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0 Abstract — The effects of passive displacements
to the head delivered by an abrupt push to the up-
per body were studied in human subjects during
gaze shifts to nearby targets while the head was
completely unrestrained. Accurate measurements
of gaze were obtained via the Maryland Revolving
Field Monitor, used to measure head and eye rota-
tions unconfounded with translations, and by an
acoustic ranging system, used to measure head
translations. Compensation for head perturbations
was quite good, with gaze errors much the same as
gaze errors in the absence of the push. Compensa-
tion along one or both meridians was achieved by
means of the vestibulo-ocular response in many of
the gaze shifts. The results suggest an impressive
ability to coordinate head and eye movements
during natural gaze shifts, carried out by one or
more different kinds of compensatory systems that
the subject can access at will or according to task
demands.

[ Keywords —gaze shifts; vestibulo-ocular
response; head movements; eye movements.

Introduction

The properties of gaze shifts change when lab-
oratory testing conditions are made more like
those typically encountered in the natural world.
For example, peak gaze velocity is faster dur-
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ing gaze shifts made while the head is free to
move than when the head is stabilized by a
biteboard (1,2). This finding was shown to be
the result of a genuine enhancement of gaze
produced by allowing motions of the head,
and not the result of the addition of the ve-
locity of the eye in the head to the velocity of
the head in space. The enhancement is consis-
tent with the idea that the natural tendency of
the oculomotor system is to program head and
eye movements jointly (3,4). Subsequent work
showed that enhancement of gaze velocity, ob-
tained when head movements were allowed,
could be increased even further by requiring
the subject to do a natural task (tapping a se-
quence of targets), rather than the artificial
task of simply looking at the sequence of tar-
gets with no other goal or purpose in mind (5).

This paper continues the attempt to study
oculomotor performance under more natural
testing conditions than those typically em-
ployed in laboratory studies. In this study, we
examined the effects of passive displacements
of the head delivered while a gaze shift was in
progress. Effects of passive displacements
have been studied before (6-9). In these prior
studies, however, the head was restrained to
some degree either by helmets mounted so as
to restrict head motion to horizontal rotations
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or by biteboards. In the present study, no head
restraints were used, so both head and body
were free to move in 3 dimensions in any way
the subject chose during the gaze shift.

Our interest in the effects of passive dis-
placements was inspired by recent observa-
tions showing that gaze shifts made between
targets located near the subject can be ex-
tremely accurate (1,2). Accurate shifts of gaze
between distant targets have been observed
previously (see, for example, 3,6,7), but nearby
targets present a special problem. When tar-
gets are nearby, translations of the head, as
well as rotations, affect the position of the ret-
inal image, with the effect of translations in-
creasing the closer the target is to the eye. As
aresult, an accurate shift of gaze requires co-
ordinating eye rotations with both head rota-
tions and head translations, taking the effects
of the distance between eye and target into ac-
count as well. Previous demonstrations that
passive displacements delivered to the head do
not impair the accuracy of gaze shifts between
distant targets (6-9) attested to the presence
of some mechanism that adjusted the rotation
of the eye in the head to compensate for the
passive head rotation. It is not known whether
a comparable level of compensation would be
available when targets are nearby and head
translations must be taken into account as
well. The study of gaze shifts with nearby tar-
gets (that is, within arm’s reach) is quite im-
portant because such gaze shifts are critical for
the performance of most natural visual-motor
tasks (from chipping flint tools to sewing to
surgery) and represent one of the most impor-
tant contributions of eye movements to suc-
cessful visual performance. It is for this reason
that we developed the specialized instrumen-
tation necessary to determine accurately the
direction of gaze with respect to nearby, 3-D
targets (details described in Methods).

The primary goal of this study was to find
out whether the high level of compensation
for passive displacements, demonstrated pre-
viously for distant targets and partially re-
strained heads, would also obtain: (1) under
more natural testing conditions, when the
head was allowed complete freedom of move-
ment, and (2) when targets were near enough
that translations of the head would have to be

taken into account. Our second goal, should
a high level of compensation be observed, was
to investigate the source of this compensation.
The previous studies (6-9) had identified two
possible sources for compensation of passive
displacements. One was the vestibulo-ocular
response (VOR). The second was a gaze-
control system that computed gaze position
throughout the gaze shift and terminated the
gaze shift when the intended goal position was
reached. These two sources of compensation
for passive displacements contribute to differ-
ent degrees, depending on the subject, the
task, or the size of the gaze shift (7-10).
We found high levels of compensation for
passive displacements during natural gaze
shifts performed between nearby targets. We
also found evidence that both sources of com-
pensation, the VOR and the gaze-control sys-
tem described above, were operating during
the course of gaze shifts, with the relative con-
tribution of each varying from trial to trial.

