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Abstract. Within biologically constrained models of heading and complex motion processing, localization of the
center-of-motion (COM) is typically an implicit property arising from the precise computation of radial motion
direction associated with an observer’s forward self-motion. In the work presented here we report psychophysical
data from a motion-impaired stroke patient, GZ, whose pattern of visual motion deficits is inconsistent with this
view. We show that while GZ is able to discriminate direction in circular motions she is unable to discriminate
direction in radial motion patterns. GZ’s inability to discriminate radial motion is in stark contrast with her ability
to localize the COM in such stimuli and suggests that recovery of the COM does not necessarily require an explicit
representation of radial motion direction. We propose that this dichotomy can be explained by a circular template
mechanism that minimizes a global motion error relative to the visual motion input, and we demonstrate that a sparse
population of such templates is computationally sufficient to account for human psychophysical performance in
general and in particular, explains GZ’s performance. Recent re-analysis of the predicted receptive field structures
in several existing heading models provides additional support for this type of circular template mechanism and
suggests the human visual system may have available circular motion mechanisms for heading estimation.
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Perceptual information regarding heading (i.e., direc-
tion of self-motion), time to contact, object motion,
depth, and scene segmentation can all be recovered to
various degrees by analyzing the motion components
(spiral, planar, etc.) comprising optic flow; for review
see (Andersen, 1997; Vaina, 1998). These motion com-
ponents can themselves be broken down into more ba-
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sic properties (speed, direction, center-of-motion etc.)
whose associated computational and neural mecha-
nisms have been postulated to form the basis for the ex-
traction of perceptually relevant information from the
visual scene (Albright and Stoner, 1995; Cornilleau-
Peres and Gielen, 1996; Duffy and Wurtz, 1995).

The extraction of heading from optic flow can, for
example, be reduced to the ability of the visual system
to localize the focus of expansion associated with the
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observer’s self-motion. Since, under natural conditions,
the optic flow field generated by self-motion is only one
component of a complex retinal flow field containing
object, eye, and/or head motions, the computational
task can be segregated into two distinct elements. The
first involves the extraction of the observer’s self-
motion from the visual scene and the second requires
localization of the corresponding focus-of-expansion,
or more generally the center-of-motion (COM), asso-
ciated with the observer’s forward motion (Bruss and
Horn, 1983; Gibson, 1950; Warren et al., 1988).

Within biologically constrained models of heading
estimation, localization of the COM has typically been
an implicit property arising from the global pattern of
local motion directions to which a neuron is preferen-
tially responsive (Cameron et al., 1998; Hatsopoulos
and Warren, 1991; Perrone, 1992; Perrone and Stone,
1994; Zemel and Sejnowski, 1998). Computationally
this template matching implementation seems reason-
able given the wealth of psychophysical (Burr et al.,
1998; Freeman and Harris, 1992; Meese and Harris,
2002; Morrone et al., 1995; Snowden and Milne, 1996)
and neurophysiological (Anderson and Siegel, 1999;
Duffy and Wurtz, 1991; Geesaman and Andersen,
1996; Graziano et al., 1994; Schaafsma and Duysens,
1996; Siegel and Read, 1997) data supporting the ex-
istence of specialized detectors for the motion pattern
components (e.g., radial and spiral motions) typically
encountered during self-motion through a rigid envi-
ronment. In such “motion template” models heading
is estimated by identifying the template whose motion
pattern most directly matches the motion within the vi-
sual scene. Under these conditions, localization of the
COM for heading is directly tied to the wide-field ra-
dial structure of the local motion directions associated
with an observer’s forward self-motion.

In the work presented here we report psychophysical
data from a motion-impaired stroke patient, GZ (Vaina
and Rushton, 2000), that is at odds with the generally
accepted view that precise computation of radial mo-
tion direction within optic flow is necessary to recover
the COM associated with self-motion (Bruss and Horn,
1983; Rieger and Lawton, 1985). The pattern of GZ’s
visual motion deficits suggests that localization of the
COM need not be based on radial templates matched
to specific heading trajectories, but may instead be me-
diated by a circular template mechanism whose com-
putational structure is insensitive to gross changes in
radial motion direction (e.g. expansion vs. contraction)
but is tightly coupled to the deviations in local motion

direction inherent in shifting the radial COM. Together
with the development of a computational model that
minimizes a global circular motion error relative to the
visual motion input, we demonstrate that a sparse pop-
ulation of circular templates is computationally suffi-
cient to spatially localize the COM and account for
GZ’s psychophysical performance. Such circular tem-
plate mechanisms have been proposed to play a role in
estimating heading (Beintema and van den Berg, 1998;
Beintema et al., 2004) and together with the results pre-
sented here suggest that the human visual system may
have available circular motion mechanisms for process-
ing self-motion.

