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Abstract—The time course of perceptual mislocalization at the time of vertical saccades was compared
with that reported previously for horizontal saccades. Despite the difference in the oculomotor system
involved in generating these saccades with different directions, the time course of the perceptual
mislocalization and that of the extraretinal eye position signal estimated on the basis of visual
mislocalization were the same between vertical and horizontal saccades. The results are discussed in
relation to the outflow theory of subtraction, and it is argued that there is a common neural center for
producing extraretinal eye position signals for both vertical and horizontal saccades.

Vertical saccade -~ Visual stability

INTRODUCTION

When we change the direction of our gaze in the
visual field, the stationary objects do not nor-
mally appear to move, in spite of the changed
positions of their images on our retinas. This
phenomenon is well known as “position con-
stancy”. A classical and most pervading expla-
nation for this phenomenon is the subtraction
theory that was suggested by Helmholtz (1866).
The subtraction theory explains that the shift
of visual images on the retina at the time of
eye movements is canceled by an extraretinal
eye position signal (EEPS), resulting in visual
stability.

Many psychophysical experiments, however,
have failed in showing visual stability at the
time of a saccadic eye movement. In typical
experiments, a visual target is flashed in the dark
{(Honda, 1989; Matin, Matin & Pearce, 1969;
Matin, Matin & Pola, 1970) or on an illumi-
nated background (Bischof & Kramer, 1968;
Mateeff, 1978; O'Regan, 1984) when a subject
makes a saccade, and the subject is asked to
indicate the apparent position of the target. The
results have been that the targets are seen at
different positions from their actual positions;
i.e. visual stability breaks down.

The detailed time course of visual mislocal-
ization (visual instability) was recently reported
by Honda (1990) who showed that when sub-
jects made a horizontal saccade a visual target

Eye position signal

Position constancy

flashed immediately before or at the beginning
of the saccade was mislocalized in the same
direction as the saccade, whereas when the
target was flashed at the end or immediately
after the saccade the subjects mislocalized it
in the opposite direction to the saccade,
According to the subtraction theory, this find-
ing suggests that the EEPS did not cancel
the movement of the target’s image on the
retina, probably because the time course of the
EEPS did not coincide with that of actual eye
movement.

The present study was conducted to investi-
gate the time courses of mislocalization and
of EEPS at the time of vertical saccades. It
should be noted that, in most studies reported
so far, visual mislocalization has been investi-
gated concerning horizontal saccades exclu-
sively. However, horizontal and vertical sac-
cades are generated via different oculomotor
systems, and different extraocular muscles are
involved in producing horizontal and verti-
cal saccades. Several lines of evidence suggest
that the paramedian pontine reticular for-
mation (PPRF) in the brain stem is respon-
sible for producing eye movements in the
horizontal plane (Cohen & Henn, 1972; Cohen
& Komatsuzaki, 1972; Keller, 1974). Keller
(1974), for example, reported that most burst
cells in the PPRF activated only when horizon-
tal saccades were made. On the other hand,
it is well known that cell activity in the

1915



1916

mesencephalic reticular formation (MRF) is in-
deed related to vertical eye movements; burst
cells in the MRF fire when vertical saccades are
made (Biittner, Biittner-Ennever & Henn, 1977,
King & Fuchs, 1979). Therefore, there is a
possibility that the findings obtained for hori-
zontal saccades do not necessarily hold true for
vertical saccades. However, despite these differ-
ences in saccade generation between horizontal
and vertical direction, no attempt has been
made to explore the mislocalization at the time
of vertical saccade. In this study, therefore, I
asked the subjects to make vertical saccade, and
compared the results with those reported for
horizontal saccades.

METHOD

Subjects

Two subjects participated in this experiment.
Subject HH was the author and subject NH
was a university student who had no experience
in eye-movement experiments and, therefore,
had no knowledge about the purpose of this
experiment.

Eye movement recording

Vertical movements of the subject’s right eye
were monitored by a photoelectric method. The
subject’s right eye was illuminated by an ir.
light-emitting diode (Toshiba, TLN101), and
the reflected light from the two points of the
lower limbus (iris-sclera boundaries in 4 o’clock
and 8 o’clock positions) was collected by a
pair of fiber optic bundles. A phototransistor
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(Toshiba, TPS601) was attached to the end of
each fiber optic bundle, and vertical eye move-
ments were recorded by adding the two photo-
transistor outputs together. The accuracy of this
apparatus was 0.5 deg in visual angle, and the
frequency characteristic curve was almost linear
up to 300 Hz.