Method

In this experiment we delivered natural pas-
sive displacements to a freely moving subject,
who was looking from one target to another
with no mechanical constraints on movements
of his head or body. The subject shifted gaze
between targets while, on a small proportion
of the gaze shifts, an experimenter unexpect-
edly displaced the subject’s head by abruptly
pushing on the subject’s upper back and shoul-
der. Details of the subjects, stimulus, proce-
dure, recording instrumentation, and data
analysis follow.

Subjects

Two of the authors served as subjects (CE
and ZP). Both had extensive previous experi-
ence as eye movement subjects, including ex-
periments in which free-headed gaze shifts were
studied (1,2,11). CE and ZP were tested be-
cause each had some training in music (as did
the experimenter, HC), and we felt this would
be important in helping them use the metro-
nome to control the timing of gaze shifts and
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pushes, and thus increase the likelihood that

pushes and gaze shifts would coincide appro-
priately. CE was tested in three and ZP in two
100-trial recording sessions. Testing was done
under the conditions approved by the Univer-
sity of Maryland Human Subjects Committee.

Stimulus
The subject’s task was to shift gaze between

3 widely spaced targets arranged in a triangu-
lar configuration. The arrangement of the 3
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targets is shown in Figure 1a. The target at the
apex of the triangle, farthest from the subject,
is called the Center target. The targets at the
base of the triangle were called Left and Right,
respectively.

The targets were rods topped with 0.5-cm
diameter colored LEDs placed into wells on
a Worktable located in front of the subject.
The distance between the subject’s eye and the
targets was on average about 50 ¢m, but since
the head was totally unconstrained, this dis-
tance varied somewhat depending on mo-
mentary head position. The average angular

center target

®
(450,0)

Worktable X-axis

left target right target
® 0,0 o
(0,-270) Worktable Y-axis (0, 315)

(a)

RFM cube-surface coil
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Figure 1. (a) Experimental setup for the push experiments showing the locations of the 3 targets. The num-
bers in parentheses show Worktable coordinates of each target in mm. (b) Schematic diagram of the Maryland

Revolving-Field monitor.
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separation between the Center target and ei-
ther the Left or the Right target was 31° for
subject CE and 37° for subject ZP. The aver-
age angular separation between the Left and
Right targets was 50° for subject CE and 59°
for subject ZP.

Targets were visible at all times. The exper-
iments took place in a well-lit room in which
background objects were present and visible.

Procedure

Each eye movement recording session con-
tained 100 six-second trials and lasted about
30 minutes. At the start of the recording ses-
sion, the experimenter turned on a metro-
nome, which was set to beep every second.

Before each trial the subject began to shift
gaze between the 3 targets, attempting to time
each gaze shift so that it coincided with a beep
from the metronome. The three targets were
scanned either clockwise (Center-Right-Left)
or counterclockwise (Center-Left-Right), with
the scanning direction varied haphazardly by
the subject from trial to trial. When the sub-
ject felt that a rhythmic scanning pattern had
been established, he started the trial by means
of a button push, initiating the collection of
data.

One of the experimenters (HC) sat behind
the subject and was responsible for delivering
the passive displacements by pushing unexpect-
edly on the subject’s shoulder and upper back.
The experimenter wore gloves on each hand.
Microswitches, mounted inside the palms of
the glove, were sampled at 488 Hz and re-
corded the time that contact was made with
the subject’s body. The experimenter pushed
the subject abruptly and infrequently, and in
a variety of directions, in an attempt to dis-
courage the subject from correctly anticipat-
ing the time of occurrence or the trajectory of
the next push. The experimenter also used the
metronome and attempted to control the tim-
ing of his pushes so that movements of the
subject’s head, resulting from a push, would
be likely to coincide with the gaze shift. (As
will be discussed below in the Data Analysis
section, about 10% of the pushes met this cri-
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terion.) Among these trials, 82% contained a
single push, 10% contained no pushes, and
8% contained two pushes.

Eye and Head Movement Recording

Apparatus. Eye and head movements were re-
corded using the Maryland Revolving Field
Monitor apparatus (MRFM), sketched in Fig-
ure 1b. The details of the MRFM apparatus
are described in references 11 and 12. Briefly,
the MRFM consists of 3 subsystems:

1. The Revolving Field Monitor/sensor-coil
subsystem (RFM) measures orientations of
the eyes and the head. The RFM produces
3 mutually perpendicular, magnetic fields
revolving at different frequencies. Each
tield is produced by two sets of ac-current-
carrying, S-element, coils mounted on a cu-
bical frame—~a “cube-surface coil” that
produces a spatially homogeneous mag-
netic field within a large fraction of the
frame’s volume. Horizontal and vertical
eye rotations are measured with silicone
annulus-sensor coils (Skalar-Delft). Hori-
zontal (yaw), vertical (pitch), and torsional
(roll) head rotations are measured with the
head-coil apparatus, consisting of 2 ap-
proximately perpendicular sensor-coils,
mounted on the head. The angle between
the plane of each eye or head sensor coil
and the planes in which each magnetic field
revolves is proportional to the difference
between the phase of the ac-current in-
duced in the sensor-coil and the phase of
the ac-current induced in a reference coil
associated with each field. This phase-
detection method for recording eye move-
ments was introduced by Collewijn (13).
The precision of angle measurement in the
RFM is better than 1 minarc with linearity
better than 0.01%. Sampling rate was set
to 488 Hz.