Material and Methods
Observers

In total, 27 normal right-handed observers (not in-
cluding patient GZ) participated in the psychophysical
tasks: 16 in the motion pattern coherence task and 11 in
the shifted center-of-motion (COM) task. All observers
had normal or corrected to normal vision. Prior to par-
ticipation in the study written informed consent was
obtained from all subjects in accordance with Boston
University’s Institutional Review Board Committee on
research involving human subjects.

Motion Pattern Coherence Task

In the motion pattern coherence task observers were
required to discriminate the direction of radial (expan-
sion vs. contraction) or circular (clockwise (CW) vs.
counter-clockwise (CCW) rotation) motion formed by
a proportion of coherently moving ‘signal’ dots. Within
each motion sequence dots were randomly assigned
as ‘signal’ or ‘noise’ on a frame-by-frame basis such
that signal dots moved with a velocity of 3°/s in direc-
tions consistent with the motion pattern being presented
and noise dots were randomly repositioned within the
stimulus aperture (Fig. 1(a)). Across the population of
dots, this resulted in a decreasing probability of unin-
terrupted local motion for the ith dot (d;)
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Pa) = [100%}

that was a function of the motion pattern coherence
(Cp), i.e, proportion of signal to noise dots, and the
number of consecutive signal frames (n).
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Figure 1. Motion pattern coherence task. (A) In a single interval

task, observers were required to discriminate the direction of ra-
dial (expansion vs. contraction) or circular (clockwise vs. counter-
clockwise rotation) motion formed by a proportion of coherently
moving ‘signal’ dots. Within each motion sequence dots were ran-
domly assigned as ‘signal’ or ‘noise’ on a frame-by-frame basis
such that signal dots moved in directions consistent with the mo-
tion pattern being presented and noise dots were randomly reposi-
tioned within the stimulus aperture. (B) Motion pattern coherence
thresholds (£SD) for radial (circles) and circular (diamonds) mo-
tions. Seven months after the lesion GZ remained unable to discrim-
inate direction in radial motions (asterisk), consistently performing
at chance across a wide range of speeds (3—30°/sec), even for stim-
uli containing fully coherent motion. In contrast, her ability to dis-
criminate direction in circular motions (open diamond) was normal
for stimuli presented with central fixation (Difference = 2.22% <

20controls)-

Each motion sequence was presented for 880 ms
(22 frames; 40 ms per frame) and consisted of a dy-
namic random dot display containing 157 white dots
presented on a black background (79.2 and 3.9 Cd/m?
respectively) and uniformly distributed within a 10°
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circular aperture (54 cm viewing distance). All stimuli
were presented on a 17" Apple Studio Display moni-
tor with a screen resolution and refresh rate of 832 x
624 pixels and 75 Hz respectively.

For each observer and class of motions, radial and
circular, discrimination thresholds were obtained for
stimuli presented with central fixation. Within a test
session, discrimination thresholds for opposing mo-
tions (e.g., expansion vs. contraction) were measured
as a function of the stimulus coherence using a single
interval adaptive staircase paradigm. Thresholds within
each staircase were estimated at the 79% criterion as
the mean over the last six reversals within the 3-down,
1-up phase of the paradigm.

Shifted Center-of-Motion (COM) Task

In the shifted center-of-motion (COM) task, observers
were presented with pairs of expanding or contracting
motions whose COM was shifted to the left and right
of a central fixation (Fig. 2(a)). For each pair of motion
pattern stimuli (expansion or contraction), the COM
was shifted within the central 4° formed by an illusory
inner stimulus aperture and the observer’s task was to
select the stimulus whose COM was shifted to the right
of the central fixation marker. Since the COM was not
explicitly visible during presentation, observers were
forced to infer its position by integrating the local dot
trajectories across the global motion pattern.

Stimuli consisted of a dynamic random dot dis-
play containing 190 uniformly distributed dots pre-
sented within a 24° diameter annular region (central 4°
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Figure 2. Shifted center-of-motion (COM) task. (A) Schematic representation of the shifted COM task for radial motions. Stimuli consisted of
coherent expanding or contracting dynamic random dot displays presented in a 24° annular region, with the central 4° removed. In a 2-TAFC task
observers were required to select the stimulus whose COM was shifted to the right of a central fixation (filled square). (B) COM discrimination for
radial motions. GZ’s proportion correct (SD) across constant stimulus levels (diamonds) is plotted against the range in performance recorded
across eleven normal observers (shaded region). While GZ’s performance remained greater than chance across the constant stimulus levels
tested, her ability to discriminate small shifts (1-2°) in the COM was somewhat impaired relative to controls.
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removed) on a gray background (5.2 Cd/m?). All
stimulus apertures were illusory as defined by an ab-
sence of dots.

