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Optimizing Gaze Control in
Three Dimensions
Douglas Tweed,*† Thomas Haslwanter, Michael Fetter
Horizontal and vertical movements of the human eye bring new objects to the
center of the visual field, but torsional movements rotate the visual world about
its center. Ocular torsion stays near zero during head-fixed gaze shifts, and eye
movements to visual targets are thought to be driven by purely horizontal and
vertical commands. Here, analysis of eye-head gaze shifts revealed that gaze
commands were three-dimensional, with a separate neural control system for
torsion. Active torsion optimized gaze control as no two-dimensional system
could have, stabilizing the retinal image as quickly as possible when it would
otherwise have spun around the fixation point.
The human eye rotates with three degrees of
freedom: horizontally, vertically, and torsionally (1, 2). With few exceptions, theories of
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vision and eye movement have ignored rotations about the line of sight. One reason is
Listing’s law (1, 3, 4), which states that ocular torsion stays near zero during head-fixed
gaze shifts. This has been taken as confirmation that gaze is driven by purely horizontal
and vertical commands. Here we show that
Listing’s law is just one mode of gaze control, valid only when the head is stationary.
When eye and head join forces to transport
the gaze line, the logistics are complex. For one
thing, the eye is quicker than the head—it reorients more swiftly when an interesting object
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Fig. 1. (A) Gaze task. The person started in position 1, with the head turned ;30° CW and the eyes
directed ;20° down in the head, looking at a laser spot projected on a spherical screen 1 m away.
Then the spot jumped 20° to the right, and the person made an eye-head movement to refixate
it. The head’s contribution to this gaze shift, in keeping with instructions given beforehand (7), was
a rolling movement ending up in position 3. After a brief pause, the laser spot jumped back to the
person’s left, evoking a movement back to position 1. Positions 2 and 4 show eye and head
positions in mid-movement. (B) Angular head position in space during several repetitions of this
task (8). Torsional head rotation (CW/CCW ) is indicated on the abscissa; horizontal head rotation
(right/left) is indicated on the ordinate. (C) The same components of eye position in the head.
Vertical components are not shown in (B) and (C) because the motions were uneventful in that
dimension.

Fig. 2. Position versus time for the eye in the head (thick lines) and the head in space (thin lines).
(A) Torsional eye and head motion. (B) Vertical motion. (C) Horizontal motion. The task is as in Fig.
1. For the first 1 s of the traces, the head is stationary and the eye makes small gaze shifts. Ocular
torsion stays virtually constant at about 4° CW. Then the eye-head gaze shift begins: The head rolls
almost 60° CW; the eye rapidly twists 15° CW and then reverses and rolls 20° CCW. This eye
motion starts 40 ms before the head moves, which shows that it is not triggered by head-motion
sensors in the inner ear.
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appears in the visual periphery. The eye swivels
rapidly to the visual target and locks on, whereas the head reorients itself more slowly (5, 6).
Computer simulations suggested that we could
test for active control of ocular torsion by examining gaze shifts involving large torsional
head rotations.
We chose a gaze task that was like watching
a mouse darting back and forth along a floorboard (7) (Fig. 1A). In all study participants, the
eye moved to its final position in space faster
than the head, turning not just horizontally and
vertically but also torsionally, so that midway
through the movement, the eye was twisted far
clockwise or counterclockwise (CW or CCW)
relative to the head, as shown in panels 2 and 4
of Fig. 1A. It then held still in space as the head
completed its motion. Panels B and C in Fig. 1
show a typical participant’s head and eye rotations in this task (8). Each eye movement began
and ended near the plane of zero torsion, called
Listing’s plane (4). It is known that static eye
positions are slightly counterrolled when the
head tilts (2), which is why the person’s eye
was twisted about 3° CCW in position 1 and
about the same distance CW in position 3.
What was interesting was the eye’s path.
It did not simply jump between positions 1
and 3 but instead took exceptionally wide
horizontal and torsional detours (9). For this
person, the range of torsion amounted to 32°,
from 17° CW to 15° CCW. Across all four
participants, the torsional range varied between 22° and 34°, with an average of 29°.