Procedure

The experiment was conducted in total dark-
ness, The subject was seated with the head fixed
by a dental bite board and a forehead rest. On
each trial, a buzzer warning signal was given,
and then a fixation point (red LED, 0.3deg in
dia. and 20 cd/m? in luminance) was presented
for 1-1.8 sec at the position of 4 deg below the
center of the visual field (Fig. 1). The subject
was asked to binocularly keep watching the
fixation point. At the offset of the fixation point,
a visual cue for saccades was presented for
20 msec, at the position 4 deg above the center
of the visual field. The visual cue consisted of
two horizontally arranged rectangular red
LEDs. Each LED (10¢d/m?) was 0.3deg
in height and 0.1deg in width. The distance
between the centers of each LED was 0.4 deg.
The subject was asked to make a vertical sac-
cade (primary saccade) toward the visual cue.
Because the duration of the visual cue was
too short (20 msec), it disappeared before the
beginning of the saccade.

At various points in time before, during, or
after the saccade, a visual target (yellow LED,
0.3 deg in dia., 40 cd/m?) for visual localization
was flashed for 2 msec. To present the target

e 11ght spot for

perceptual localization
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Fig. 1. Relative locations of the fixation point, the visual cue for the primary saccade, 5 positions of the
target, and the adjustable light spot for perceptual localization.
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during or after the saccade, the output from
the eye movement monitor apparatus was fed
into a differential circuit that triggered the
onset of the targets. Targets before the saccade
were presented by pre-setiing a shorter time
interval than the normal saccade latencies
between the target and the visual cue for elicit-
ing the saccade. The position of the target
was randomly selected from 5 positions,
—4, 0, +4, +8, and +12deg, where the
minus and the plus signs indicate the down-
ward and upward directions from the fixation
point, respectively. The subject was asked to
move the eyes to where the target had disap-
peared and to maintain fixation. About 1.4 sec
after the presentation of the target, a probe
stimulus (a spot of laser beam, 0.2 deg in dia.,
about 40 cd/m?) was presented for Ssec. The
subject could move the vertical position of
the probe by moving a knob by his right
hand. The subject reported the apparent pos-
ition of the target by moving the probe to that
position.

In addition to the saccade condition described
above, accuracy of perceptual judgement was
also examined in a control condition in which
the target was presented when the eye remained
still. Under this condition, either the fixation
point or the visual cue for eliciting a saccade was
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presented for 1.8 sec, and the subject was asked
to keep watching these stimuli. Just after the
offset of these stimuli, a target was presented for
2msec. The subject made a saccade to the
target, and reported its apparent position by
moving a probe stimulus. Each subject partici-
pated in the experiment for 7-8 days. On each
day, S5 sessions of 14 experimental (saccade)
trials and 2 sessions of 10 control trials were
given for each subject. The sessions on the first
day were regarded as practice and were excluded
from the data analysis.

RESULTS

Primary saccade
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a high-speed digital storage scope (Iwatsu, DS-
6121A). When a target was presented immedi-
ately after the presentation of the visual cue for
eliciting a primary saccade, the eye sometimes
moved directly to the target. In this case, there-
fore, a saccade to the visual cue for eliciting a
primary saccade did not occur, This type of
response was observed on 15 trials (3.5%) and
32 trials (7.5%) out of a total of 420 trials
in subjects HH and NH, respectively. In
addition, the subjects sometimes made sac-
cades with extremely short (<50 msec) or
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Fig. 2. (A) Time course of perceptual mislocation at the time of vertical saccades. The abscissa indicates
the time interval between saccade onset and target presentation. The ordinate indicates the size of
mislocalization of the targets. Plus sign in the ordinate shows mislocalization in the saccade direction, and
minus sign mislocalization in the direction opposite to the saccade. Each dot in the figure represents the
mean of about 1060 trials. Open circles indicate the results on contro! trials in which the subjects kept
watching the original fixation point (left circle) or the visual cue for eliciting a saccade (right circle).
Horizontal bars show the mean duration of the saccades. (B) Examples of the time course of perceptual
mislocalization at the time of horizontal saccades. [Figure redrawn from Honda (1990).]
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long (> 300 msec) latencies. These expected or
delayed responses were shown on 49 trials
(11.7%) in subject HH, and on 114 trials 27%)
in subjects NH. These trials were excluded from
the following data analysis.

