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We describe a visual illusion where a moving target pro-
duces an illusionary trajectory. Previously it has been sug-
gested that this illusion is related to eye movements, bat
the exact nature of the relation, as well as relevant stim-
ulus conditions and eye movement type were unknown.
In two experiments, we varied critical stimulus conditions,
recorded eye movements and judgments of trajectories. In
Experiment 1, a visual cue led to a reduction of the iliu-
sion, however, only if a saccadic eye movements preced-
ed the target’s change of direciion within a critical inter-

val, assessed by SacOA {Saccadic Onset Asynchrony}. In
Experiment 2, an analogous result was found under con-
ditions of sudden velocity changes. The results are ex-
plained by a critical timing between smooth pursuit and
different phases of saccadic eye movemenis.

Key words; Smooth pursuit eye movement, saccadic eye
MOVEments, motion perception, perceived velocity, motion
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Judgment of the trajectory and velocity of a
moving object is of great importance for ana-
lyzing and recognizing the dynamic visual
world. Accurate judgment is difficult because
the retinal 1mage is not always stable during ei-
ther saccadic eye movements or pursuit eye
movement phases. Saccades tend to suppress
visual inflow (Volkmann, Riggs, White &
Moor, 1978) and pursuit eye movements reduce
correct motion information (Stoper, 1973). Sev-
eral studies concerning the role of eye move-
ments in the modification of visual motion per-
ception have been published. These studies may
be categorized into (1) those concerned with the
relationship between eye movements and illu-
sory velocity perception of targets moving with
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constant velocity, and (2) those concerned with
the perception of illusory motion trajectories
and its relation to eye movements.

Studying illusory motion velocity percep-
tion, Dichgans et al. (1969) reported that a mov-
ing object is perceived to move more slowly
when tracked by pursuit eye movement. The
extent of reduction in velocity was 10 to 40 per-
cent. Mack & Bachant (1969) examined this
phenomenon using an afterimage on the retina
which produced an illusory motion perception.
When pursuit eye movements occurred, the
afterimage appeared to move in the same direc-
tion as the pursuit eye movements. Mack &
Herman (1972) compared the effect of eye
movemenis (saccadic and pursuit eye move-
ment) when apparent movement was observed.
An apparent movement over the same distance
produced longer distance estimates when ob-
served by saccades rather than by pursuit eye
movement. This illusory perception was inves-
tigated by Mack & Herman (1973) using com-
posite velocity conditions of the target and
background. The target appeared to move more
slowly when tracked by pursuit eye move-
ments. The authors compared this to the Fileh-
ne illusion (Filehne, 1922) which is observed
when a stationary object appears to move in the
oppusite direction when a pursuit eye move-
ment occurs. In a subsequent study, Mack &
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Herman (1978) examined the Filehne illusion
by measuring position constancy during pursuit
eye movement. They found that the stationary
object appears to move in the direction oppo-
site to the tracking eye movements. Miller
(1980), investigating the same phenomenon,
discussed it in relation to an afferent/efferent
(perceptual/motor) neural interaction model.
However Westheimer (1954) showed that these
efferent interactions were of a more general na-
ture and should rather be called extraretinal in-
formation.

A modulation effect of pursuit eye move-
ments on motion perception was demonstrated
with a non-moving stimulus by Koga & Gro-
ner (1990). When one of two visual targets
moved laterally at a constant velocity, and the
other stimulus remained stationary, the moving
stimulus pursued by the eye was perceived as
motionless. On the other hand, the stationary
stimulus was perceived as a moving object. An
explanation of these results was given in terms
of two sources of motion information: a dis-
placement detector which is based on retinal
coordinates, the other arising from propriocep-
tive sensing units based on eye movements. As
a consequence, a target moving with constant
velocity produces different motion velocity per-
ceptions compared to the objective movement
of the target. This perception depends on the
particular eye movement phase, such as fixa-
tion or smooth pursuit, which has a strong mod-
ulation effect on the perceived velecity. Koga
et al. (1988) demonstrated such an effect using
a composite scrolling visual stimulus which
consisted of an object and a surround which
moved at the same speed behind a slit. Two
clearly different perceptions were obtained. The
first was a slow velocity perception for the sur-
round when it appeared together with the ob-
ject. The second was a high velocity perception
of the surround when it was presented without
the object. When the object moved together
with the surround at the same speed, the eye
pursued the object smoothly while the object
and surround remained in almost the same ret-
inal position, thus producing a relatively slow
velocity., On the other hand, when the surround
appeared without the object, no pursuit eye
movements were observed, Rather, a position
somewhere around the edge of the slit was fix-
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ated. In this situation, the surround traversed
the central foveal area, producing the percep-
tion of a relatively high speed motion. It was
concluded that the velocity difference between
stimulus and surround motion produced differ-
ent velocity perceptions, dependent on retinal
position and eye movement phase (saccades vs.
smooth pursuit). This, in turn, might result in
nen-veridical visual velocity perception.