These ranges were enormous compared to the
values of 2° to 4° that were seen during
head-fixed gaze shifts (4).
Were these huge torsional excursions truly visually evoked gaze shifts, or were they
driven by head-motion sensors in the vestibulum? They were not vestibular, because they
were usually under way 20 to 60 ms before
the head began moving (Fig. 2). Thus, the
movements were not triggered by head motion but were voluntary gaze shifts (10).
The gaze task (Figs. 1 and 2) was chosen
for its large torsional component, but everyday “looking around” also involves substantial head torsion, ranging over 612° (11, 12).
When we tested one of our participants on
natural eye-head gaze shifts to visual targets
at 90° eccentricity (7), we found the same
pattern: transient ocular torsion over 66°, a
range that was only 40% as large as that
above, but still substantial. Thus the same
motor strategy was used in both tasks, but the
one in Figs. 1 and 2 better revealed the
torsional potential of the system.
What was the purpose of the eye’s transient torsion? As Fig. 1A suggests, the eye
twisted to anticipate the coming torsional motion of the head. By so doing, it reached its
final position in space long before the head
motion was finished. From then on, the eye
was stable in space, and so the visual world
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remained stationary on the retina. Image blur
was reduced (13), and visual analysis was
simplified in other ways as well. For example, a stationary retinal image could be analyzed by a single set of orientation columns in
the visual cortex, whereas a spinning image
would excite a continuously changing array
of columns (14).
So active torsion allowed the eye to stabilize its target image at the earliest possible
moment. But this speed came at a price: As
shown in Figs. 1C and 2, the eye took an
indirect path relative to the head, spinning
about the line of sight at up to 200° per
second for 80 ms and then unwinding back to
near-zero torsion over 200 ms. That the brain
tolerated this detour showed that it put more
weight on getting the eye on target quickly
than on saving the eye muscles work.
To protect the orbital tissues, eye rotation
is kept within certain boundaries (6)—about
40° horizontally and vertically and 15° torsionally. When these boundaries were taken
into account, the eye trajectories in Fig. 1C
could be explained quantitatively. Figure 3
shows a computer simulation of a model (12)
that drove the eye as quickly as possible to its
final position in space, given the above limits
on its motion in the head. The resulting eye
trajectories matched the data very well. The
same model also mimics head-fixed gaze
shifts and eye-head movements with more
moderate head torsion (12), which suggests
that all these movements are generated by a
single gaze-control system.
The present data show that at least two
aspects of this model are almost certainly correct. First, ocular torsion was under active neural control. The eye muscles were capable of
rolling the eye over a torsional range of more

than 30° (Fig. 1C), so the fact that torsion
usually stays near zero (1, 3, 4) must reflect the
careful tuning of the neural commands that
activate the muscles. And this torsion-control
system does not simply clamp ocular torsion,
relative to the head, near zero. In our gaze task,
it twisted the eye 15° CW or CCW, seeking a
position in space that had been chosen so that,
when the upcoming head motion was finished,
the eye was back near Listing’s plane.
Second, eye motion to a visual target was
not determined by the retinal location of the
target. We asked our participants to make the
same gaze shifts as those shown in Fig. 1A,
but with the head stationary. They held their
heads still, 30° CW or CCW, as shown in
panels 1 and 3, and they made head-fixed
gaze shifts in response to the same visual
input as before. Unsurprisingly, their eyes
performed roughly fixed-axis rotations, staying within 2° of Listing’s plane, as is usual in
head-fixed gaze shifts (4). Gone were the
wide loops with 15° of torsion. Thus the same
sensory signals generated entirely different
eye motions depending on whether a head
movement was planned.
Our findings support the view that gaze is a
three-dimensional control system, optimized to
serve vision. When it wants to redirect the gaze
line, the brain chooses desired orientations for
the head and the eye, both defined in a spacefixed frame. Feedback loops drive head and eye
toward their goals, though the eye’s path may
be deflected by its motion boundaries (6). The
eye arrives at its target first and locks on, hanging suspended in space as the head rotates
around it. When the head comes to a halt, ocular
torsion relative to the head has returned to near
zero, and the eye is poised for the swiftest
possible response to the next visual target (15).
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