Stimuli were generated off-line and presented on a
17" Apple Studio Display monitor at a 54 cm view-
ing distance with a screen resolution and refresh rate
of 832 x 624 pixels and 75 Hz respectively. Dot lu-
minance was set to 9.3 Cd/m? to reduce static cues
associated with phosphor relaxation across successive
screen refreshes while maintaining contrast at supra-
threshold levels (i.e., 28%).

At the subject viewing distance each dot subtended
9.8 minutes of visual angle and moved through a ra-
dial speed gradient whose maximum speed at the outer
stimulus aperture was 43.9°/sec. All dots moved co-
herently with an average dot speed of 30°/sec in direc-
tions consistent with the global motion pattern being
presented (i.e., expansion or contraction) and uniform
dot density was actively maintained throughout the
stimulus presentation (Clifford et al., 1999). Dot life-
times were limited to eleven frames (147 ms) and coher-
ent flicker associated with dot replacement was mini-
mized by uniformly distributing the initial dot lifetimes
among the first eleven frames.

During the task, stimulus duration was randomly set
to one of seven discrete values, spanning the range 33 +
3 frames, to minimize the use of local dot displace-
ments within the speed gradient as a cue to localize
the center-of-motion. Across trials, this resulted in a
pseudo-random stimulus duration spanning the range
440 £ 40 ms.

Discrimination for the magnitude of the COM shift
was quantified using a two-temporal alternative forced
choice constant stimulus paradigm. Within each test
session observers were presented with pairs of pseudo-
randomly interleaved expanding and contracting mo-
tion patterns (500 ms inter-stimulus interval). Percent
correct performance for the temporal order of each left-
right shifted stimulus pair was measured as a func-
tion of the shift in the COM across four randomly
interleaved constant stimulus levels (128 stimuli per
session).

Discrimination thresholds for normal observers were
calculated at the 82% criterion for each constant stim-
ulus session using a least-squares Weibull fit to the
psychometric function estimated across constant stim-
ulus levels. A x? goodness-of-fit was calculated for
each psychometric function to exclude data sets with
poor curve fits from further analysis (x2(v) < xz(v);
p < 0.05), where X,%(v) is the rejection criterion (p <

0.05) for a data set containing (v) degrees of freedom
(Bevington, 1969). For each observer, expansion and
contraction thresholds were averaged separately across
3—7 constant stimulus sessions to quantify the differ-
ence in COM discrimination between opposing motion
patterns.

Circular Template Model

During observer motion, the corresponding motion of
a point (X, Y, Z) in the external environment can be
instantaneously described by three translational (7,
Ty, T.) and three rotational (£2,, €2,, €2;) components
of motion defined along the X, Y, and Z axes rela-
tive to the observer. For an image plane located a focal
distance ( f) from the observer, the projective transfor-
mation of each point (X, ¥, Z) from 3-D space into the
2-D (x, y) image plane is given by
X Y

x=f-. y=r3
The corresponding projection of the observer’s 3-D
motion is given by the optic flow field V = (u, v)

—fTc +xT,  xy

ux,y) = ~ +7§2x
)C2
_(f+7>9y_y9z
—fT, +yT,
v(x,y) = fy%
2
+<f+y7>szx—%szy—xszz

where u(x, y) and v(x, y) correspond to the x- and y-
components of the image motion at the point (x, y),
(Longuet-Higgins et al., 1980). In this formulation, the
location of the COM associated with the observer’s
translational motion corresponds to the direction of
heading and is given by the point (v = fT,/T.,n =
fT,/To).

From the expressions for u(x, y) and v(x, y) it is
clear by inspection that V(x, y) can be decomposed
into a sum of two vector fields associated with the trans-
lating Vr(x, y) and rotating V(x, y) components of
the observer’s self-motion:

V(x’ )’) = VT(xv Y)+ VQ(.X', )’)

Since the direction of self-motion, (7, 1), is uniquely
specified by the translational components of the ob-
server’s motion, the task of estimating heading can



How Can a Patient Blind to Radial Motion Discriminate Shifts

be reduced to one of localizing the COM associated
with the velocity field Vr(x, y) under conditions in
which (a) the rotational components of the observer’s
motion V,(x, y) have been segmented from the op-
tic flow or (b) when there is no rotational motion,
Vo(x, y) = 0.