The second aspect of the modulating effect
of eye movements on motion perception has
been discussed in terms of the perception of il-
lusory motion trajectories. Fujii (1943) was
probably the first author to examine systemat-
ically the non-veridical perception of meotion
trajectories. He reported large discrepancies
between the actual path of a target motion and
the visually perceived motion trajectory under
a wide variety of target motions. Sumi (1964a,
1964b, 1966) interpreted this non-veridical per-
ception as a motion aftereffect, but he did not
deal with the modulation effect produced by
eye movements. However, neither Fujii nor Su-
mi noticed the importance of eye movements
for the perception of motion. Mack, Fendrich
& Sirigatti (1973) examined the relationship
between eye movement and illusory backward
motion when an abrupt change of motion oc-
curred. They concluded that this illusion, called
“rebound illusion”, was caused by an unmoni-
tored overshoot of the target by the eye. They
suggested that the position information during
eye tracking is derived from neuronal efferent
signals based on propriocepiive feedback from
extraocular muscles. Festinger & Easton (1974)
emphasized the important role of eye move-
ments for this iflusion which they called “Fujii
illusion”. Prior to their work, subjects were typ-
ically instructed to simply follow the moving
target without any explicit control. Festinger
and Easton monitored eye position during the
target movement and recorded it simultaneous-
ly with the actual target position. From the com-
posite signal between the target and eye posi-
tion, the motion path was calculated and was
shown to be similar to the perceived target mo-
tion trajectory, in particular at the location of
the change in target direction. This implies that
the composite retinal position signal is one of
the factors that determines the non-veridical
perception of the motion trajectories. Festinger




et al. (1976) emphasized the importance of the
timing differences between efferent command
for extraocular muscles and the change in the
position of the eye itself.

In summary, a model of motion trajectory
perception that accounts for both, veridical and
non-veridical aspects should include both stat-
ic and dynamic signals from the environment
(surround and target) which then serve as stim-
uli for the saccadic and the smooth pursuit
system. Motion trajeciory perception is consid-
ered the result of a computation which com-
bines both sources of information. In most nat-
ural situations, this leads to veridical percep-
tion. However, some situations can be con-
structed experimentally which cannot be han-
dled by the two systems, leading to non-verid-
ical perception.

The experiments described below were de-
signed to create such situations and to examine
the role of smooth pursuit and saccadic eye
movements including fixation for the percep-
tion of motion trajectories. In our experiments,
cye movements were recorded as concormitant
events and there was no attempt to manipulate
them experimentally. Some conditions were
introduced which were expected to influence
eye movements. We analyzed eye movement
phases and compared them with the judgments
of the perceived motion trajectories.

Experiment 1: Effects of a static cue

Method

Subjects

Ten subjects, 7 male and 3 female, with normal
visual acuity and their age ranging from 20 to
26, participated in Experiment 1. The subjects
had no previous experience with psychophysi-
cal experiments and were not aware of the pur-
pose of the experiment.

Apparatus

Stimuli were generated on a high-resolution
graphic display system (COMTEC-2555) under
the control of MicroVAX-II. The eye position
was registered by an automatic video image
tracking system (Hamamatsu C 1000 with NEC-

PC9801) using the infra-red first-Purkinje re-
flection method (Koga and Osaka, 1983). The
sampling time was 16.7 ms in both the hori-
zontal and vertical components of the eye po-
sition. Spatial resolution was 0.2 deg in both
horizontal and vertical components. Prior to
each session, a calibration was performed to
linearize the horizontal and vertical compo-
nents. The fixation points for the calibration in
the two-dimensional area on the display screen
were shown to the subject before the trial ses-
sions.

