A Temporal-Difference Model of Peréeptual Stability in Color Vision

James J. Clark
McGill University
Centre for Intelligent Machines
3480 University Street, Montreal, Québec, Canada

J. Kevin O’Regan
Institut de Psychologie, Centre Universitaire de Boulogne
Laboratoire de Psychologie Expérimentale
71, avenue Edouard Vaillant, 92774 Boulogne-Billancourt Cedex, France

Abstract

We consider the problem of how humans cen main-
tain a stable perception of object color across saccades
in spite of the changes in sensory input caused by
the spatially non-homogeneous receptor spectral sensi-
tivities. We propose a method, based on a temporal-
difference ‘reinforcement learning scheme, for con-
structing associations between pre- and post-motor
stimuli and which yields a constant color percept across
saccades.

1. Introduction

When humans make self-directed actions, such as
body or eye movements, their perception of the world
is a stable one. That is, even though their eyes may be
moving, and the retinal images may be changing dras-
tically, the external world appears to be stable [2, 6].
The process by which this apparent stability is main-
tained in the face of wildly varying sensory input has
long been a subject of intense debate.

There have been many theories proposed to explain
the phenomenon of perceptual stability (see discussion
in [2]). One approach is to “compensate” for the retinal
image change with the help of proprioceptive informa-
tion about the motion of the eye. The problem with
this approach is that the proprioceptive signals that are
actually available are too noisy and imprecise to yield a
stable perception. Another popular theory involves the
use of a “perceptual buffer” which can hold a detailed,
world-centred, representation of the world. Eye posi-
tion information is used to determine which region of
this buffer should be updated with the current retinal
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sense data. This theory, however, has not been sup-
ported by psychophysical evidence [4] and, as O’Regan
[7] points out, a detailed internal representation of the
world is unnecessary and wasteful as the visual-motor
system can quickly access any needed information by
making an appropriate eye movement.

A more promising theory, originally proposed by
MacKay [5] is based on the recognition that if the ex-
ternal world is always stable. there is no need for its
internal representation (if such exists) to ever be up-
dated in response to sensory input. Clearly the ex-
ternal world is not always stable, but one can make
an assumption that the external world is always sta-
ble during the execution of a self-motion, such as an
eye movement. Thus, there will usually be no need to
update the representation of the external world in re-
sponse to the sensory input induced by the self motion,
and hence stability will be perceived. Such an expla-
nation for the perceptual stability of object positions
across saccadic eye movements has been proposed by
McConkie et al. [6]. Their theory, which they refer
to as the Saccade Target Theory hypothesizes that be-
fore a saccade is generated, a template of the periph-
eral saccade target is made. Then, after the saccade
is made, the foveal image data is compared with the
target template. If there is a significant change, an
instability is signaled and appropriate action is taken
(e.g. a corrective saccade or updating of the internal
world representation).

We propose to generalize the saccade target theory
and state that perceptual stability in general arises by
learning the effects one’s actions have on sensor re-
sponses. In fact, one can go further and propose, fol-
lowing O’Regan and No& [8], that it is precisely the
sensory variation contingencies on the motor acts that



comprise the perception, rather than the raw sensor
data. Thus, the (proper) variation of sensor data in
response to a motor act is a requirement for stable per-
ception rather than an indication of instability.

2. Stability of Color Perception

While most researchers in the field of perceptual sta-
bility have considered only the stability of the spatial
layout of the world [2, 4, 5, 6], there are many forms of
non-spatial perceptual stability. In this paper we will
examine one of these, the apparent stability of color
perception.

One of the most striking characteristic of the hu-
man visual system is its non-homogeneity. The spatial
resolution of the retina is not uniform, but decreases
steadily away from the central region, or fovea. The
retina also has non-homogeneity in the color sensitiv-
ity of the retinal photoreceptors. In the central mac-
ular region, their exist three wavelength selective pho-
toreceptor cone classes of which the long and medium
wavelength sensitive are most numerous. In the periph-
ery the cones are very sparsely distributed relative to
the non-color selective rods. An additional important
non-homogeneity-arises from the fact that the macu-
lar pigment, which is a yellowish jelly that covers the
macula, absorbs up to 50% of the light in the short
wavelength range [1], causing a significant shift in the
color sensitivity of foveal receptors. For small pupil
sizes the absorption of the lens material also provides a
wavelength dependent attenuation, similar in effect to
the macular pigment absorption [12]. For wide pupils
incoming light is spread over the lens, so optical path
lengths to various points on the retina are more or less
the same, and hence the lens absorption effect is more
uniform than with narrow pupils.

