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Klier, Eliana M. and J. Douglas Crawford. Human oculomotor sys- example, visible light is initially coded on several two-di-
tem accounts for 3-D eye orientation in the visual-motor transformation mensional (2-D) retinotopic maps including the retina, pri-
for saccades. J. Neurophysiol. 80: 2274–2294, 1998. A recent theoreti- mary visual cortex, and the superficial layers of the superior
cal investigation has demonstrated that three-dimensional (3-D) eye colliculus (Hubel and Wiesel 1979; Sparks 1989). At a later
position dependencies in the geometry of retinal stimulation must be stage, reticular formation burst neurons produce phasic sig-accounted for neurally (i.e., in a visuomotor reference frame transforma-

nals, in a 3-D head-fixed coordinate system, that provide thetion) if saccades are to be both accurate and obey Listing’s law from
‘‘eye velocity’’ signal ( to the motor neurons) necessary toall initial eye positions. Our goal was to determine whether the human
drive the eyes in a certain direction at a certain speed (Craw-saccade generator correctly implements this eye-to-head reference

frame transformation (RFT), or if it approximates this function with ford and Vilis 1992; Henn et al. 1989; Luschei and Fuchs
a visuomotor look-up table (LT). Six head-fixed subjects participated 1972). However, it is unclear how the intermediate struc-
in three experiments in complete darkness. We recorded 607 horizontal tures convert 2-D, oculocentric, sensory vectors into the 3-
saccades between five parallel pairs of lights, over a vertical range of D, headcentric, motor vectors needed to drive the burst gen-
{407 (experiment 1), and 307 radial saccades from a central target, erator. In other words, how is retinal error (RE; the retinalwith the head upright or tilted 457 clockwise/counterclockwise to in-

distance and direction of the target image from the fovea,duce torsional ocular counterroll, under both binocular and monocular
or alternatively, desired gaze direction relative to the eye)viewing conditions (experiments 2 and 3). 3-D eye orientation and
converted into the motor error (ME) command that drivesoculocentric target direction (i.e., retinal error) were computed from
the burst neurons?search coil signals in the right eye. Experiment 1: as predicted, retinal

error was a nontrivial function of both target displacement in space and One possibility is that the brain maps RE signals directly
3-D eye orientation (e.g., horizontally displaced targets could induce onto equivalent ME signals in the neural equivalent to a
horizontal or oblique retinal errors, depending on eye position). These visuomotor ‘‘look-up table’’ (LT). This idea originated with
data were input to a 3-D visuomotor LT model, which implemented the foveation hypothesis of Schiller (1972). Here, horizontal
Listing’s law, but predicted position-dependent errors in final gaze

and vertical components of 2-D RE are input to a look-updirection of up to 19.87. Actual saccades obeyed Listing’s law but did
table that simply maps RE onto ME displacements directly,not show the predicted pattern of inaccuracies in final gaze direction,
without any comparisons with current eye position. Thisi.e., the slope of actual error, as a function of predicted error, was only
hypothesis also featured prominently in the displacement-00.01{ 0.14 (compared with 0 for RFT model and 1.0 for LT model),

suggesting near-perfect compensation for eye position. Experiments 2 feedback tradition of models founded by Jürgens et al.
and 3: actual directional errors from initial torsional eye positions were (1981). This scheme is often associated with a direct map-
only a fraction of those predicted by the LT model (e.g., 32% for ping between the superficial sensory and deeper motor layers
clockwise and 33% for counterclockwise counterroll during binocular of the superior colliculus (Moschovakis et al. 1988) and has
viewing). Furthermore, any residual errors were immediately reduced been cited as the classic example of a sensorimotor look-upwhen visual feedback was provided during saccades. Thus, other than

table (e.g., Churchland and Sejnowski 1992).sporadic miscalibrations for torsion, saccades were accurate from all
The second hypothesis was initially proposed by David3-D eye positions. We conclude that 1) the hypothesis of a visuomotor

Robinson and colleagues (Robinson 1975; Zee et al. 1976).look-up table for saccades fails to account even for saccades made
directly toward visual targets, but rather, 2) the oculomotor system We call this the ‘‘reference frame transformation’’ (RFT)
takes 3-D eye orientation into account in a visuomotor reference frame hypothesis because it involves a transformation of eye-cen-
transformation. This transformation is probably implemented physiolog- tered representations into head-centered representations. To
ically between retinotopically organized saccade centers (in cortex and do this, the RFT model uses comparisons between visual
superior colliculus) and the brain stem burst generator. input and an internal representation of current eye position.