Procedure

Motion targets were generated on the display
screen. The starting position of the moving tar-
get was randomly assigned to one of four mid-
points of the visible window edge on the dis-
play screen. The motion target had a diameter
of 5 mm subtending 0.5 deg of arc and a bright-
ness of 7 cd/m? against the display screen back-
ground of 1 cd/m?. The target moved with a
constant velocity of 5.7 deg/s for one second,
traversing 6 cm on the screen which corre-
sponds to 5.7 deg visnal angle, and then
changed its direction abruptly at the center of
the screen at a right angle on either side. The
distance for the observation from the subject
and the center of the display was 60 c¢cm. For
half the trials, a visual cue was added which
contained information, when and in what direc-
tion the target would change its trajectory
(with-cue condition). The cue consisted of a
thin bar having a length of 1 deg of arc at the
center of the display, and it was slanted 45 de-
grees from the direction of the motion trajecto-
ry in order to indicate the location of the target’s
change of motion and its future trajectory di-
rection. This cue could be used by the subjects
as a predictor of the location where the target
would turn, as well as of the direction in which
its trajectory would continue. On the other
hand, it could also be used as a stimulus for a
saccadic eye movement and subsequent fixa-
tion.

Figure ! shows schematically one exampie
of the motion target trajectory pattern. In the
with-cue condition, the visual cue was present-
ed simultaneously with the moving target. In
the without-cue condition, during the entire
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Without-cue Condition With-cue Condition

initial fixation phase

target begins {o move

/

target changes
the moation trajectory

end of the motfon + moving target

~ visual cue

Figure 1: The stimulus configurations for both without-
cue and with-cue cenditions for one condition with the
larget motion trajectory in each condition. Each experi-
mental condition included eight different motion trajecto-
Ty patterns.

trial the cue was not present. By combining the
four starting positions with the two directions
of changing the trajectory, eight motion trajec-
tory patterns were generated which, combined
with cue condition, represented the full set of
stimuli. For both, with-cue and without-cue
condition, eight motion trajectory patterns were
used in ten replications. :

Before data acquisition, a training session of
about one hour allowed subjects to become fa-
miliar with the procedure. They were shown
several examples of both with-cue and without-
coe trials, at first without being asked for any
judgments. After a first block of trials with cue
and one without cue they were instructed to
press one button if the perceived path followed
the simple pattern forward — turn 90° - forward,
and the other button if it did not. Nothing was
said about the true path of the trajectory, nor
was any hint given about possible relations to
the experimental conditions. In fact, none of the
subjects noticed the relationship between judg-
ment and cue condition. For convenience, we
will use the terms “veridical” and “non-veridi-
cal”, although these words were actually never
used in the communication with the subjects.

After the training session, each subject
served in 2 test sessions. Hach consisted of 10
trials of stimulus replications in random order.
In a balanced order, the 2 sessions were per-
formed by each subject, one of them consisting
of the 80 with-cue condition trials, and the oth-
er entirely of the 80 without-cue condition
trials.
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Data Analvysis

The data consisted of individual calibration
data, and for every trial, a continuous eye po-
sition recording (horizontal and vertical com-
ponent), plus the corresponding veridicality
judgment. In a computerized automatic proce-
dure supervised by the experimenter, the eye
movement recordings were first subjected to a
jinear transformation based on the off-line cal-
ibration data, and then analyzed with respect to
phases of smooth pursuit versus saccades and
fixations. The onset of saccades was deter-
mined, defined as a velocity change on the ver-
tical and/or the horizontal component of the eye
movement recordings larger than 40 deg
arc/sec. This threshold value had been deter-
mined in previous studies using the same equip-
ment (Koga & Osaka, 1983; Koga et al., 1988;
Koga & Groner, 1990). Both horizontal and
vertical components of the eye position data
stored were differentiated digitally and the po-
sition data were converted into velocity com-
ponents. Saccades were searched for automat-
ically from the velocity component data using
DSS (Digital Signal processing System) and
Wave Master I (by Canopus Inc.). Once a sac-
cade was detected, the time interval between
the onset of the target’s directional change and
the initiation of the saccade was calculated. In
the following, this time difference is referred to
as saccade onset asynchrony (SacOA). Sign is
negative if the saccade occured before the di-
rection change. If there was no saccade within
500 ms before the directional change, a saccade
was searched within an interval of 500 ms af-
ter the target’s direction change, and the SacOA
was recorded as positive. If there was no sac-
cade within this temporal windows of 1 sec,
“No SacOA” was recorded.