If we define a series of circular templates within the
visual field parameterized only by the locations of their
centers-of-motion (xg, yo) such that the local template
motion at any point is given by

then the COM of the optic flow can be localized by
computing a generalized scalar function whose norm is
quadratic in terms of xy and yg (Sundareswaran, 1992).
For a circular template sampling an arbitrary optic flow,
we can define the scalar product U (x, y) across all lo-
cations in the image plane such that

Utxg,yo)(x, ¥) = V(x, y) - (=y + Yo, x — xp)
= Vr(x,y) - (=y + Yo, x — xo)
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+ VQ(X, y) . (_y + Yo, X — )C())
T Q
= Uy 2) + Uy ) (X5 9)

where U&m yO)(x, y)and U(gfo, y())(Jc, y) correspond to the
translational and rotational components of the scalar
product for the circular template whose COM is located
at (xo, yo). By definition the scalar product will be zero
when all local motion points are mutually orthogonal
to the circular template.

For simple radial motions presented during fixation,
such as those used in the shifted COM task, no rota-
tional motion components are present in the resulting
optic flow (i.e., Vq(x, y) = 0). Under these conditions
the local motions of a circular template will be mutually
orthogonal to the underlying radial motion only when
the stimulus and template centers-of-motion coincide
(Fig. 3(a)).

If we define a scalar error, E(xg, yo), calculated
across circular template locations (xg, yo) such that

E(x0, yo) = ”U(Xo,yo)(x’ y)H2
= ”U(io,yo)(x’ )7)‘

2
El

when Vo(x,y) =0

Error

Figure 3. Circular template model (A) Schematic example of a circular template sampling eight locations (small circles) of an expanding
motion pattern in which the template center (xo, yo) and the stimulus COM coincide. At each location the local motion of the circular template
(black arrows) is orthogonal to the local motion in the stimulus (gray arrows). (B) Error surface, E (xg, o), resulting from a uniformly distributed
population of circular templates, parameterized by their centers (xg, yo), where each template samples the same set of motion locations in the
stimulus (Sundareswaran, 1992). By definition, the global minimum corresponds to the circular template whose local vectors are most orthogonal
to the stimulus motion, which occurs when the template center and stimulus COM coincide. (C) Error surface for the circular template model
simulated here. In the model each template samples a different set of randomly chosen motion locations in the stimulus. Together with the presence
of radial speed gradients in both the stimulus and the circular templates the random selection of local motions introduced a multiplicative noise
whose magnitude is proportional to the template error, E(xo, yo). As in (B), E(xg, yo) contains a single global minimum corresponding to the

template whose center coincides with the stimulus COM.
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then E(xp, yo) is associated only with the transla-
tional component of the scalar product, U(Z;Uﬁyo), when
Va(x,y) = 0. It can be shown that since U&WO) is
a function only of (xg, y¢) the resulting error sur-
face E(xg, yp) is quadratic such that it contains a
single (global) minimum (Fig. 3(b)). Since, by defi-
nition, the global error minimum corresponds to the
circular template most orthogonal to the stimulus mo-
tion, its location (xo, yo) within the template space
can be used to estimate the location of the stimulus
COM.

Simulating the Shifted COM Task—Circular
Template Model

To test the model’s performance on the shifted COM
task, vector field representations of the shifted radial
motion stimuli were presented to the model. Each stim-
ulus consisted of 190 motion vectors randomly po-
sitioned in an annular stimulus window whose outer
aperture was inscribed within a 32 x 32 vector field
of image locations (x, y). To prevent resolution arti-
facts associated with the reduced number of image lo-
cations (relative to the 832 x 624 screen resolution in
the psychophysical task), the location of the COM was
continuously valued within the simulated stimulus and
thus was not constrained to correspond to specific im-
age locations. Unless otherwise specified the direction
and speed (i.e., magnitude) of each motion vector were
consistent with the type of shifted motion pattern begin
presented. All other matrix locations were zero.

The model consisted of a sparse population of 54 cir-
cular templates whose centers (xg, yo) were randomly
distributed across the 32 x 32 grid of possible image
locations (x, y). Each template consisted of a 32 x
32 vector field containing nonzero vectors given by
(=y 4+ yo0, x — xo) for all image locations contained
within the stimulus annulus. For each stimulus the er-
ror E(xg, Yo), associated with the template (xo, yo),
was calculated as the scalar product between N ran-
domly chosen nonzero stimulus motion vectors and
their corresponding template vectors. For each stim-
ulus, the spatial location of the COM was estimated
from the resulting error surface using a least-squares
estimate of the global error minimum obtained across
the template population (Fig. 3(c)).

Equivalent measures of perceptual performance
were obtained from the model using the procedures out-
lined in the psychophysical task by comparing COM
estimates between left/right shifted stimulus pairs. For

each left/right shifted stimulus pair, the model’s perfor-
mance was judged to be correct if Xief; shift < Xrighe shift-
As with the psychophysical task, discrimination thresh-
olds (82% criterion) were estimated from a least-
squares fit to the psychometric function measured using
a constant stimulus paradigm.