In spite of these non-homogeneities, the perception
of color is remarkably stable across eye positions. We
have the subjective impression that the color of an
item in the world is the same when viewed peripher-
ally as when viewed foveally. One could hypothesize
that this constancy of color vision with varying eye po-
sition is due to some compensation scheme that modi-
fies the sensor data depending on the retinal eccentric-
ity of the sensor, in order to provide a constant sen-
sor response at all eccentricities. This compensation
is unnecessary, however. Following the sensorimotor-
contingencies theory of O’Regan and Noé [8], we pro-
pose that the apparent stability of color perception can
be explained as an instance of the general mechanism
for perceptual stability that we described earlier. That
is, color perception is stable because the observers have
learned the changes that occur in the sensory input
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when eye movements are made, and it is these learned
contingencies that comprise the perception, rather than
the raw sense data. This approach has the advantage
over “compensation” theories of color stability in that
it does not require any neural circuitry to compute the
compensations.

This is similar to that of McConkie et al. saccade
target theory, in that color features of the pre-motor
peripheral target is attended to and then compared to
the post-motor foveal color features. Unlike the Mc-
Conkie et al. theory, however, we propose that the
comparison operation is not explicit, but arises out of
a learned association between the pre- and post-motor
appearances of the saccade target.

3. A Temporal-Difference Model of Per-
ceptual Stability

Our model of trans-saccadic perceptual stability is
characterized by a sequence of events associated with
an eye movement. First, attention shifts to a periph-
eral location and features are attentionally selected ac-
cording to the current visual analysis task. The active
features are remembered in a short term memory trace.
Next, in accordance with Rizzolatti’s pre-motor theory
of attention [3, 11], a saccade may be generated, the
target of which is the spatial location being attended
to. During the eye movement, the visual input is as-
sumed to be attenuated due to motion blur. After the
eye movement has completed, the current foveal fea-
ture information is associated with the feature memory
trace to activate a single feature class, which we iden-
tify with the actual percept. As more and more occur-
rences of eye movements to patches of a given color are
made, the association of the peripheral and foveal fea-
tures with the common color class becomes stronger.
After this learning process the peripheral stimulus be-
fore the eye movement will activate the same color class
as the foveal stimulus after the eye movement, thereby
yielding perceptual stability.

We tested our model with a simulated learning sys-
tem, in which the temporal difference Reinforcement
learning technique of Sutton and Barto [13] was used

to learn the association between the pre- and post-

motor color features. The Sutton-Barto method can be
thought of as a conditioning process, whereby a condi-
tioned stimulus (in this case the pre-motor peripheral
feature detector activity) is associated with a tempo-
rally delayed unconditioned stimulus (in this case the
post-motor foveal feature detector activity). Another
way to look at the temporal-difference method is that
it produces a prediction, based on the occurrence of a
given peripheral pre-motor feature, of the occurrence



of the associated foveal post-motor feature. During
the learning process the difference between the actual
value of the unconditioned stimulus and the prediction
is used as the reinforcement driving the update of the
associative strengths. To implement the temporal re-
lations, this reinforcement signal is weighted by an el-
igibility trace, which is basically a short term memory
of the pre-motor peripheral feature detector value.

The update procedure that we use for the associative
strengths, V;;(t), is given by the temporal difference
learning rule [13]:

AVi;(t) = afA(t) + Vit = 1) X;(t)—
Vij(t — 1)X;(t = 1)]X;(¢)

where the eligibility trace, X;(¢) is computed using a
moving average:

AX;(t) = 8(X;(t - 1) - X;(t - 1))

The eligibility trace is reset to zero during each atten-
tion shift (from the fovea to the peripheral saccade tar-
get). The association strengths are initialized to zero
at the beginning of the learning period.

In the parlance of the conditioning literature, A(t)
is the strength of the unconditioned stimulus. In this
case, the unconditioned stimulus is the foveal feature
detector response immediately after an eye movement.
Before and during an eye movement, A is taken to be
Zero.

The features, X;(t), used in our simulation were
computed with a sharply tuned radial basis function
(RBF) network [10] whose centers were fixed to 20
different color values. The centers were defined by a
set of 3 sensor coordinates corresponding to the long,
medium, and short wavelength photoreceptors found in
the human retina. The coordinates of the 20 different
centers were derived from the projection of 10 different
spectral distributions, corresponding to randomly se-
lected Munsell color patches (as measured by Parkki-
nen et al. [9]), onto the 6 spectral sensitivity curves
shown in figure 1. These 6 sensitivity curves corre-
spond to the 3 (peripheral) cone sensitivities measured
by Stockman et al. and the 3 foveal cone sensitivities,
computed by applying the wavelength dependent mac-
ular and lens absorption curves provided by Stockman
et al. to the peripheral curves. Thus half of the RBF
centers corresponded to foveally sensed colors and the
other half to those same colors as viewed in the periph-
ery. We did not model the variation in spatial density
of the photoreceptors in our simulation, only the vari-
ation in spectral response.

