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ABSTRACT: The same retinal image motion can be produced by a variety of
combinations of eye and target motion. In natural conditions, extraretinal in-
formation disambiguates retinal information for motion perception. By con-
trolling the timing of visual motion with respect to saccades, it was possible to
appraise the roles for motion perception of the signal related to saccades occur-
ring in the vicinity of visual motion. When a visual motion was seen before or
after a saccade, its perceived direction was biased in the direction opposite to
the saccade. The magnitude of the bias depended on the timing of the visual
motion with respect to the saccade and the meridian of the visual motion. The
bias appears to be independent of the deformation of visual space reported to
occur before and after saccades.

KEYWORDS: spatial localization; perceptual anisotropy; efference copy;
oblique effect

INTRODUCTION

Experimental studies suggest that visual perception is subject to a nonstationary
change around saccadic eye movements. The same retinal inputs lead to differential
perception depending on occurrence of saccades. A notable example is spatial mis-
localization, where spatial localization of a visual target presented around a saccadic
eye movement is biased.1 When the target is presented before saccades, the two-
dimensional pattern of mislocalization is compressive toward the spatial locus of
saccade goal,2 whereas it is expansive for targets presented after saccades.3 FIGURE

1 shows a schematic rendition of changes in perceptual space suggested by these
studies. The rectilinear grid representing a part of perceptual space is warped to cap-
ture the main suggestions of experimental findings. We would like to caution, how-
ever, that this rendition is only to show the suggested deformation of visual space,
and that its details, such as symmetry, magnitude, or boundary of deformation, are
not known and not included in it.

We have investigated similar dynamic changes in motion perception at the time
of saccadic eye movements, and their relation to spatial mislocalization.3–5 The
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same retinal image motion can be produced by a stationary eye seeing a moving tar-
get, by a moving eye seeing a stationary target, or by an appropriate combination of
moving eye and target. This suggests that extraretinal information such as signals re-
lated to occurrence of eye movement are integrated for successful recovery of true
target motion, because we have no trouble in doing so. Because extraretinal infor-
mation deforms perceptual space, motion perception may also be nonveridical
around saccades. By controlling the timing of visual motion with respect to sac-
cades, we were able to dissociate the eye and target motions and appraise roles of the
signal related to occurrence of saccades for motion perception.

EXPERIMENTAL PARADIGM

The goal of these experiments was to determine the perceived direction of a visu-
al target presented immediately before and after a saccade. Human subjects with
normal (or corrected to normal) vision participated. They were seated facing a 2-m

FIGURE 1. Changes in perceptual space around a saccade. (A) Loci of start (“1”) and
end (“2”) of a saccade on a rectilinear grid representing an isometric perceptual space.
(B) Fixation at “1” causes a variable shrinkage toward the fixation locus. (C) Immediately
before the saccade from “1” to “2,” perceptual space compresses toward “2.” Although the
pattern shown here is symmetrical about “2,” the compression of visual space to the right of
“2,” in the direction of the saccade, is probably stronger.2 (D) Immediately after the saccade,
it expands from “3.” The origin of the expansion is shifted in the direction of saccades. Com-
pression of visual space before saccades is probably larger in its magnitude than expansion
after saccades.



3LEE & LEE: VISUAL MOTION PERCEPTION

× 2-m frontal rear-projection screen at a distance of 115 cm. The head was stabilized
with a bite bar. Horizontal eye position was measured with the infrared reflection
method (Iris, Skalar Medical). A laser beam was deflected by a two-axis galvanom-
eter scan head (model Z1913, General Scanning) and projected onto the screen, ap-
pearing as red spots of light 0.2 deg in diameter. Horizontal eye positions and
horizontal and vertical positions of the laser beam were sampled at 500 Hz with a
resolution of 12 bits, and stored for off-line analysis.

After a tone signaled the start of a trial, a spot of light was presented at a prede-
termined locus, on which the subject was instructed to maintain fixation. With a ran-
dom delay after the eye entered an electronic window centered about the fixation
point, the spot of light disappeared and briefly reappeared as a saccade target for
50 ms at a predetermined locus. With a variable delay after the saccade target disap-
peared, a tone signaled the subject to make a saccade to the remembered locus of the
saccade target. Before or after the saccade, the laser spot completed a centrifugal
sweep of 10° at the velocity of 125 deg/s. The timing of visual motion presented dur-
ing the presaccadic period varied with respect to saccade onset, whereas the postsac-
cadic period was fixed with respect to saccade offset. Under the conditions of this
experiment, the detection threshold for motion of the laser sweep is somewhere be-
tween 200 and 250 deg/s, and beyond this, the sweep appears as a line segment in-
stead of a moving spot.4 The direction of target motion was pseudorandomly varied
in steps of 5° between 45° and 135°, with 0° to the right and 90° straight up. The
subject was then asked to match the direction of the laser sweep with a radial line
segment produced by the same laser rapidly moving back and forth between the cen-
ter of the screen and a point at 10° eccentricity. By manipulating a momentary dial
switch on a hand-held response box, the subject was able to rotate the orientation of
the line segment until it matched the perceived direction of the laser sweep. Pressing
a button on the response box entered the final orientation of the line segment and
started the next trial.