2. The Sparker Tracking Subsystem (STS)
measures 3-D head translations. The “spar-
ker,” mounted on top of the head, emits
bursts of sound at 61 Hz (sparker strobes)
that are detected by 4 microphones mounted
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on a rectangular frame near the ceiling.
STS computes the time of arrival of each
spark’s wavefront and outputs distances to
each microphone (to 0.1 mm).

3. The Worktable, which containsan 11 x 14
grid of equally-spaced wells into which tar-
gets can be placed, serves as the basis for
a coordinate system into which all recorded
quantities are converted (see Figure 1b).

The MRFM collected and stored data from
its three subsystems in discrete “bursts,” each
containing 12 signals produced by the RFM, the
STS, and the gloves worn by the experimenter.
During each second, 488 RFM-bursts were ob-
tained and stored. Only 1 in 8 RFM-bursts con-
tained new sparker values because there were
only 61 sparker strobes/s. Intermediate sparker
values were linearly interpolated.

Analysis

Details of the analyses of the MRFM data
are described in references 11 and 12. The
main steps involved in converting raw data
into useful quantities are summarized below.

Calibrations. Outputs of the RFM and the STS
were converted into Worktable-coordinates to
determine where the subject was looking with
respect to the targets. To do this, three types
of calibrations were performed: (1) A sparker
placed in wells at different locations on the
Worktable calibrated ‘“sparker-space”; (2)
Sighting centers of each eye were measured
with the head in a reproducibly-known posi-
tion on the biteboard, using a sighting tech-
nique; (3) The orientations of the eyes that
corresponded with the line-of-sight pointing
in a known direction (along the positive x-axis
of the Worktable) were measured at the start
of each recording session by having the sub-
ject look at each of his pupils reflected in a
mirror, which was arranged to be parallel to
the Worktable y-axis. During the same mirror-
trials, positions of the sensor coils on the eyes,
the position of the head-coil apparatus on the
head, and the relationship of the sparker to the
eye and head coils were also measured.
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Line-of-sight vectors. The line-of-sight vector
of an eye was defined as the vector from the
sighting center of that eye, pointing in the di-
rection of the eye’s orientation, measured with
the sensor coil. The positions of the subject’s
sighting centers with his head in a known bite-
board position were measured before the re-
cording sessions began. The orientations of
the eyes that corresponded to the line-of-sight
being aligned with the positive x-axis were
measured during mirror-trials. Given this infor-
mation and the reading of the head-coils, spar-
ker, and eye coils, the subject’s lines-of-sight
at an arbitrary RFM-burst could be calculated.

Eye-in-head vectors. The orientation of the
eyes relative to the head was calculated using
Helmholtz coordinates (14). The First Helm-
holtz angle (H,), corresponding to the eye’s
vertical angle (pitch or elevation) was defined
as the rotation of the eye around the “base-
line,” where baseline was the line connecting
the sighting centers of the two eyes. The Sec-
ond Helmholtz angle (), corresponding to
the eye’s horizontal angle (yaw or azimuth)
was defined as the rotation of the eye around
the vector that was parallel to the positive
z-axes of the Worktable when the head was on
the biteboard during the mirror trial. This vec-
tor is perpendicular to both the baseline and
the line-of-sight vector when the subject looks
straight ahead. The axes that define the Helm-
holtz coordinate system are fixed to the sub-
ject’s head and move with it.

Instantaneous velocities. Gaze (eye-in-space)
velocity at an arbitrary RFM-burst / was de-
fined as the angle between the line-of-sight
vector at burst / and the line-of-sight vector at
burst i + 1. This quantity represents the eye’s
angular velocity in minarc/burst and can be
converted to degrees per second by multiply-
ing by 8.13 (488 bursts/s/60 minarc/°). This
definition of velocity combined horizontal and
vertical eye angles and was unsigned.
Eye-in-head velocity at an arbitrary RFM-
burst was calculated in the same way as gaze
velocity, except that eye-in-head vectors were
used instead of the line-of-sight vectors.
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For some analyses it was necessary to show
horizontal and vertical eye-in-head velocities
separately. In that case, the horizontal eye-in-
head velocity at RFM-burst / was defined as
the eye’s second Helmholtz angle (H,) at
burst / + 1 minus H, at burst i, and the verti-
cal eye-in-head velocity at burst / was defined
as H, at burst i + 1 minus H, at burst J.