The simulation was divided into 100 fixation cycles.
Each cycle consisted of three phases: allocation of at-
tention to the periphery, which lasts for 7 simulator
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Figure 1. The normalized spectral sensitivity
curves of the 3 main receptor classes (Short,
Medium, and Long wavelength), in the fovea
and in the periphery. The foveal curves are
shifted to longer wavelengths by macular and
lens absorption.

time steps; saccadic eye movement to the peripheral
target, which lasts for 2 simulator time steps; alloca-
tion of attention to the fovea, which lasts for 14 sim-
ulator time steps. At the beginning of each cycle a
color patch, randomly selected from the first 10 RBF
centres, was placed in the periphery. Thus, the situa-
tion effectively being simulated is one in which the eye
moves among a set of 100 different spatially distributed
randomly colored patches.

The associative strengths learned by the network af-
ter 2300 time steps is shown in figure 2. The key aspect
to note in this figure is that both features ¢ and i + 10
are associated with color class i. Thus, the peripher-
ally sensed feature ¢+ 10 is associated with the foveally
sensed color class, and NOT the peripherally sensed
color class. Thus the color percept (being the acti-
vated color class) is constant across the saccadic eye
movement.

4. Conclusions

The apparent visual stability of color percept across
saccadic eye movements can be explained by positing
that perception involves observing how sensory input
changes in response to motor activities. The changes
related to self-motion can be learned, and once learned,
used to form stable percepts. The variation of sen-
sor data in response to a motor act is therefore a re-
quirement for stable perception rather than something
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Figure 2. The associative strengths of the
20 feature detector outputs with the 20 color
classes. Dark areas indicate high association
levels.

which has to be compensated for in order to perceive
a stable world.

In this paper we have provided a simple implemen-
tation of this sensory-motor contingency view of per-
ceptual stability. We showed how a straightforward ap-
plication of the Sutton-Barto temporal-difference rein-
forcement learning technique can yield color percepts
that are stable across saccadic eye movements, even
though the raw sensor input may change radically.

References -

[1] Bone, R. A., Landrum, J. T., and Cains, A., “Opti-
cal density spectra of the macular pigment in vivo
and in vitro”, Vision Research, Vol. 32(1), pp. 105-
110, 1992.

Bridgeman, B., Van der Hejiden, A. H. C., and
Velichkovsky, B.M., “A theory of visual stability
across saccadic eye movements”, Behavioral and
Brain Sciences, Vol. 17(2), pp. 247-292, 1994.

Clark, J.J. (1998), “Dynamics of spatial attention
and saccadic eye movements”, Vision Research,
Vol. 39, No. 3, pp 585-602, 1999

Irwin, D.E., Zacks, J.L., and Brown, J.S., “Vi-
sual memory and the perception of a stable visual

world”, Perception and Psychophysics, Vol. 47, pp.
35-46, 1990

MacKay, D.M., “Visual stability and voluntary eye
movements”, In R. Jung (Ed.), Handbook of sen-

506

sory physiology, vol. VII (3). Berlin, Heidelberg,
New York: Springer, 1973

[6] McConkie, G. W. and Currie, C. B., “Visual Sta-
bility across Saccades While Viewing Complex Pic-
tures”, Journal of Ezperimental Psychology: Hu-
man Perception and Performance, 22/3, pp. 563-

581, 1996

O’Regan, J. K., “Solving the "real” mysteries of
visual perception: The world as an outside mem-
ory”, Canadian Journal of Psychology, Vol. 46(3),
pp. 461-488, 1992

O’Regan, J.K. and Noé&, A. “A sensorimotor ac-
count of vision and visual consciousness”, submit-
ted to Behavioral and Brain Sciences.

Parkkinen, J. P. S., Hallikainen, J. and Jaaske-
lainen, T., “Characteristic spectra of Munsell col-
ors”, Journal of the Optical Society of America, Vol.
6, No. 2, pp. 318-322, 1989

[10] Poggio, T., and Girosi, F., “Networks for approxi-
mation and learning”, Proceedings of the IEEFE, Vol.
78, pp 1481-1497, 1990 '

[11] Rizzolatti, G., Riggio, L., Dascolo, 1. and Umilta,
C., “Reorienting attention across the horizontal and
vertical meridians: Evidence in favor of a premotor
theory of attention”, Nueropsychologia, Vol. 25, pp
31-40, 1987

[12] Stockman, A., Sharpe, L. T., and Fach, C.
C., “The spectral sensitivity of the human short-
wavelength cones”, Vision Research, Vol. 39, pp.
2901-2927, 1999

[13] Sutton, R.S., and Barto, A.G., “Time-derivative
models of Pavlovian reinforcement”, in Learning
and Computational Neuroscience: Founda-
tions of Adaptive Networks, M. Gabriel and J.
Moore, eds., MIT Press, pp. 497-537, 1990