Where indicated in the simulations, motion noise
was incorporated into the stimulus by pseudo-randomly
perturbing the angle of each motion vector over the
range [—6,, 6,] degrees centered on the local di-
rection defined by the shifted radial motion pattern.
Under these conditions the error surface, E(xp, yo),
was not constrained to be locally smooth due to the
random sampling of image locations across the tem-
plate population. In conjunction with the radial speed
gradients present in both the stimulus and circular
templates the pseudo-random perturbation of local
motion directions introduced a multiplicative noise
whose variance was proportional to the template error
(Fig. 3(¢)).

Computationally the resulting “noise” in the sys-
tem reflects errors in the local motion information
projected to the circular templates. Perceptually, such
noise could result from internal sources associated with
the estimation of local motion direction and/or external
sources associated with the composition of the stimulus
itself.

Results

Patient GZ is a 67 year-old right-handed woman with a
large bilateral infarct involving the right occipital lobe
and the parietal areas 7a and 7b bilaterally. The right
hemisphere lesion involved the MT-complex. GZ pre-
sented with severe motion discrimination deficits and
her distance and depth perception (both global and local
stereopsis) were also very impaired. Initially she was
unable to make tracking or saccadic eye movements on
command (although her spontaneous eye movements
were normal), but neuro-ophthalmological evaluations
repeated at six and seven months after the stroke indi-
cated full recovery. At that time her visual fields were
full in the central 25°. After seven months of weekly
testing and retraining sessions GZ’s spatial discrimina-
tion and low-level direction discrimination recovered,
yet her depth perception remained severely impaired as
was her ability to discriminate speed and the direction
of radial motion patterns. GZ was, however, able to dis-
criminate planar motion attributes, such as direction of
frontoparallel translation or rotation.
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Discriminating Radial and Circular Motion Patterns

Figure 1 illustrates GZ’s threshold performance (£SD)
relative to a control group of normal observers seven
months after her lesion. Across normal observers, co-
herence thresholds for circular motions remained sig-
nificantly lower than radial motions (p < 0.005, #(18) =
3.17). After seven months, GZ remained unable to dis-
criminate direction in radial motions, consistently fail-
ing the task across a wide range of speeds (3—30°/sec),
even for stimuli containing fully coherent motion. In
contrast, her ability to discriminate direction in circular
motions was normal for stimuli presented with central
fixation (Difference = 2.22% < 20¢ontrols)-

This dissociation between radial and circular mo-
tions is intriguing, particularly when considered in the
context of the neurophysiological and cortical mech-
anisms believed to underlie motion pattern process-
ing. In both cases, the same cortical areas have been
shown to subserve radial and circular motion process-
ing (Anderson and Siegel, 1999; Bremmer et al., 2002;
Duffy and Wurtz, 1991; Geesaman and Andersen,
1996; Graziano et al., 1994; Morrone et al., 2000;
Schaafsma and Duysens, 1996; Siegel and Read, 1997).
In the context of GZ this would suggest that she should
be able to discriminate both radial and circular motions,
or neither.

It could be argued that GZ’s poor depth perception
contributed to the dissociation between radial and cir-
cular motions. Certainly there are reports in the lit-
erature arguing that radial, but not circular, motion
conveys an illusion of depth, which may play some
role in its discrimination (Bex and Makous, 1997).
However, such effects tend to be modulatory (Clifford
et al., 1999), and more importantly as we show be-
low, cannot account for GZ’s ability to discriminate
shifts in the COM for which the depth illusion is
constant.

Discriminating Shifts in the COM for Radial Motions

In a second series of visual motion tasks, GZ’s ability to
spatially localize the radial COM in a central fixation
display was quantified using an interleaved constant
stimulus paradigm to estimate percent correct perfor-
mance for each of four COM shifts (60, 72, 96, and
120 arcmin). A control group of normal observers was
tested across a matched range of constant stimulus lev-
els that was subsequently extended to estimate thresh-

old performance (2.4—120 arcmin across eight constant
stimulus levels).

Across observers, discrimination thresholds (4SE)
for expanding and contracting motions were 10.27 £
1.41 and 7.85 &£ 1.07 minutes of visual angle respec-
tively (n = 11). While thresholds for contracting mo-
tions were generally lower than those for expanding
motions the difference across observers was not statis-
tically significant (p > 0.1, #(20) = 1.36).

For small shifts in the COM (60-120 arcmin), GZ’s
ability to discriminate the direction of shifts (left vs.
right) remained greater than chance across constant
stimulus levels' (Fig. 2(b)). While it is clear from the
group averaged radial performance that GZ’s ability to
discriminate small shifts was somewhat impaired, the
fact that she could perform the task at all is significant
in light of her inability to discriminate gross directions
in fully coherent radial motion patterns (i.e., expansion
vs. contraction).