For a statistical analysis of the interrelations
between cue condition, SacOA, and veridical-
ity of judgment, a loglinear analysis (Goodman,
1978) was performed using hierarchical loglin-

~ear models (Norusis, 1993). The models con-

tained the factors a) two cue conditions, b) three
signs of SacOA (positive, negative, or none),
and ¢) two possible veridicality judgments.
Separate frequency distributions of SacOAs
were computed for all combinations of factors
a and b.




Figure 2: Frequencies of verid-
ical and non-veridical judg-
ments, dependent on cue condi-
tion and latency of first saccade;
results of the loglinear statistical
analysis.
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Results

Figure 2 shows the pattern of results based on
the analysis by categories. The three-way hier-
archical loglinear analysis revealed a high de-
gree of statistical dependency between all pairs
of variables. There were more veridical judg-
ments in the with-cue condition (85%) than in
the without-cue condition (48%) (partial %2 =
113.05; df = 1, p < .001), and there were more
veridical judgments associated with negative
SacOAs (87%) than with positive SacDAs
(33%) and no saccades (69%) (partial ¥? =
22.00; df = 2, p < .001). In the with-cue con-
dition, 91% negative SacOAs were observed,
compared to 23% at positive SacOAs, and 55%
for the observations without saccades (partial
¥2=457.19; df = 2, p < .0001).

in Figure 2, there are three combinations of
conditions that show much higher frequencies
than are to be expected by chance: veridical
judgments under with-cue conditions after neg-
ative SacOAs (observed frequency: 365, ex-
pected frequency: 151; z = 24.04, p < .0001),
non-veridical judgments under without-cue
condition after positive SacOAs {(observed
frequency: 335, expected: 127, z = 23.99,
p <.0001), and veridical judgments under with-
cue condition associated with no saccade (ob-

served frequency: 165, expected: 129; z =4.34,
p < .000).

- Figure 3 shows the frequency polygons of
the SacOAs. Their distribution around zero dif-
fers remarkably.

Discussion

For a better understanding of the patterns of re-
sults, we show an example of typical eye move-
ments patterns for both the without-cue (upper
panel) and with-cue condition (lower panel) in
Figure 4.

Detailed inspection of both eye and stimulus
position reveals an interesting relationship.
When no visual cue was presented to the sub-
ject, the eye started to pursue the moving tar-
get after it had left its departure. Pursuit eye
movement also continued in the same direction
after the direction change of the target. In the
without-cue condition, most of the smooth pur-
suit eye movement overshot the center of the
screen where the target changed its direction
abruptly and continued the smooth eye move-
ment. At the overshot position, the smooth pur-
suit eye movement stopped, and the subject kept
a short fixation. Thereafter, the subject made
another saccade towards the moving target.
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Figure 3: Absolute frequencies of
SacOA in beth with-cue and with-
ouf-cue conditions for veridical
and non-veridical judgments. In
the with-cue condition, a peak for
negative and another one for pos-
itive SacOA can be observed. In
the without-cue condition, a peak
is observed only for the positive
SacOA, in both veridical and non-
veridical judgments.

Figure 4: Typical eye movement
for both horizontal and vertical
positions in the without-cue and
with-cue conditions. For an expla-
nation see fext,




On the other hand, in the with-cue condition,
the eye stopped smooth pursuit before the
target’s change of direction atf the midpoint
between departure and the center of the screen;
then it made a saccade to the visual cue at the
center of the display screen when the target was
still moving towards the visual cue. After the
saccade, eye fixation continued at the location
of the visual cue for a while, as if waiting for
the moving target to arrive at the visual cue.
After the onset of the target’s change of direc-
tion, the eye made a saccade, then again con-
tinued pursuing the moving target. Figure 5 al-
so shows the schematic diagram for two dimen-
stonal eve movements and target motion trajec-
tory simultaneously.

