right bars are associated
with higher saliencies, they consistently win the
competition to the detriment of left bars. Consequently, the network starts by selecting the bar
furthest on the right and due to inhibition of return
moves its way toward the left. Eventually, however,
previously inhibited items recover and again win
the competition, preventing the network from
selecting the leftmost bars. The point at which the
network stops selecting bars toward the left
depends on the exact recovery rate and the total
number of items displayed.
The pattern of line crossing by the network is not
the result of a deficit in the selection mechanism,
but rather is the result of a selection mechanism
operating on a lesioned spatial representation. The
network had difficulty detecting stimuli on the left
side of space not because it was unable to orient
toward that side of space - it would orient to the left
if only one stimulus were presented in the left

hemifield - but because the bias in the representation favored the rightmost bars in the competition.

Frames of reference
The frame of reference of neglect in the model was
examined next. Since Karnath et al. (1993) manipulated head position, their experiment was simulated
by using a basis function map integrating visual
inputs with head position rather than eye position.
As in patients, the performance of the network was
intermediate between retinocentric and trunk-centered neglect (as shown in Fig. 1B). This result is
the direct consequence of the profile of the saliency
gradient induced by the lesion (Fig. 5A). In Fig. 6,
the left and right stimuli are shown in both
conditions superposed on the saliency gradient. In
both conditions, the right is more salient than the
left stimulus and consequently, the performance on
the right stimuli is better. In addition, the saliency
of the left stimulus increases from condition 1 to
condition 2 which account for the better performance on the left when the head is turned right with
respect to the trunk.
Note however, that the saliency of the left
stimulus in the second condition does not match the
saliency of the right stimulus in the first condition

Fig. 6. Right (triangle) and left (circle) stimuli in conditions 1 and 2 of Karnath et al. experiment (Fig. 1B) superposed on top of the
saliency gradient. The lesioned model performed better on the right stimulus than left stimulus because the right stimulus was the most
salient in both conditions. Additionally, perfonnance for the left stimulus increased from condition 1 to condition 2 due to an increase
in saliency. However, the saliency of the left stimulus in condition 2 did not match the saliency of the right stimulus in condition 1
even though they share the same trunk-centered location. This is because the slope of the gradient was steeper along the retinal axis
than along the head position axis. As a result, the model did not perform as well on the left stimulus in condition 2 than on the right
stimulus in condition 1.

even though they share the same trunk-centered
location. This is because the gradient along the
retinal axis and the head position axis were not
equal. This particular choice of gradient was
motivated by physiological constraints as explained
in the section on network architecture.
Our simulations were performed with a complete
lesion of the right parietal map but, in reality,
lesions are incomplete. In some patients, only part
of the right hemisphere might be lesioned. The
saliency gradient will then reflect the combination
of the representation in the left hemisphere and
whatever is left in the right hemisphere. It is
possible that, in some cases, this gradient would
end up being identical along both dimensions in
which case neglect would be purely trunk-centered.
We would predict that such cases, however, to be
very rare.
Therefore, as in humans, neglect in the model
was neither retinocentric nor trunk-centered alone
but both at the same time. Similar principles can be
used to account for the behavior of patients in many
other experiments that involve frames of reference
(Bisiach et al., 1985; Calvanio et al., 1987; Ladavas
1987; Ladavas et al., 1989; Farah et al., 1990;
Behrmann and Moscovitch, 1994).

Object-centered neglect
One of the first studies reporting evidence for
object-centered neglect came from the work of
Caramazza and Hillis (1990) who reported a patient
with a right word-centered neglect. This patient
made spelling mistakes, primarily on the right side
of words, whether the words were presented
horizontally, vertically or mirror reversed (in the
latter case, the right side of the word appeared in
the left hemispace). Since then, several other
studies have observed similar behavior not just for
words but for objects as well.
These studies are reviewed in the first part of this
section. We argue that in most cases, their results
can be explained with what we called relative
neglect, a form of neglect that does not involve a
lesion of an object-centered representation. There
are, however, a few studies that cannot be explained
by relative neglect such as the one by Driver et al.
(1994) described in the introduction. These cases
are addressed in the second part of this section.

Recent single cell data suggest a natural extension
of the basis function framework to object-centered
representations and we explain how this extension
of the basis function hypothesis can account for
Driver et al. results.