Horizontal and vertical head velocities in
Helmholtz coordinates were defined as the an-
gles the head rotated between bursts i and i + 1
around the vertical and horizontal Helmholtz
axes as calculated at burst J.

Position of target with respect to the head.
Target angles in eye-in-head (Helmholtz) co-
ordinates were defined as the horizontal and
vertical eye-in-head angles of the eye that
would be measured if the subject were look-
ing at that target. Target-angles move with the
head as it rotates and translates, so fluctua-
tions of the target angle represent changes in
retinal target position as a result of the head
movements.

Gaze-errors. Gaze errors were determined at
the time of the offset of the first gaze shift
made to the target. Secondary or corrective
saccades, which occurred after most of the
gaze shifts, were ignored. Gaze-error of each
eye with respect to a target was defined as the
angle between the line-of-sight vector at gaze
shift offset and a vector from the eye’s sight-
ing center to that target.

Gaze shift detection. Gaze shifts were detected
by exhaustive examination of all eye move-
ment recordings by two observers, working in-
dependently. Recordings were displayed on
the screen of a SUN SparcWorkstation-GS,
and the observers marked approximate gaze
shift onsets and offsets using a cursor con-
trolled by a mouse. Gaze shifts occurring in
the first or last 200 msec of a trial were ex-
cluded from further analysis. Each detected
gaze shift was then classified according to
whether it coincided with a push delivered by
the experimenter {see Procedure section),
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where the occurrence of a push was deter-
mined from the output of the microswitches
worn in the experimenter’s gloves. Gaze shifts
without pushes occurring either during the
gaze shift or earlier in the same trial were clas-
sified as “control” gaze shifts. Gaze shifts oc-
curring after a push was delivered in a trial
were excluded from further analysis because
the prior occurrence of a push in a trial may
have affected gaze trajectory. The remaining
gaze shifts, coinciding with pushes, were then
examined to determine whether the passive
displacement of the head produced by the
push had coincided closely enough with the
gaze shift to make examination of its effects
meaningful. A strict criterion was used, namely,
a gaze shift was designated as a “push gaze
shift” when either horizontal or vertical head
velocity exceeded the mean of the head veloc-
ity in control gaze shifts by one standard de-
viation by the time the saccade reached its
peak velocity. Of the approximately 500 pushes
delivered to the subject, 64 gaze shifts met this
criterion and were classified as “push gaze
shifts.” All of these push gaze shifts took the
head in the direction of the gaze shift because
it was much easier and took less time to move
the subject in the same direction as his body
and head were already moving than in the op-
posite direction. Had this been noticed while
the data was being collected, an attempt could
have been made to modify the time and force
of some of the pushes to produce push gaze
shifts in both directions; a much harder push,
delivered earlier with respect to the gaze-shift
would have been required to displace the head
opposite to its on-going motion. Future work
on this problem would benefit by taking this
problem into account.

Results

Trajectories of Head and Gaze
During Gaze Shifts

To evaluate the effects of the pushes on
gaze error we first examined the 2-dimensional
trajectories of head and gaze during gaze shifts
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superimposed on the surface of the Workta-
ble. Gaze position on the Worktable was de-
fined as the intersection of the line-of-sight
vector and the plane parallel to the Worktable
at the height of the targets (the target plane).
Head position on the Worktable was defined
as the intersection of the “head-vector” with
the target plane. The head-vector was defined
as the vector fixed to the head, with the ori-
gin at the midpoint of the baseline (the line
connecting the sighting centers, see Methods).
At gaze-shift onset, the direction of the head
vector was set to coincide with the direction
as the right eye’s line-of-sight vector.

Figures 2 and 3 plot examples of head and
gaze trajectories during the gaze shifts. The
gray band shows the mean +1 SD of the tra-
jectories of the control gaze shifts. The dot-
ted lines show trajectories of the individual
gaze shifts containing pushes. Each plotted
point was obtained from a single burst of the
RFM, thus, the distance between the points in-
creases with increasing gaze or head velocity.

Figures 2 and 3 show that control gaze
shifts were accomplished in part by move-
ments of the head, with the extent of the head
movement varying depending on the subject
and the intertarget distance. The control gaze
shifts were, by and large, quite accurate, with
the line of sight landing close to the position
of the targets.

The wide scatter of the head trajectories
during the push gaze shifts shows that the head
was indeed deviated from its usual path by
the push. Yet, remarkably, gaze deviated only
modestly from its usual path and gaze landed
on target. Thus, the eye must have been mov-
ing so as to compensate for the head pertur-
bations because gaze shifts containing pushes
appear very similar to control gaze shifts.

The following sections will provide quan-
titative support and amplification of these
assertions.