This shows two interesting points: First, the
Subject was unable to change the direction of
the pursuit eye movement corresponding with
the abrupt change of the target’s direction. Sec-
ond, the subject continued the pursuit eye
movement — in the wrong direction — after the
change of the target’s direction. It is reasonable
to hypothesize that the smooth pursuit eye
movement predicts not only the target’s velace-
ity but also the target’s motion trajectory.

In the with-cue condition, on the other hand,
the subject stopped the smooth pursuit eye
movement at the half way point of the motion
trajectory without having been instructed, and
made a saccade prior to the onset of the direc-
tion change, then made a longer fixation at the
center of the screen where the visual cue was
presented. After the change of target direction,
the eye remained fixed at the position of the
visual cue, and then made another saccade to
follow the moving target that had changed its
direction. Smooth pursuit eye movement con-
tinued untit the end of the target motion.
Between the first and second eye pursuit in the
with-cue condition, the Subject kept fixation at
the visual cue. Thus the target’s trajectory pat-
tern was kept fixed on the retina resulting in a
more veridical motion trajectory perception.
The difference of the eye behavior between
without-cue (pursuit eye movements) and with-
cue condition (fixation) at the moment of
target’s direction change corresponds to the
non-veridical or veridical motion trajectory per-
ception. Consequently, there was a strong rela-
tionship between subjective perception of the

Without-cue Condition
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eye movement
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Saccade

Figure 5: The relation between eye movement and target
movement. Smooth pursuit eye movement mostly exceeds
the positien of the target’s change of direction in the with-
out-cue condition. In the with-cue condition, on the oth-
er hand, the eye guits the smooth pursuit before the target’s
change of direction, then makes a small saccade and keeps
fixation as if waiting for the approaching target. After the
change of target direction, eye again makes a saccade to
catch up the moving target and then swiiches to the
smooth pursuit mode again.

motion trajectory pattern and the mode of eye
movement phase in experiment 1. It can be ex-
pected that, under eye fixation, the target’s tra-
jectory pattern is seen more veridically than
under pursuit because, in the latter, the differ-
ent direction of the eye and of the target leads
to a composite trajectory. This may cause non-
veridical perception of the target’s motion.
Based on this hypothesis, a second experi-
ment was designed to establish the relationship
between non-veridical perception and eye
movements. Different target velocity combina-
tions, before and after the onset of the target’s
direction change, were introduced in order to
examine whether the adaptation of the pursuit
eye movement to different target velocities cor-
responds to the veridicality of the target motion
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Figure 6; Actual and perceived target motion trajectory in
the without-cue and with-cue condition, respectively.
Where no visual cue for the moving target is shown, most
of the perceived target motion trajectory was non-veridi-
cal,

trajectory perception. Figure 6 shows both ve-
ridical and non-veridical motion trajectory
schematically, which were reporied by the sub-
Jects after the experiments in both with-cue and
without-cue conditions,

Experiment 2: Trajectory perception with
changing target velocities

From the previous experiments it was conclud-
ed that different eye movement phases, fixation
or pursuit eye movement, produced different
motion trajectory perceptions. Specifically,
when smooth pursuit eye movement continued
after the target’s direction change, non-veridi-
cal motion trajectory perception was most fre-
quently observed. If a failure of the pursuit eve
movement system causes non-veridical trajec-
taries, we should also be able to increase non-
veridical perception by introducing more diffi-
cult conditions for the smooth pursuit sysiem,
increase non-veridical perception. Velocity
might affect the non-veridical target motion tra-
jectory, because pursuit eye movement alone
can follow only a limited range of target veloc-
ities, of approximately 5 deg/s up to 40 deg/s
{Westheimer, 1954, Yarbus, 1967),

In Experiment 2, we used the without-cue
condition (inclnding conditions near the lower
threshold of target velocity for pursuit eye
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movements) to examine whether the pursuit eye
movement contribute to the perception of mo-
tion trajectory. If the eye can pursue the target
more easily, it may tend to exceed (overshoot)
the location and timing for onset of target di-
rection.