Object-centered neglect or relative neglect?
'

The paper by Arguin and Bub (1993) provides a
good illustration of the kind of data typically used
to support object-centered neglect. As shown in
Fig. 7A, they found that reaction times were faster
when a target (the ' x ' in Fig. 7B) appeared on the
right of a set of distractors (C2) instead of on the
left side (Cl), even though the target was at the
same retinotopic location in both conditions.
Although this result is certainly consistent with
object-centered neglect, it is just as consistent with
the idea that patients tend to neglect the parts of the
object the furthest to the left, where left is defined
with respect to the viewer, not the object. In other
words, what matters may be the relative position of
stimuli, or subparts of an object, along the left-right
defined with respect to the viewer. This is what we
call relative neglect. The result of several other
studies can be accounted for with relative rather
than object centered neglect. The only way to
distinguish between these alternatives is to rotate
the object such that the left-right axis of the object
is no longer lined up with the left-right axis of the
object.
This comment applies as well to standard clinical
tests such as line cancellation and line bisection.
Line bisection is a test in which patients are asked
to judge the midpoint of a line. Left neglect patients
typically estimate the midpoint too far to the right.
One might be tempted to conclude this rightward
overshoot is due to neglect of the left side of the
line - a line-centered interpretation. If this were the
case then rotating the line by 45" with respect to the
viewer should have no effect on the performance of
the subject. The left side of the line should still be neglected by the same amount. On the other hand,
if this is an example of relative neglect, then the
overshoot is due to the fact that the subject ignores
the part of the line furthest to the left with respect
to the subject. This would predict that when the line
is vertical, the overshoot should disappear since no
part of the line is further to the left than any other
a

Fig. 7. A. Response times for the Arguin and Bub (1993) experiment for the three experimental conditions illustrated below the graph
(FP, fixation point). The decrease from condition 1 (Cl) to condition 2 (C2) is consistent with object-centered neglect, i.e., subjects
are faster when the target is on the right of the distractors then when it is on the left, even though the retinal position of the target is
the same. The further decrease in reaction time in condition 3 (C3) shows that the deficit was also retinotopic. B. Reaction time
between conditions 1 and 2 decreased due to the change in the relative saliency of the target with respect to the distractors, even though
the absolute saliency of the target was the same in these two conditions (a1 = a2). FP, Fixation point; C3, condition 3

part. Experimental evidence supports the latter
hypothesis. The amount of overshoot is proportional to the cosine of the angle between the line
and the viewer with a minimum when the line is
near vertical (Halligan and Marshall, 1989; Burnett-Stuart et al., 1991).
Interestingly, relative neglect emerges naturally
in our basis function model of neglect. The network
reaction times in simulations of the Arguin and Bub
(1993) experiments followed the same trends
reported in human patients (Fig. 7A). This result
can easily be understood if one examines the
pattern of activity in the retinotopic output layer of
the network for the three conditions in those
experiments. Although the absolute levels of activity associated with the target (solid lines) in
conditions 1 and 2 were the same, the activity of the
distractors (dotted lines) differed in the two conditions. In condition 1, they had relatively higher
activity and thereby strongly delayed the detection
of the target by the selection mechanism. In
condition 2, the distractors were less active than the
target and did not delay target processing as much
as they did in condition 1.
The network also reproduced the further
decrease in reaction time when the whole display,
target and distractors, were moved further right on

the retina (condition 3). This indicates that both the
relative and absolute retinal position play a role in
neglect. This is another example of multiple frames
of reference being affected concomitantly in the
same patient (and model).
The network also showed relative neglect in a
line bisection task. In particular, the overshoot went
away for vertical lines (not shown here, but see
Pouget and Sejnowski (1997) for more details).
To convincingly establish object-centered
neglect, patients should be tested with rotated
objects. Object-centered neglect predicts that the
neglected part will be the left side of the object
whereas relative neglect predicts that it will be the
part of the object the furthest on the left with
respect to the viewers.
Farah et al. have carried out such an experiment
and reported results consistent with relative
neglect. Behrmann and Moscovitch (1994)
obtained similar results except for asymmetric
letters for which the results seemed to indicate
object-centered neglect. However, Drain and
Reuter-Lorenz (1997) have obtained similar results
on asymmetric letters in normals, casting doubt on
the object-centered neglect interpretation.
Tipper and Berhmann (1996) have also reported
data consistent with object-centered neglect. They