Effects of the Pushes on Movements
of the Head

In order to determine how much the head
was affected by the push, we compared head

angular velocity of push and control gaze
shifts. Head velocity, calculated as the instan-
taneous angular velocity of the head vector
during the RFM bursts when gaze velocity was
at its peak, is shown in Figure 4 (lefthand
graphs). Head velocity was 3 to S times higher
during push gaze shifts (open triangles) than
during control gaze shifts (filled circles). The
difference was statistically reliable for both
subjects (7{879] = 9.9, P < 0.001, for subject
CE; ¢{584] = 9.0, P < 0.001, for ZP).

The effect of the push on head movements
was also summarized by the distance the
sparker (mounted on the head) moved during
the gaze shift. Once again, as Figure 4 (right-
hand graphs) shows, the effect of the push was
large and statistically reliable (¢[879] = 13.9,
P <0.001, for CE; ¢t[584] = 7.8, P < 0.001,
for ZP). The movement of the head, if uncom-
pensated, would have produced a large error
in gaze. For example, a movement of the head
of 50 mm should produce a gaze error about
5° greater than the gaze errors of control gaze
shifts at the usual 50-cm distance between sub-
ject and target. Gaze errors, as summarized in
the next section, were smaller than this.

The Effect of the Pushes
on Gaze Errors

Gaze errors, measured at the offset of the
gaze shift, are shown in Figure 5 for push and
control gaze shifts and for the different gaze
shift directions. (Right eye performance is
shown. Left eye and binocular gaze errors
were similar.) Gaze errors were only slightly
larger for the push gaze shifts than for con-
trol gaze shifts, and the differences were not
reliable. For CE, average gaze error was 2.7°
(SD = 1.7, N =852) for control gaze shifts and
3.4° (SD = 2.6, N =29) for push gaze shifts.
For ZP, average gaze error was 3.4° (SD=1.5,
N=551)in control gaze shifts and 3.4° (SD =
1.6, N = 35) in push gaze shifts. Analysis of
variance (gaze shift type: control or push X
gaze shift direction) showed no significant
main effect of gaze shift type (push compared
to control) (F[1, 869] =2.9, P> 0.08, for CE;
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Figure 2. Subject CE: Two-dimensional trajectories of head (left) and gaze of the right (middle) and left (right)
eye superimposed on the Worktable. Thick black bands are from control gaze shifts (mean + 1 SD); individual
thin traces are from push gaze shifts. Open circles denote target position.

F[1,574] =0.02, P> 0.8 for ZP). There was Right-Left) than with smaller target separations
a significant interaction of gaze shift typeand (see Figure 5), but not for ZP (F[1,574] = 1.1,
direction for CE (F[5,869) =2.3, P<0.001), P > 0.3).

for whom the effect of perturbation was greater This analysis of gaze errors shows that
with the larger target separations (Left-Right or  pushes were compensated effectively.
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Figure 3. Subject ZP: Two-dimensional trajectories of head (left) and gaze of the right {(middle) and left (right}
eye superimposed on the Worktable. Thick black bands are from control gaze shifts (mean + 1 SD); individual
thin traces are from push gaze shifts. Open circles denote target positions.

Peak Gaze Velocities

If the VOR were completely effective in
compensating for the pushes, then the trajec-

tories of control gaze shifts should be indis-
tinguishable from the trajectories of push gaze
shifts (6). This was not the case. Peak right eye
gaze velocities, shown in Figure 6, were higher
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Figure 4. Angular velocity of the head (left) and translational movement of the head (right) for subjects CE
(top) and ZP (bottom). Performance in each graph is shown separately for the 6 different gaze shift directions.
Filled symbols are from control gaze shifts (mean + 1 SD), and open triangles are from individual push gaze shifts.

during the push gaze shifts (left eye was simi-
lar). In the push gaze shifts, the head was al-
ways displaced in the direction of the gaze shift
(see Methods), so a higher gaze velocity for
these gaze shifts indicates failure of complete
compensation by the VOR. Differences be-
tween peak velocities of push and control gaze
shifts were reliable (F[1, 8691 =4.2, P < 0.05,
for CE; F[1,574] =17, P < 0.001, for ZP).
This result shows that the VOR may have con-
tributed to compensation (which it did, as will

be shown later), but was not operating at full
effectiveness.

Gaze Shift Duration

Others have noted that the VOR is absent,
or at least attenuated, during gaze shifts (6-10).
In order to explain how gaze shifts can be ac-
curate without a fully effective VOR, models
of gaze control have been proposed in which
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Figure 5. Gaze-error (right eye) for subjects CE (top)
and ZP (bottom). Performance in each graph is shown
separately for the 6 different gaze shift directions.
Filled symbols are from control gaze shifts (mean +
1 SD) and open triangles are from individual push
gaze shifts.