Method
Subjects

Six male and one female subjects, aged 25 to
48, participated in this study. They had normal
or corrected-to-normal vision and were different
from those who participated in Experiment 1.

Apparatus and stimuli

The stimuli were presented on a high-resolu-
tion graphic display system (ONYX, SG). They
were generated in the same way as in the pre-
vious experiment. The target had a diameter of
3 mm subtending 0.3 deg of arc. The bright-
ness of the target and background of the dis-
play screen were adjusted to 7 cd/m? and 1 cd/
m?, respectively. The moving target changed
direction and velocity abruptly at the center of
the screen perpendicularly in each trial in the
same way as in Experiment 1. A cue was nev-
er shown. The velocity of the moving target was
set differently before (at a velocity v1) and af-
ter (v2) the direction change of the target. Six
velocity combinations of vl and v2 were em-
ploved, and one condition of constant velocity
was added, resulting in the following combina-
tions of v1/v2: 7.7/1.5,7.7/3.1, 7.7/6.2; 1.5/1.7,
3.1/7.7, 62/7.7; and 7.7/7.7 deg of visual an-
gle per second, respectively. The correspond-
ing velocity ratio combinations were 5.0, 2.5,
125, 0.20, 0.40, 0.80, and 1.0, respectively.
These velocities are near the lower threshold of
the pursuable velocity of the eye (Westheimer,
1954).

Procedure and data analysis

As in Experiment 1, there were eight motion
trajectory patterns, and now each pattern was
duplicated in 5 trials for a total of 40 trials in




one session in random order. The time differ-
ence between the closest saccade compared
with the onset of velocity change from v1 to v2
(SacOA) was measured in the same manner as
in Experiment 1.

Eye movements were registered using DC-
EOG whose signal were fed to a PC via 12 bit
AD-converter with a 3 ms sampling rate. Data
were calibrated with 17 random-position fixa-
tion prior to the trials and linearized after the
experiments in the same manner as in Experi-
ment 1.

Prior to the test session, subjects underwent
a 1 hour training session to become accustomed
to the situation. The subjects were seated at a
distance of 60 cm from the screen. They were
asked to pursue the moving target with both
evyes and, after the target had disappeared, press
one of two buttons, under the same instruction
being used as in Experiment 1.

The processing of the data was done as in
Experiment | with an extension of the SacOA
analysis as described below. Again, a hierarchi-
cal loglinear analysis (Goodman, 1978) was
computed with the variables a) two directions
of velocity change (decreasing versus increas-
ing), b) three amounts of velocity change
(large: containing 7.7/1.5 and 1.5/7.7, respec-
tively; versus medium: containing 7.7/3.1 and
3.1/7.7, respectively; versus small : containing
7.7/6.2 and 6.2/7.7, respectively), and ¢) verid-
icality of judgment (veridical versus non-verid-
ical). The control condition (7.7/7.7) was left
out from the loglinear analysis.

The SacOA analysis, i.e. the time delay of
the last saccade that either preceded or followed
the onset of velocity change, was performed in
the same way as in Experiment 1, but in addi-
tion to the first saccade, the second one follow-
ing immediately next was computed and ana-
Iyzed, too. The difference between correspond-
ing SacOAs reflects the duration of fixation at
this moment.

Results

How does the sudden change of speed affect
the perceived trajectory? One could expect that
a decrease in velocity is more detrimental to
veridicality since it will produce more over-

shoots and therefore will lead to more non-ve-
ridical judgments. Pooling the data over all
trials with decreasing velocities from v1 to v2
results in 70% non-veridical judgments, as
compared to 61% non-veridical judgments in
all trials with increasing velocities. This differ-
ence is statistically significant (loglinear anal-
ysis: partial ¥2= 54.09; df = 1, p < .001). The
amount of change plays also an important role:
If there is a large change, by a factor of 5 or,
vice versa, 0.2, we observe 59% non-veridical
judgments; if there is a medium sized change
{factor 2.5 or 0.4) non-veridical-judgments in-
crease to 69%, and if the change is small (fac-
tor 1.25 or 0.80) non-veridical judgments reach
their highest percentage of 80%. This increase
in non-veridicality is statistically significant
(partial ¥?= 60.62; df =2, p < .001).