used stimuli made of two circles, one on the left
and one on the right. The circles could be linked by
a bar, forming a barbell-like object, or not. They
explored whether priming can be defined in objectcentered coordinates and found that when the right
circle was primed, followed by a 180" rotation
which brought the right circle to the location of the
left circle and vice-versa, the priming stayed with
the right circle (now on the left), but only if the two
circles were linked by the bar.
These results are consistent with the hypothesis
that attention can be allocated in object-centered
coordinates. A simpler interpretation, however, is
that attention is allocated in retinal coordinates and
that the attentional spotlight can move with an
object. Moreover, the fact that attention followed
the left circle only when linked to the other circle
would imply that the dynamical aspects of the
attentional spotlight are influenced by segmentation
factors. Our network model does not include this
mechanism and, consequently, cannot account for
this experimental result on priming. However,
simulations by Mozer shows that Tipper and
Behrmann's result can indeed be explained by
using an attentional spotlight that works in retinal
coordinates (see Mozer's chapter (7) in this book).
What makes this demonstration particularly interesting is the fact that Mozer's model was originally
designed to perform word recognition. It is therefore possible that Tipper and Behrmann's results
are not related to the existence of explicit objectcentered representations (a term we define more
precisely in the next section) but could be a
byproduct of the way the visual system segments
and recognizes words and objects.
Ultimately, there appears to be only one result
that could not be explained without invoking
object-centered representation, namely, the experiment by Driver et al. (1994) described in the
introduction and illustrated in Fig. 1C. We show
next how this result can be related to the response
of single cells using the basis function framework.

Basis finction applied to object-centered
representations
The existence of object-centered representations at
the neuronal level appear to be supported by the

recent work of Olson and Gettner (1995). They
trained monkeys to perform saccades to a particular
side of an object (right or left, depending on a
visual cue) regardless of its position in space.
Ideally, it would have been important to test the
monkey for multiple orientations of the object but
these conditions were omitted in the first study.
Once the monkey had acquired the task, they
recorded the activity of cells of the supplementary
eye field during the execution of the task.
They found that some cells respond selectively
prior to eye movements directed to a particular side
of an object. For example, a cell might give a strong
response before an upward saccade directed to the
left side of the object but no response at all to the
same upward saccade but directed to the right side
of the object. This behavior suggests that some
cells have motor fields defined in object-centered
coordinates which would constitute what we call an
explicit object-centered representation. However,
all the cells recorded by Olson and Gettner can be
interpreted as having an oculocentric motor field a bell-shaped tuning to the direction of the next
saccadic eye movement, where direction is defined
with respect to the fixation point - which is gain
modulated by the side of the object and the
command (Olson, personal communication).
The gain modulation assumption appears to be
supported by recent data from Olson and Gettner,
1998, as well as Breznen et al., 1998. Moreover,
this hypothesis is computationally efficient. Performing saccades to the side of an object specified
by an instruction can be formalized as a nonlinear
mapping from the inputs, the image of a bar and an
instruction, to the output, the motor command for
the saccade (Deneve and Pouget, 1998). An efficient way to proceed is to use basis functions of the
input variables in the intermediate stage of processing. These basis functions could be retinotopic
receptive fields gain modulated by the side of the
object and the command. Figure 8A shows a basis
function neural network that can generate saccades
to a particular side of an object according to an
instruction and independently of the position and
orientation of the object. This is a slightly more
general situation than the one considered by Olson
and Gettner (1995) since the model can handle
arbitrary orientation.

Fig. 8. A. Neural network model for performing saccades to a particular side of an object in response to the image of the object and
an instruction. The input contains a V1-like representation of the image of the object, a set of cells tuned to the orientation of the
object-similar to cells found in the in the infero temporal cortex-and a set of cells encoding the current command. The
supplementary eye field (SEF) layer contains gain modulated cells like the one found by Olson and Gettner, which compute basis
function of the inputs. The motor command in the superior colliculus layer is generated by combining the output of the basis function
units. B. Summed activity generated in the SEF in response to the display used by Driver et al. in a lesioned network. The dotted line
indicated the general orientation of the object. The activity associated with the upper edge of the triangle is the weakest when the object
is tilted clockwise (bottom). This is consistent with Driver's finding that left neglect patients perform worse in this condition.

'

Deneve and Pouget (1998) have explored the
effect of a unilateral lesion in this basis function
model. They assumed that the left hemisphere
overrepresents right retinal location and counterclockwise object rotation (and vice versa for the
right hemisphere). The retinal gradient is identical
to the one used by Pouget and Sejnowslu (1997)
(see the preceding sections). The preference for
counterclockwise object rotation is consistent with
the general principle used for setting the gradients,
namely, the left hemisphere favors any posture
toward the right, such as moving the eye to the
right, rotating the head to the right, or tilting the
head to the right. Indeed, when the head is tilted to
the right, the retinal image rotates counterclockwise. The hemisphere preferring head tilt to the
right should therefore also favor counterclockwise
image rotation.
Figure 8B shows the amount of activity in the
basis function layer of a lesioned network, in
response to the presentation of the triangle display
of Driver et al. The important part to focus on is the

upper edge of the central triangle, the edge for
which the patients are asked to detect the presence
of a gap. As one might expect given the hemispheric gradient, the highest activity is obtained
when the object is tilted counterclockwise. This is
the case for which subjects perceive the edge to be
on the right of the main axis.
This network was not designed to detect the
presence of a gap but a simple signal-to-noise
argument would predict that the presence of the gap
should be more readily detected for counterclockwise than clockwise rotation, as reported by
Driver et al. in patients.
The interesting point to note is that the objectcentered neglect is obtained here even though the
network does not contain an explicit objectcentered representation: it does not use cells with
motor fields or receptive fields in object-centered
coordinates. Instead, the representation uses a more
implicit format, involving basis functions of the
inputs, which is computationally efficient and
consistent with single cell data.