Within the context of existing motion pattern and
heading mechanisms the apparent dichotomy in GZ’s
radial motion discrimination versus her ability to lo-
calize the COM is a challenge to explain. The implicit
assumption that COM localization is directly coupled
with precise computation of the radial direction infor-
mation (Cameron et al., 1998; Hatsopoulos and Warren,
1991; Perrone, 1992; Perrone and Stone, 1994; Zemel
and Sejnowski, 1998), suggests that such localization
should be severely impaired in individuals who have
lost the ability to differentiate gross changes in ra-
dial motion direction (e.g., expansion vs. contraction).
However, as GZ’s performance indicates, this need not
be the case.

Given the relatively large shifts in the COM pre-
sented to GZ, with respect to normal observer thresh-
olds, it could be argued that GZ makes use of local
motion mechanisms to localize the COM, essentially
performing a direction discrimination task within lim-
ited regions of the visual field. However, if this were
the case we would expect her performance on the
motion pattern coherence task, for which the direc-
tion differences in the local signal motion are maxi-
mized (i.e., Fig. 2; expansion vs. contraction), to be
either 100% (i.e., normal) or 0% (inverted judgments).
This did not occur. GZ’s ability to discriminate expan-
sion from contraction was at chance for fully coherent
stimuli.

Alternatively, the radial speed gradient might be used
to discriminate shifts in the COM without requiring
specific direction information. Under these conditions



62 Beardsley and Vaina

the direction of shift could be determined globally by
identifying the visual field (right or left) containing the
slower average dot speed or locally by identifying the
location of the lowest speed in the region around the in-
ner stimulus aperture. Tests of normal observers using
stimuli that systematically controlled for the presence
of motion direction or speed gradient information in-
dicate that speed does not provide a strong cue during
the task. Across observers, shifted COM thresholds for
radial motions increased significantly when only the
speed gradient information was present (i.e., random
motion directions), (p < 0.05; ¢(10) = 3.86), and actu-
ally decreased or showed no significant change when
the speed gradient was removed, (p > 0.025; #(10) <
2.19—data not shown). In the latter condition both the
global structure of motion directions and temporal dis-
tribution of speeds was maintained. In the case of GZ,
the utilization of such speed cues is further compro-
mised by her inability to discriminate speed during the
time the COM test was administered (seven months
after the lesion).

Circular Template Model

Based on the pattern of GZ’s visual deficits, and her
ability to discriminate circular motions, we propose
that a circular template mechanism may be utilized by
the visual system to localize the radial COM. Computa-
tionally similar mechanisms have been shown to extract
robust estimates of heading in computer vision systems
(Hummel and Sundareswaran, 1993; Sundareswaran,
1992) and more recently in biologically inspired mod-
els of heading (Beintema and van den Berg, 1998;
Beintema et al., 2002; Beintema et al., 2004), and to-
gether with the presence of circular-tuned cells in the
visual cortex, provide a computational and neurophysi-
ological foundation upon which such a system might be
based. Here we outline the basic computational struc-
ture for such a mechanism and demonstrate that it (a)
does not require an implicit mechanism to discriminate
radial motion and (b) is computationally sufficient to
account for COM discrimination.

An underlying premise behind the use of circular
motion templates is the observation that the optic flow
field V(x, y) resulting from an observer’s self-motion
can be decomposed into translational (Vr(x, y)) and
rotational (V,(x, y)) components associated with the
observer’s translation and head/eye rotations respec-
tively (Longuet-Higgins et al., 1980). Within this rep-

resentation, the computational task of recovering the
observer’s heading can be reduced to one of spatially
localizing the COM associated with the velocity field
Vr(x, y) under conditions in which (a) the rotational
components of the observer’s motion V,(x, y) have
been segmented from the optic flow or (b) when there
is no rotational motion, V,(x, y) = 0.

For simple radial motions presented during fixation,
such as those used in the shifted COM task, no rota-
tional motion components are present (V,(x, y) = 0).
Under these conditions the local motions of a circular
template will be mutually orthogonal to the underly-
ing radial motion only when the stimulus and template
centers-of-motion coincide (Fig. 3(a)). Across a popu-
lation of templates parameterized by their centers-of-
motion (xg, Yo), the resulting error surface E(xg, yp) is
quadratic in form such that it contains a single (global)
minimum, (Fig. 3(b) and (c)). Since the global error
minimum corresponds to the circular template most
orthogonal to the stimulus motion, its location within
the template space (xg, yo) can be taken as an estimate
of the stimulus COM (Hummel and Sundareswaran,
1993; Sundareswaran, 1992).