The means of the amplitude, the latency and
the duration of the primary saccades were
8.3deg (SD=1.0), 168msec (SD =27), and
38 msec (SD = 5.5), respectively, in subject HH,
and 8.1deg (SD=23), 174 msec (SD =31),
and 39 msec (SD = 8.3) in subject NH.

Visual mislocalization

The discrepancy between the actual target
position and the perceptually judged position
was calculated on each trial, and analyzed in
relation to the timing of the target presentation.
Figure 2(A) shows the error in perceptual judge-
ment as a function of the time from the saccade
onset. When a target was presented immediately
before or at the beginning of a saccade, the
subjects mislocalized the target in the direction
of the primary saccade. The mislocalization
appeared from about 100 msec before the sac-
cade onset. At the end and immediately after the
completion of the primary saccade, the targets
were mislocalized in the opposite direction of
the saccade. The mislocalization continued even
after the end of the saccade. When targets were
presented about midway through the saccade,
the subjects perceptually localized the targets
near the actual position. The time course of
mislocalization was completely the same as that
reported concerning horizontal saccades of 8° in
size [Fig. 2(B)]. Furthermore, the time course of
perceptual mislocalization was about the same
across the 5 target positions (Fig. 3).

Extraretinal eye position in signal

Next, the time course of the EEPS was cal-
culated following the equation described by
Mateeff (1978). According to the subtraction
theory, the perceptually judged position of the
target (perceived position: PP) will be deter-
mined on the basis of the combination of
EEPS and information about the target position
on the retina (retinal signal: RS). On this
assumption, EEPS is

EEPS = PP — RS.

Figure 4(A) shows the time course of the
EEPS, i.e. the point-to-point subtraction of RS
from PP, together with that of actual eye move-
ments. The RS was calculated on the basis of
the eye position at the time of each target’s
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presentation. In calculating EEPS, PPs were
corrected by using the perceived positions ob-
tained in control conditions in which targets
were presented while the eye was being kept
still, because the resuits of the control con-
ditions indicated that there was a small indige-
nous error (open circles in Fig. 2). In addition,
it may be necessary to take into consideration
the time it takes for visual information to
traverse the retina and reach the central visual
system, the time the oculomotor system takes to
move the eye, and the time the EEPS requires to
reach the visual system. However, at the present
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Fig. 3. Perceptually judged position plotted as a function of

the time from the saccade onset, separately for the 5 actual

target positions (subject HH). Open circles in the figure are

the positions judged on control trials. Dashed curves rep-

resent the approximate time course of perceptual error.

These curves were fitted by eye based on the average errors
calculated for each 20 msec interval.
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Fig. 4. (A) Comparison of the time course of actual eye movements (solid curve) and that of the EEPS
{dashed curve) estimated for vertical saccades. (B) The time course of the EEPS estimated for horizontal
saccades. [Figure redrawn from Honda (1990).]

time, the exact value of these processing times is
not known. Therefore, we ignored the possible
differences in these temporal values.

In both subjects, the time course of the esti-
mated EEPS did not coincide with that of actual
eye movement [Fig. 4(A)]. The EEPS appeared
about 100 msec before the saccade onset, but it
developed so slowly that it could not catch up
with the movement of the eye until more than
50 msec after the end of the saccade. Note that
there was no difference in the time course of
the EEPSs between vertical and horizontal sac-
cades [Fig. 4(B)], despite the differences in the
eye muscles and the neural mechanisms for
producing vertical and horizontal saccades.

Secondary saccade

The subjects were instructed, after the pri-
mary saccade, to make the secondary saccade
toward the target position. When the perceptu-
ally judged position was near the position of the
cue for the primary saccade, only the primary
saccade occurred and the secondary saccade was
omitted. On the remaining trials, subject HH
usually made the secondary saccade. However,
the destination of the secondary saccades was
not the actual target’s position but the perceptu-
ally judged position. On the other hand, subject
NH often failed in making the secondary sac-
cade; she made only the primary saccade, or
made the secondary saccades which undershot

the perceptually judged position of the target.
In this case too, the goal of the secondary
saccades was not the actual target position,
Therefore, the results of secondary saccades
conflicted with the conclusion presented by
Hallett and Lightstone (1976a, b) that the eyes
move toward the actual position of a test stimu-
lus flashed during a saccade. {The issue on
oculomotor response to a visual target flashed at
the time of saccades was discussed elsewhere
(Honda, 1990).]