gaze was assumed to continue until gaze error
fell below some critical value (see Introduc-
tion). At that point, the gaze shift would be
terminated. This process would predict that in
our experiment, given that the push sent the
head in the direction of the gaze shift, dura-
tions of gaze shifts should be shorter in push
gaze shifts than in control gaze shifts.
Durations of push gaze shifts were shorter
than durations of control gaze shifts, as shown
in Figure 7. The effect was largest for ZP at the
larger target separations (Left-Right or Right-
Left). The effect of the push on the duration
of gaze shifts was not statistically significant
forCER(FI1 R691 =21 P>01} but wassta-
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Figure 6. Peak gaze velocity (right eye) for subjects
CE (top) and ZP (bottom). Performance in each graph
is shown separately for the 6 different gaze shift
directions. Filled symbols are from control gaze
shifts (mean + 1 SD) and open triangles are from indi-
vidual push gaze shifts.

tistically significant for ZP (F[1, 574] = 14,
P <0.001). As for gaze errors, the interaction
between gaze shift type and direction was sig-
nificant for CE (F[5, 869) = 3.5, P < 0.005),
with the effect of the push on gaze shift dura-
tion being greater for larger target separations.
The interaction between gaze-shift type and di-
rection was not significant for ZP (F[5, 574] =
0.75, P > 0.5).

The Contribution of the VOR to
Individual Push Gaze Shifts

The results described so far show that there
was compensation for the passive displace-
ment of the head and that the VOR wac not
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Figure 7. Gaze shift duration (right eye) for subjects
CE (top) and ZP (bottom). Performance in each graph
is shown separately for the 6 different gaze shift
directions. Filled symbols are from control gaze
shifts (mean + 1 SD) and open triangles are from indi-
vidual push gaze shifts.

fully effective during the gaze shift. Examina-
tion of individual gaze shifts shed more light on
the role of the VOR. Specifically, (1) the VOR
did contribute to the achievement of an accu-
rate gaze shift; (2) the contribution of the VOR
varied from one gaze shift to another; and (3)
the contribution of the VOR was often differ-
ent for the horizontal and vertical meridians.

An example of a push gaze shift in which
the VOR did not make a substantial contribu-
tion on the horizontal meridian, but did along
the vertical meridian, is shown in Figure 8.
This figure shows the eye and head angular po-
sition traces of one of subject CE’s gaze shifts.
The graphs at the bottom show horizontal
(left) and vertical (right) head rotations. There
are two traces in each head angular position
graph. The solid trace, represents mean per-

formance in the control (that is, no push) gaze
shifts. The surrounding grey band shows +1
SD. The dashed line in each head angular po-
sition graph shows the head rotation during
this gaze shift, in which the subject was pushed.
The substantial deviation of this head angu-
lar position trace from the contiols represents
the effect of the push on head rotation.

The remaining graphs in Figure 8 show
movements of the right (top graph) and left
(middle) eyes. Once again, performance in
control gaze shifts (mean + 1 SD) is shown by
the solid line surrounded by the gray band,
and performance on this gaze shift is shown
by the dashed line. First, let us consider the
control gaze shifts. Note that in each graph
there are two different functions showing per-
formance on the control gaze shifts. One func-
tion originates at 0° on the ordinate and then
shows a prominent (20°-30°) shift in angular
position beginning shortly before time 0 on the
abscissa (time 0 was set to the time when eye
in head velocity was maximum). This function
represents the rotations of the eye in the head
(see “Eye-in-head vectors” in the Methods sec-
tion). The other function from the control
gaze shifts begins near an eccentricity of +30°
and then shows a 5°- to 10°-shift in angular
position. This function represents the angular
position of the target relative to the head. The
fluctuations in this target trace were not the
result of movements of the target itself (since
it was stationary throughout the gaze shift),
but instead resulted from movements of the
target on the retina caused by both head trans-
lation and head rotation (see “Position of the
target with respect to the head” in the Meth-
ods section). When the mean eye angular po-
sition and mean target angular position in the
controls coincide, which they do by the end of
the gaze shift, then the line of sight has reached
the target. (Keep in mind that the solid traces
for the control trials represent mean perfor-
mance, not the individual gaze shifts. Thus,
while the mean target and eye angular posi-
tions typically coincide by the end of the trial,
the target and eye traces for individual gaze
shifts would show greater error).

The two dashed lines in each eye angular
position graph show eye and target angular
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Figure 8. Subject CE’s head (bottom), right eye (top), and left eye (middle) angular positions in one gaze shift
when shifting gaze between the Center and Right targets. The abscissa shows time; 0 corresponds to the
peak velocity of the eye. Horizontal rotations are in the lefthand graphs; vertical rotations in the right hand
graphs. In each graph, traces surrounded by gray bands show performance in control gaze shifts, with the
central black {ine showing mean performance and the gray band +1 SD. The dashed traces in each graph
show performance on the current gaze shift in which a push occurred during the gaze shift. Head angular
position graphs show head orientation in space. Eye graphs contain two pairs of functions: (1) The pair origi-
nating at 0 on the ordinate shows the rotation of the eye in the head relative to the “head axes,” described
in Methods; (2) The pair originating near +30° or —30° on the ordinate shows the angular position of the tar-
get relative to the ‘““head axes.” The fluctuations in the target traces are due to movements of the head axes,
which were caused by both head rotation and head translations. This example shows compensation late in
the aaze chift for the horizontal meridian and earlv in the gaze chift far the vartical mearidian
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position during this gaze shift, which con-
tained a push. The deviation of the target trace
from the controls shows the effect of the push
on target angular position. The deviation of
the eye angular position trace from the con-
trols shows the way in which rotations of the
eye in the head compensated for the effect of
the push.