VISUAL MOTION PERCEPTION AROUND SACCADE

When a centrifugal sweep of a laser beam starting from the fixation point was
seen by stationary eyes, the accuracy of its perceived direction depended on the in-
clination of the sweep: perception was imprecise for oblique directions compared to
cardinal directions. When the same visual motion was seen around saccades, its per-
ceived direction was systematically biased in the direction opposite to the saccade.
It appeared that this bias was not produced by peripheral mechanisms such as eye
drift, transient lens motion, or torsional eye movements, but by a central mecha-
nism.4 Because visual space is distorted around saccades, as shown in FIGURE 1, we
wondered whether this bias in motion perception is related to spatial mislocalization
around saccades. However, this perceptual bias was not explained by spatial mislo-
calization. The configuration constructed from the mislocalized loci along the tra-
jectory of the visual motion (FIG. 2) did not correspond to the pattern of the bias in
motion perception,3 suggesting that saccade-related signals interact with perceptual
processes at multiple sites.

A recent study further examined perceived direction of visual motion seen imme-
diately before saccades, and found that in addition to perceptual bias in the direction
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opposite to the saccade, perception of oblique direction becomes near veridical for
presaccadic visual motion.5 The pattern of modulation of motion perception by a
saccade-related signal reveals multiple processes with different time courses.

REEVALUATION OF THE SUBTRACTION SCHEME

It has been hypothesized that despite eye movements a stable perception of the
space is maintained by algebraically subtracting an extraretinal eye position signal
(EEPS) from the retinal information. Thus,

 ∆Visual Perception = ∆Retinal Information − ∆EEPS.

This subtraction predicts perceptual changes coincident with eye movement in direct
relation to saccade amplitude and direction. However, one characteristic of the re-
sults from the studies examining perceptual changes around saccades is their incon-
sistency with the pattern predicted by the preceding equation. Before or after a
horizontal saccade, perceptual change in spatial localization is not homogeneous
across spatial loci and is accompanied by a vertical component.2,3 If spatial mislo-

FIGURE 2. A wrong scheme. If one assumes visual motion as the successive appear-
ance of single-point stimuli along the motion trajectory, the perceived motion around a sac-
cade would be precisely predicted by the trajectory of spatially mislocalized positions of
each point stimulus.
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calization immediately after a saccade reflects the subtraction of (damped) EEPS,
then the saccadic effect should be homogeneous across the visual field, irrespective
of differences in target location, because the EEPS would be in the same direction
and of the magnitude for every equivalent eye movement with the relative timing of
target presentation controlled. Furthermore, the EEPS representing a horizontal eye
movement would not have a vertical component (FIG. 3). Therefore, the process re-
covering visual stability across a saccade is clearly not characterized by the algebraic
subtraction of an extraretinal eye position signal from the retinal information, as
pointed out by others.6

Similarly, the results that the perceived direction of visual motion in the vicinity
of a saccade is biased in the direction opposite to the saccade are counterintuitive un-
der the subtraction scheme, because the extraretinal signal would compensate retinal
image motion in the direction of a saccade, not in the direction opposite to it. Sac-
cadic eye movements enhance neural activity in the primate middle temporal area,

FIGURE 3. Predictions of the subtraction scheme. (A) Pattern of spatial mislocaliza-
tion predicted by the subtraction scheme: after a rightward horizontal saccade (open arrow),
localization of each target (small circles) involves a constant error in the horizontal direc-
tion. (B) Schematic summary of the two-dimensional pattern of localization error as indi-
cated by small arrows.3 Note that after a horizontal saccade, localization error is not
homogeneous across visual space and contains a vertical component.
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which is known to be critically involved in motion perception,7 when they cause ret-
inal image flow in the cell’s preferred direction.8 The predicted perceptual error in
perception of direction based on the assumption that the perceived direction is a vec-
tor average of the retinal image flow and saccade is inconsistent with the experimen-
tal findings. Thus, simple subtraction of a saccade vector from the retinal motion
vector to explain the perceived direction is incompatible with the findings.

Physiological studies in the visual cortex have documented changes in neural ac-
tivities as early as V1 at the time of saccadic eye movements.9–11 Recent results from
our lab show that the orientation tuning of the cat visual cortex measured immedi-
ately after saccades shifts in the direction of saccades.12 This may underlie percep-
tual bias in motion direction in the direction opposite to saccade, because “motion
streak” signals coding motion direction13 are related to the orientation specificity of
neurons.14
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