DISCUSSION

Perceptual mislocalization and EEPS

The present study indicated that there was
no difference in the time course of perceptual
mislocalization between horizontal and verti-
cal saccades. In addition, the extent of mis-
localization observed was about the same as
that reported concerning horizontal saccades
(Honda, 1990). Thus, it was established that
perceptual mislocalization occurs in the same
way irrespective of the direction of saccadic
eye movements. In other words, there is no
anisotropy in visual instability at the time of
saccadic eye movements.

The second important finding of this study
was that the time course of EEPS estimated for
vertical saccades was the same as that for hori-
zontal saccades. This finding gives support to
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the so-called outflow theory of subtraction that
EEPS originates from the central level of the
oculomotor system. Or, at least, this finding
suggests that EEPS originates from the level
more central than the levels of eye muscles and
the brain stem, because it seems more economi-
cal for the perceptual system to get the same
EEPSs for vertical and horizontal saccades from
the same neural center located at the central
level of the oculomotor system than to get the
same EEPS from the different peripheral loci of
the oculomotor system, i.e. eye muscles and the
brain stem.

The second support for the outflow theory
comes from the finding that EEPS proceeded
saccade onset by about 100 msec. No burst cells
except long-lead burst cells in the brain stem fire
more than 20 msec before the onset of a saccade.
In contrast, cells in the superior colliculus and
the frontal eye field discharge more than
100 msec before the onset of a visually guided
saccade (Goldberg & Bushnell, 1981; Wurtz &
Goldberg, 1972). This suggests that the hypoth-
esized neural center for the EEPS exists at these
eye-movement-related areas.

Explanation for visual stability

The present study confirmed the earlier find-
ings that the visual target flashed at the time
of a saccade was not seen at its actual posi-
tion (Bischof & Kramer, 1968; Honda, 1989,
1990; Mateeff, 1978; Matin et al., 1969, 1970;
O’Regan, 1984). In addition, it was shown that
the estimated time course of the EEPS did not
coincide with that of actual eye position during
a saccade. These findings reject the explanation
for the visual stability based on the subtrac-
tion theory. In other words, the visual stab-
ility observed in our everyday life cannot be
explained in terms of subtraction, because the
EEPS does not provide the perceptual system
with accurate information about the actual
eye position during saccade. Therefore, the
visual stability in a normally illuminated and
structured visual field seems to be provided by
mechanisms other than cancellation.

In most experiments on visual stability, a
visual target is flashed in the dark or on an
illuminated background at the time of a sac-
cade. In contrast, in our everyday life visual
scenery continuously exists at the same position
before, during, and after a saccade. Therefore,
the visual stability in our everyday life seems to
be provided by a suppression mechanism such
as the visual masking effect of a clear image
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before and after a saccade on the gray-out
during the saccade (Campbell & Wurtz, 1978).
It should be noted here that the EEPS has
reached the actual eye position within about
100 msec after the end of saccades (Fig. 4). In
addition to this kind of suppression mechanism,
an adaptation effect to image motion during
saccade (Bridgeman, 1983) may contribute to
establishing visual stability.

The second possible explanation for visual
stability is that the visual system has some
kind of mechanism for averaging mislocaliza-
tion observed around the time of a saccade
onset. As shown in Fig. 2, the perceptual error
immediately before and at the beginning of a
saccade was in the same direction as the sac-
cade, whereas at the end and immediately after
the saccade the error was in the opposite direc-
tion to the saccade. At about the middle point
of the saccade, the visual target was localized at
its actual position. Therefore, the spatio-tem-
poral average error near the time of the saccade
is about the same as the actual position of the
target. It seems possible that the visual system
has this kind of spatio-temporal averaging
mechanism. However, suppression and adap-
tation effects described above seem to be a more
economic and efficient mechanism for visual
stability than the averaging mechanism assumed
to be in the visual system.
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