Discussion
The model of the parietal cortex presented here was
originally developed by considering the response
properties of parietal neurons and the computational constraints inherent in sensorimotor
transformations. It was not designed to model
neglect, so its ability to account for a wide range of
deficits is additional evidence in favor of the basis
function hypothesis.
The basis function model captures three essential
aspects of the neglect syndrome: (1) it reproduces
the pattern of line crossing of parietal patients in
line cancellation; (2) the deficit coexists in multiple
frames of reference simultaneously; and (3) the
model accounts for relative and object-centered
neglect. These results rely in part on the existence
of monotonic gradients along the retinal and eye
position axis (or more generally, the posture axis)
of the basis function map. The retinal gradient is
supported by recordings from single neurons in the
parietal cortex (Andersen et al., 1990), but gradients for the postural signals remain to be
demonstrated. The retinal gradient hypothesis is
also at the heart of Kinsbourne's theory of hemineglect (Kinsbourne, 1987) and some models of
neglect dyslexia and line bisection are based on a
similar idea (Mozer and Behrmann, 1990; Anderson, 1996; Mozer et al., 1997).
Other behaviors of hemineglect patients can also
be captured by this model, such as the patterns of
line bisection or the recovery after vestibular
caloric stimulation (see Pouget and Sejnowski,
1997, 1999).
The model presented here cannot account for the
fact that left neglect is much more common than
right neglect (Heilman, 1985). The reason for this
asymmetry is unclear but the common explanation
depends on an asymmetry in the hemispheric
representations. Whereas the left hemisphere may
represent only the right hemifield, the right parietal
cortex appears to represent both hemifields in some
patients (Kinsbourne, 1987). This would suggest
that contrary to what we have assumed in the
model, the gradients in the right and left representations are not simply mirror images. Instead, the
right hemisphere may have a shallower contralateral gradient and the left hemisphere may have a

steeper gradient. An asymmetric gradient would
lead to a preference for the left side of space in a
normal network. There is evidence for such a
leftward preference in normal subjects and it is
therefore possible that the asymmetry observed
with right and left neglect is indeed due to a
difference in the gradients in the left and right
spatial representations (Kinsbourne, 1987; Ladavas, 1990).
One interesting aspect of our approach is that
there is no need to represent explicitly all frames of
reference to account for the behavior of patients.
Instead we have assumed that the position of
objects is represented by basis functions, a representation that spans multiple Cartesian frames of
reference simultaneously. Consequently, any
attempt to determine the Cartesian space in which
hemineglect operates is bound to lead to inconclusive results in which Cartesian frames of
reference appear to be mixed.
This perspective on frames of reference has
interesting implications for rehabilitation of neglect
patients. It is often assumed that left neglect
patients would improve if one could teach, or force,
them to orient toward the left side of space. It has
been shown, for example, that neglect improves
after caloric stimulation of the vestibular system
(consisting of an injection of cold water in the left
ear; see Rubens, 1985), or after the presentation of
a leftward motion flow field (Pizzamiglio et al.,
1990). In both cases, the stimulation induces a
series of left eye movements, or nystagmus, forcing
the subjects to look toward the left. However, this
explanation fails to account for the fact that the
recovery persists for several minutes after the left
nystagmus stops.
The basis function hypothesis suggests a different interpretation. The neuronal gradient in the
lesioned network is such that any change of body
posture toward the right improves the saliency of
visual stimuli appearing in the left retinal visual
hemifield (Fig. 5A). Hence, in the experiment by
Karnath et al. (1993; Fig. 1B), the detection and
recognition of the left visual stimulus improves
when the head is turned toward the right. The same
mechanism could explain the effect of the caloric
and flow field stimulation. Cold water in the left ear
induces an illusion of a head rotation toward the

right. Likewise, a leftward flow field is consistent
with a head rotation toward the right. If the brain
uses a leaky integrator in both of these situations to
compute the amount of rotation, then one would
expect the recovery to persist beyond the period of
stimulation before slowly disappearing.
It might therefore be worthwhile to pursue
rehabilitation methods that take advantage of these
general principles; namely, that patients improve
when they adjust their posture toward the 'good', or
ipsilesional, side of space.
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