Now consider what happened in the gaze
shift shown in Figure 8, looking first at the
horizontal movements in the lefthand graphs.
The effect of the push on head angular posi-
tion and on target angular position can be seen
near the time peak eye velocity (time 0) was
reached. The effect of the push on the angu-
lar position of the eye in the head was differ-
ent. On the horizontal meridian, there was

little deviation of this gaze shift’s eye angular -

position trace from the controls until very late
in the gaze shift, when the eye had already
come quite close to the target. This indicates
that compensation for the push, at least on the
horizontal meridian, was delayed until late in
the gaze shift.

The velocity traces corresponding to these
angular position traces are shown in Figure 9.
The deviation of this gaze shift’s horizontal
head velocity trace from the controls (lefthand
graphs) shows that the push caused a horizon-
tal head rotation with a peak velocity near
200°/s (Figure 9, bottom). Yet, the horizontal
eye-in-head velocity traces show no obvious
compensation for the change in head velocity
until about 30 msec after peak eye velocity was
reached (top and middle graphs). It is not pos-
sible to determine, solely from the perfor-
mance along the horizontal meridian, whether
the onset of the compensation was due to the
VOR being activated late in the gaze shift or
whether it was due to a braking of the eye
when gaze error had fallen below some criti-
cal value.

Performance on the vertical meridian (right-
hand graphs in Figures 8 and 9) was less am-
biguous. Both the angular position and velocity
traces show compensation for the push during
the entire course of the gaze shift. Thus,
at least along the vertical meridian, the VOR
compensated for the head perturbation, and
alternative models of gaze control do not ap-
pear necessary in this case.

J. Epelboim et al

did compensate for the push early in the gaze
shift along the horizontal meridian. Figures 10
(angular position traces) and 11 (velocity
traces) show a gaze shift (about 60° in size)
with prominent horizontal compensation (this
gaze shift was primarily horizontal, with no
substantial vertical component). Half of CE’s
push gaze shifts showed compensation early
in the gaze shift on either meridian (similar to
Figures 10 and 11), and half showed that com-
pensation was delayed until the line of sight
neared the target (similar to Figure 8, horizon-
tal meridian).

Subject ZP’s performance was similar to
CE’s. Figure 12 shows angular position traces
for a gaze shift in which horizontal compen-
sation for the push did not occur until late in
the gaze shift, when the line of sight was near
the target. Figures 13 (angular position traces)
and 14 (velocity traces) show an example with
compensation early in the gaze shift. ZP showed
early compensation on one or both meridians
in 39% of his push gaze shifts. Figure 13 also
shows another phenomenon that appeared on
many gaze shifts. Notice that there was little
effect of the push on the vertical head rota-
tions (Figure 13, bottom righthand graphs).
On the other hand, the vertical target traces
(middle and upper righthand graphs) show
substantial effects of the push along the ver-
tical meridian. These differences between the
vertical head rotation trace in the bottom
graph and the vertical target angular position
trace in the upper and middle graphs are due
to head translations. The eye angular position
traces (Figure 13) and eye velocity traces (Fig-
ure 14) both show compensation. Since verti-
cal head rotations were virtually absent, the
compensation that occurred must have cor-
rected for the effects of the head translations
that affected the vertical target trace.

Discussion

We found effective compensation for pas-
sive displacements of the head during shifts of
gaze. Our testing conditions were different
from those employed in prior investigations of
this topic (6-9) and more relevant to the use
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Figure 9. Subject CE’s head (bottom), left eye (middle), and right eye (top) velocities when looking between
the Center and Right targets. Same gaze shift as shown in Figure 8. The abscissa shows time; 0 corresponds
to the peak velocity of the eye. Horizontal velocities are in the lefthand graphs; vertical in the right hand
graphs. The trace in each graph surrounded by the gray band shows performance in control gaze shifts, with
the central black line showing mean performance and the gray band +1 SD. The dashed trace shows perfor-
mance on the current gaze shift in which a push occurred during the gaze shift. Head velocity graphs show
head velocity in space. Eye velocity graphs show eye velocity relative to the velocity of the “head axes™ de-
scribed in Methods. This example shows compensation late in the gaze shift for the horizontal meridian and
early in the gaze shift for the vertical meridian.

of eye and head movements in everyday life. way he chose in 3 dimensions. Thus, the high
Targets in the current study were located close level of compensation demonstrated previ-
to the subject, and the subject was completely ously with distant targets and partially re-
unrestrained and free to move the head any strained heads (6-9) is now shown to apply
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Figure 10. An example of Subject CE shifting gaze between the Right and Left targets. See Figure 8 for
significance of the traces. This example shows compensation throughout the gaze shift for the horizontal

meridian.

in these more demanding natural viewing

conditions.