To examine the computational sufficiency of this
approach, we simulated the COM task across a
sparse population of circular motion templates pseudo-
randomly spaced throughout the visual field. In a series
of simulations we systematically varied the density of
circular templates, the number of motion points sam-
pled by each template, and perturbations in the local
stimulus motion to quantify the limits of the model’s
performance and its robustness under more biologically
plausible conditions.

The model’s grouped threshold performance on the
COM task is shown in Fig. 4(a) for radial motions.
Discrimination thresholds were averaged across five
simulations and are shown here as a function of the
number of sampled motion points within each template
[4, 28] and the degree of local motion perturbation [0,
44] for a sparse population containing 54 circular tem-
plates. Similar trends in threshold performance were
observed for expanding and contracting stimuli indi-
vidually and with larger template populations. For tem-
plates receiving accurate local motion estimates and
sampling a moderate number of motion points (e.g.,
28), COM thresholds were consistent with human ob-
servers (Fig. 4(a)—lower left corner). This can be seen
more clearly in the plot of threshold performance ver-
sus local motion perturbation (Fig. 4(b)). For 28 sample
points the averaged COM threshold for radial motions
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Figure 4. Circular template model performance on the shifted COM task. (A) COM thresholds (averaged across five simulations) for radial
motions as a function of the number of sampled motion points and the degree of local motion perturbation. For templates receiving accurate local
motion estimates and sampling a moderate number of motion points (e.g., 28), discrimination thresholds were consistent with human observers
(p = 0.59, 1(19) = 0.24). As local motion estimates became less accurate the model’s performance systematically degraded, however, even
for relatively large deviations in the local motion estimates (e.g., £20 deg.) the model’s ability to localize the stimulus COM remained robust.
(B) COM thresholds (£SE) for radial motions as a function of the degree of local motion perturbation for templates sampling four (square) and
28 (circle) motion points respectively. For comparison, the shaded region indicates the average radial COM threshold (£SE), (3-7 estimates
per observer for each radial motion) across 11 normal observers. For circular templates sampling 28 motion points under low noise conditions
(consistent with the original psychophysical task), the averaged COM threshold, 8.76 & 0.86 minutes of visual angle, was well-matched to that

for normal observers (9.06 + 0.88 arcmin).

under no noise conditions (8.76 & 0.86 arcmin) was
not significantly different from human observers (p =
0.59, t(19) = 0.24). As the motion sampling density
decreased the model’s performance remained robust,
yielding thresholds consistent with human observers
for as few as eight sampled motion points per template
under low noise conditions.

Similar trends in performance were observed as the
accuracy of the local motion estimates was reduced,
however, even for relatively large deviations in the local
motion estimates (e.g., 20 deg.) the model’s ability to
localize the stimulus COM remained robust. Figure 5
shows the equivalent percent correct performance as a
function of the degree of COM shift for the circular
template model. Performance is plotted for two sets
of sampled motion points (4 and 28 samples) and two
levels of local motion noise (0 and 32° perturbation)
to provide a more direct comparison of the model’s
performance relative to GZ and normal observers. For
small motion samples (i.e., four points per template)
containing moderate error in the local motion estimates
(£16-32 deg.) the trend in the model’s performance
was qualitatively similar to that reported for GZ, while
for low noise and/or moderate sampling conditions,
the model’s performance was well matched to that of
normal observers.

Discussion

We have identified a stroke patient, GZ, whose pattern
of visual motion deficits is inconsistent with the con-
ventional view that localization of the center-of-motion
(COM) in complex visual displays requires the use of
radial motion mechanisms. We have shown that while
GZ is able to discriminate direction in circular motion
displays she is unable to do so for radial motions. Even
more intriguing than GZ’s total inability to discrimi-
nate direction in radial motions is the fact that it did not
prevent her from localizing the COM contained within
those motion patterns. This dissociation between her
ability to discriminate the types of radial motion and
the location of the COM is at odds with the gener-
ally accepted view that a precise computation of local
and/or global radial motion information is necessary to
recover the COM (Bruss and Horn, 1983; Rieger and
Lawton, 1985).

We propose that this dichotomy can be explained
by a circular template mechanism that minimizes a
global motion error relative to the visual motion in-
put. By its nature the circular template model proposed
here does not require an implicit mechanism to dis-
criminate the direction of radial motion. The use of
globally orthogonal motion templates that effectively
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Figure5. Percent correct discrimination as a function of COM shift
for the circular template model. Performance is plotted for two sets
of sampled motion points (4 and 28 samples) and two levels of lo-
cal motion noise (0 and 32° perturbation) to provide a more direct
comparison of the model’s performance relative to GZ and normal
observers. Performance for intermediate levels of motion perturba-
tion (not shown) systematically spanned the shaded regions (light
gray and black—4 and 28 motion samples per template respectively;
dark gray—overlap in performance). Under low sampling conditions
containing moderate error in the local motion estimates (i.e., 32°) the
trend in the model’s performance was qualitatively similar to that re-
ported for GZ. For templates receiving a moderate number of low
noise motion inputs, the model’s performance was well matched to
that of normal observers.

seek to maximize local motion differences relative
to the visual input results in a computational mech-
anism capable of localizing the COM without the need
to differentiate the type of radial motion present. As
we have shown in a series of simulated psychophys-
ical tasks this type of mechanism is computationally
sufficient to account for human psychophysical per-
formance in general and in particular, explains GZ’s
performance.