In addition to these main effects, there is an
interaction between the experimental factors as
represented in Figure 7, which shows the per-
centage of non-veridical judgment of the target
motions in each velocity combination. The
strongest discrepancy between random expec-
tation (as defined by the residuals from the log-
linear model that accounts for all possible two-
way interactions) can be found in the group
1.5/7.7 with only 42% non-veridical judgments,
as compared to a random expectation of 49.5%
(statistically significant: z = —4.92, p < .001).
On the other hand, the group with the same
amount of velocity change but decreasing (i. e.
7.7/1.3), resulted in 76% non-veridical judg-
ments, compared with a random expectation of
68.7% (significant: z = —4.92, p < .001). In
summary, a strong sudden increase of the
target’s velocity leads to comparatively few
non-veridical judgments, a decrease of the same
amount results in a much high percentage (al-
most double the amount) of non-veridical judg-
ments.

What are the typical eye movement patterns
associated with these conditions? Figure 8§
shows the mean SacOAs in each velocity com-
bination, arranged in ascending order of v2 and
v1. While the SacOAs of the saccades after the
target’s directional change appear to be con-
stant, the SacOAs before the target’s direction
change decrease gradually. When the vl de-
creased to 1.5 deg/s — which is almost impos-
sible to pursue by eye tracking -- the average
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-1 Decreasing Velocity

Figure 7: The percentage of non-
veridical judgment of the target
motion in each velocity combina-
tion before and after change of tar-
get motion direction. Velocity

condition for the target motion
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SacOA of the first saccade showed negative
values as was observed in the with-cue condi-
tion of Experiment 1.

Statistical tests were conducted on the
SacOAs by means of an ANOVA. There was a
significant main effect or the velocity combi-
nations, F(6,84) = 10.38, p < .001, and also for
the difference between the first and second sac-
cade, F(1,84) = 534.91, p < .00L. The interac-
tion between velocity combinations and first
versus second saccade was shown to be statis-
tically significant, F (6,84) = 3.50, p < .001. The
latter means, that the differences between the

was categorized into decreasing
pair of vI/v2, increasing pair of
v1/v2, and constant velocity pair
of 7.711.7.

7707

SacOAs between second minus first saccade —
corresponding to fixation durations — increase
gradually, from 178 ms at velocity combination
7.7/1.5 to 255.8 ms at 1.5/7.7, and this increase
was shown to be statistically significant by the
test of the interaction.

Discussion

In the loglinear analysis, all three possible
sources of variation — the main effects of direc-
tion change and of amount, as well as their
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before and after the target change
of direction shown for cach velec-
ity combination.
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interaction were found to have a highly signif-
icant effect on frequencies of non-veridical
judgments. A velocity change from fast to slow
produced a 9% higher percentage of non-verid-
ical judgments as the reversed change from
slow to fast. Somewhat surprisingly, a small
amount of change produces the lowest percent-
age of non-veridical judgments, a medium
change decreases that percentage 11%. and a
large amount of change reduces non-veridical-
ity judgment for another 10%. However the
interaction between direction and amount of
change makes the picture even more complex:
the combination of slowest velocity at v1 with
highest velocity at v2 has with only 42% an
even lower percentage of non-veridical judg-
ments than expected by a linear combination of
the two main effects.

This complex interaction between the two
factors motivated us to perform the ANOVA of
the SacOAs with one combined factor of ve-
locity changes. This factor included the six ex-
perimental groups that resulted from all the
combinations of the previously two factors,
plus the constant velocity condition. The sec-
ond factor of the ANOVA was the SacOA of
the immediately next saccade. Since the differ-
ence of the second and the first saccade reflects
the duration of the fixation which was closest
to the target’s direction change, it provides im-
portant additional information, In Figure 9, it
can be noticed that the velocity combination
1.5/7.7 — which gave rise to the interaction in
the loglinear analysis and had the smallest per-
centage (42%) of non-veridical judgments — is
also the only one which produces a substantial
amount of negative SacOAs. For this reason we
plotted in Figure 9 the individual fixation du-
rations as they occurred with respect to the time
scale of direction change. We predict that those
trials which start their fixation before the
target’s direction change will lead to a veridi-
cal judgment. In Figure 9, 60.3% of the trials
start their fixation before the target’s direction
change which is almost identical with the per-
centage of veridical judgments in-this condi-
tion, 58%. It can also be seen that, while the
beginning of the fixation varies systematically
with respect to the time of the target’s direction
change, the end of fixation is much less relat-
ed fo this event.