These results attest to a remarkable ability
of the motor system to produce accurate, co-

ordinated movements of head and eye, and to

take into account, during the course of the

gaze shift, both rotational and translational
perturbations to the head. The importance of
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Figure 11. Velocity traces for the same gaze shift as shown in Figure 10. See Figure 9 for the significance
of the traces. This example shows compensation throughout the gaze shift for the horizontal meridian.

compensation for passive displacement is that
it shows that head-eye coordination is not
achieved solely by preprogramming appropri-
ate movements. Head-eye coordination ben-
efits from processes that compensate for head
perturbations during the course of the gaze-
shift itself.

How is the effective compensation for head
perturbations achieved? Previous studies (6-9)
rejected the view that compensation is carried
out solely by the vestibulo-ocular response.
These studies found that the VOR fails to op-
erate, or at least is greatly attenuated, while
a gaze shift is in progress (6-10). The size of
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Figure 12. An example of Subject ZP shifting gaze between the Left and Right targets. See Figure 8 for
significance of the traces. This example shows compensation late in the gaze shift for the horizontal

meridian.

the gaze shifts we studied (30° to 60°) fell in
the range where VOR gains of only 0.1 t0 0.2
would be expected based on the prior work
(6,8,9). In place of the VOR, the prior inves-
tigators proposed a different method of gaze

control in which gaze error was monitored and
a gaze shift terminated once error fell below
a criterion value (6-9).

We found, in agreement with these prior re-
ports, many instances in which the VOR ap-
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Figure 13. An example of Subject ZP shifting gaze between the Center and the Right targets. See Fig-
ure 8 for significance of the traces. This example shows compensation throughout the gaze shift for both

meridians.

peared to be inoperative, at least until quite
late in the gaze shift, which terminated when
the eye was very near to the target. But there
were also cases in which the VOR was effec-

tive early during gaze shifts on either one or
both meridians. We also found examples in
which there appeared to be effective compen-
sation for translations of the head, a finding
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Figure 14. Velocity traces for the same gaze shift as shown in Figure 13. See Figure 9 for significance of the
traces. This example shows compensation throughout the gaze shift for both meridians.

that implies that the “linear VOR” (15) can op-
erate during shifts of gaze. Thus, vestibularly
based compensatory mechanisms may play a
larger role in the control of gaze under natu-
ral conditions than would have been expected
based on prior work with subjects viewing dis-
tant tareets with partially restrained heads.

One of the more striking findings was that
the contribution of these vestibularly based
compensatory systems differed sharply from
one trial to the next. From our data there did
not appear to be any built-in rule that deter-
mined with a high degree of certainty which
of these two mechanisms would take the lion’s
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share of the responsibility for producing ac-
curate gaze.

It is possible that the contribution of the
VOR or LVOR to gaze shifts resides under
central control. This possibility was raised ear-
lier by Guitton and Volle (7) in an attempt to
explain the large individual differences they
observed in the contribution of the VOR to
gaze shifts. Central control of the contribution
of the VOR to gaze shifts seems quite plausi-
ble, given the well-known ability of subjects
to adjust VOR gain voluntarily during ordi-
nary movements of the head (16,17). VOR
gain may be just as susceptible to voluntary
or other centrally based modification during
a gaze shift.

These speculations about the adjustment of
VOR gain during gaze shifts are supported by
our recent findings that the velocity of gaze is
higher when subjects must tap a sequence of
targets than when they simply look at the same
sequence (5). In other words, during tapping,
VOR gain was reduced in order to bring gaze
to the target faster.

Perhaps the best way to account for the
characteristics of gaze shifts during head move-
ments is to propose that neither the vestibularly-

based compensatory systems, nor alternative
mechanisms based on on-line monitoring of
gaze position, are, by themselves, adequate to
produce accurate gaze shifts under all natural
conditions. The key to achieving accurate gaze
control may lie in the ability of people to call
upon one or the other system at different times
and/or to varying degrees (17,18). Evidence
for the ability of the human being to juggle the
contribution of different subsystems to gaze
control seems to be most pronounced when
gaze is studied under conditions designed to
approximate viewing conditions in the natu-
ral world. It may be here that the full extent
of the human capacity to produce effective
motor control becomes most apparent. From
evidence obtained so far, the subsystems that
control shifts of gaze function with remark-
able effectiveness.
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