The circular template mechanism outlined here is
quantitatively similar to the retinal flow templates pro-
posed previously by Beintema and colleagues in their
velocity gain field model (Beintema and van den Berg,
1998; Beintema et al., 2004). In their model, rotation
tuned retinal motion templates perform an inner prod-
uct computation to evaluate the similarity between the
observed flow and the template’s preferred self-motion.
Invariance to eye rotations was obtained in a second
stage by combining the responses of retinal flow tem-
plates with extra retinal eye velocity signals to create
head-centric templates tuned to specific instances of
heading. Similar computational mechanisms could be
included in the model proposed here to account for the
more generalized case of self-motion in the presence
of eye-movements.

Recent analyses of the predicted receptive field struc-
tures in the population model of heading proposed by
Lappe and Rauscheker (1993, 1995) and Perrone and
Stone’s template model (1992, 1994) provide addi-
tional support for the type of circular templates pro-
posed here (Beintema et al., 2002; Beintema et al.,
2004), and together with the original models suggests
a neurophysiological locus in MSTd. Although the
anatomical locus of GZ’s lesion does not necessarily
preclude a similar interpretation in the case of MSTd,
the strong representation of radial tuning in MSTd cou-
pled with GZ’s inability to discriminate radial motions,
suggests that alternate neural structures may be used to
localize the COM.

Given the wide range of cortical areas known to be
responsive to optic flow (Anderson and Siegel, 1999;
Duffy and Wurtz, 1991; Geesaman and Andersen,
1996; Graziano et al., 1994; Morrone et al., 2000;
Schaafsma and Duysens, 1996; Siegel and Read, 1997),
the existence of alternate processing pathways seems
plausible. For example, “flow general” neurons in area
7a have been show to be selective for the class of mo-
tion, i.e., radial or circular motion (Siegel and Read,
1997), and would seem ideally suited to the task. While
the extent of GZ’s lesion would seem to rule out in-
volvement of area 7a in the perceptual tasks, there is
evidence suggesting the presence of flow general neu-
rons in other cortical areas such as the anterior supe-
rior temporal polysensory area (STPa), (Anderson and
Siegel, 1999), that are not directly involved in GZ’s
lesion.

Alternatively, pairs of neurons tuned to opposing
types of rotation (e.g., clockwise or counterclockwise)
could be combined to compute a bi-directional global
motion error. Computationally, this approach is equiv-
alent to the difference operations performed among
bi-circular templates in the velocity gain field model
to compensate for eye movements (Beintema and van
den Berg, 1998; Beintema et al., 2002; Beintema et al.,
2004). Such mechanisms are consistent with the pres-
ence of rotation selective neurons in cortical areas
responsive to optic flow, however as we have noted
previously, the co-commitment representation of radial
motions in these areas would seem to be at odds with
the radial/circular dissociation reported in GZ.

Conceptually, the use of circular mechanisms to
localize the radial COM seems counter-intuitive.
However, in terms of practical applications, such as
an observer estimating his/her direction of self-motion
(i.e., heading), the existence of such mechanisms is
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computationally appealing. Simple circular mecha-
nisms, such as those proposed her, could be used to
detect small spatial shifts in the COM associated with
the change in direction of an observer’s self-motion
(Cavalleri et al., 2003). More complex forms, such as
the bi-circular mechanisms posited by Beintema and
colleagues (Beintema et al., 2002; Beintema et al.,
2004), could be used to provide visual estimates of the
global rotational motion components associated with
eye and/or head movements while maintaining sensi-
tivity to changes in the direction of self-motion. In both
cases, the global minimization of scalar error with re-
spect to what is effectively the translational compo-
nent of the observer’s self-motion results in heading
estimates that are largely independent of the observer’s
speed and the relative depth of points in the scene,
suggesting this type of circular mechanism as a use-
ful way for recovering heading in more complex visual
scenes.
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Note

1. Although the decrease in GZ’s performance with shifts of 120
arcmin was statistically significant (p = 0.0017), in our experi-
ence patients often make errors not directly associated with task
difficulty (e.g., changes in attention), that can affect the statistical
interpretation for small sample sizes such as those reported here
(GZ; 16 trials per COM shift).
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