SacOA2 - SacOA

60.3%

38.7% —

ASDO-I

Figure 9: The difference of SacOA2 — SacOAL in the con-
dition of 1.5/7.7, plotted individually and arranged in as-
cending order of SacOA2.

This finding — which also results in the long-
er average duration in this condition — can be
interpreted that, after the target’s directional
change, subsequent saccades were inhibited for
a certain time in order to allow for a spatial
orientation.

General discassion

There is an interesting connecting link between
the results of the loglinear analysis of the ve-
ridicality judgments and the ANOVA of the
SacOAs; The same condition which produced
by far the smallest percentage of non-veridical
judgments, is also the only one which has a
considerable amount of negative SacOAs. This
correspondence matches to the result of Experi-
ment 1 where the with-cue condition produced
the largest amount of negative SacOAs and
also the smallest percentage of non-veridical
judgments. Thus we might conclude that in Ex-
periment 2, the small velocity v1 had a similar
effect as the static cue in Experiment 1, to pro-
duce saccadic eye movements and fixations,
which had a positive effect on veridical judg-
ments about the target’s trajectory. With respect
to tracking, however, this condition of small ve-
focity of v1 makes the task more difficult; in
fact almost impossible, to follow such a slow
stimulus by means of smooth pursuit eye move-
ments.

Thus we arrive at the apparently paradoxical
result that, conditions which make a task on the
perceptual level almost impossible to solve,
lead to a much better performance on the lev-
el of (veridical) judgments. The paradox disap-
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pears, if we take into account, that the task is
more difficult only for the smooth pursuit
system, for the saccadic system it will become
easier if there are static — or almost static — stim-
uli available which then can serve as fixation
points for the saccadic system. However, there
is another prerequisite for veridicality. For this,
discrepancies between the results of the two ex-
periments should be examined more closely.

The average percentage of non-veridical per-
ception was greater in Experiment 2 than in
Experiment 1. We observed in preliminary ex-
periments that a smaller sized moving target in-
creased the frequency of non-veridical percep-
tion. It should be noted that in Experiment 1
the diameter of the target was 0.5 mm and in
Experiment 2 it was 0.3 mm. One possible ex-
planation of this phenomenon can be discussed
from the viewpoint of the visibility of moving
targets; this, however, was not the main pur-
pose of this study, and this hypothesis could be
examined in more detail in the future.

We must also examine the effect of the in-
itial target velocity condition, v1. When v was
slow and rather below eye pursuit threshold, the
alternation of saccadic eye movement and fix-
ation compensates for pursuit failure. However,
only when the timing of alternating saccades
and fixations happened in such a way, that one
fixation bridged exactly the time interval be-
fore and after the target’s change of direction,
only under this condition a veridical perception
of the trajectory is possible. The crucial issue
is not just the saccadic system: in addition, the
temporal relation between fixations and simul-
taneous target motion changes is most impor-
tant.

Our stable visual world is usnally made op
by taking in visual information with successive
fixations about the object’s properties like
shape, color and brightness, and object depth.
Dymnamic characteristics of visual information
such as motion and changes in size are also im-
portant for properly recognizing the visual
world. They are all processed at the different
part of the visual cortex. On the other hand, the
purpose of innate pursuit eye movement is to
stabilize moving objects on the central part of
the retina, not only to obtain temporal informa-
tion, such as object veloeity, but also to recog-
nize more clearly spatial characteristics such as
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shape or color. The above-mentioned results in-
dicate that the pursuit eye movement may have
the property of sacrificing the veridical motion
perception of moving objects in terms of both
velocity and motion trajectory. Thus, pursuit
eye movements can capitalize more on infor-
mation about the static characteristics of the
object, but this happens on the costs of the
dynamic aspects of visual information, such as
object velocity and target motion trajectory.
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