In the first such comparison, information about eye position,
derived from the burst neurons’ integrated velocity signal,I N T R O D U C T I O N
is added onto incoming RE to derive a desired eye position

Visual signals must be processed sequentially through command. This signal is then transformed, via a second
several internal stages to generate accurate saccades. For subtractive comparison to eye position, into an instantaneous

ME command.
The costs of publication of this article were defrayed in part by the To date, experimental evidence has been cited in supportpayment of page charges. The article must therefore be hereby marked

of both models. First, retinotopic maps (sufficient for the‘‘advertisement’’ in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact. LT model) are prevalent in the brain in such visuomotor
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areas as the occipital lobe, the posterior parietal cortex, and
the superior colliculus (reviewed in Moschovakis and
Highstein 1994). However, information regarding target po-
sition relative to the head or body (required for the RFT
model) has also been identified in several areas including
the thalamus, frontal cortex, and posterior parietal cortex
(Andersen et al. 1985; Schlag and Schlag-Rey 1987; Sparks
1989). Second, the RFT model is capable of accounting for
the ability to saccade to remembered target locations after
intervening saccades (Hallet and Lightstone 1976; Sparks
1989), whereas the original LT model failed to emulate
multiple saccades. The latter has been corrected by the addi-
tion of a ‘‘vector subtraction’’ mechanism upstream of the
visuomotor transformation (Goldberg and Bruce 1990; FIG. 1. Basic input-output geometry for saccades showing Listing’s law
Moschovakis and Highstein 1994; Waitzman et al. 1988). and position-dependent retinal geometry in head coordinates. A : right side

view of the right eye and head, with gaze elevated 307. Eye position vectorsHowever, the mechanism for remembering target locations
fall within Listing’s plane, which is viewed edge on. The head-fixed verticalindependent of eye movements may differ from the visuomo-
axis for horizontal eye rotation also falls within Listing’s plane. In contrast,tor transformation for saccades made directly to visual tar- the shortest-path axis of rotation ( ) for a rightward saccade would be

gets (Crawford and Guitton 1997; Henriques et al. 1998), perpendicular to current gaze direction, i.e., eye-fixed. The actual axis of
rotation ( – – – ) allowed by Listing’s law is about halfway between thewhich will be the focus of our experiments. In this context
latter 2 axes (Tweed and Vilis 1990). B : behind view of same situation as(direct visuomotor execution), the sequential adding and
in A, again, with gaze pointed 307 upward. The ‘‘horizontal’’ meridian ofsubtracting of eye position in the 1-D RFT model seems
the retina is now tilted with respect to the head. Circle shows the points

redundant. Indeed, a trivial mapping between RE and ME where light falling on this meridian would intersect with a sphere centered
displacement codes seems completely sufficient to determine around the right eye (radius Å gaze vector) , as it would project onto

Listing’s plane. As targets are displaced further horizontally from currentsaccade direction and amplitude in both 1-D and 2-D models
gaze in retinal coordinates, from 307 (h) to 607 (j) to 907 (s) retinal(Waitzman et al. 1991).
error (RE), the target displacement becomes more and more oblique inThus the practical difference between these two hypothe- headcentric coordinates. Rightward rotation about the eye-fixed axis (shown

ses seems ambiguous in abstract 1-D or 2-D models. How- in A) would cause gaze to sweep around this circle. Rightward rotation
about the head-fixed axis would cause gaze to curve away from this circleever, a recent theoretical investigation has suggested that in
(r ) . Rightward rotation compatible with Listing’s law would produce anreal 3-D space, saccades cannot obey Listing’s law and be
intermediate trajectory ( – – – r) . C : same situation in eye-fixed coordi-accurate from all initial eye positions without an intermediate
nates centered around current gaze. In these coordinates, the targets (h, j,

position-dependent reference frame transformation (Craw- s) are displaced horizontally, and the REs that would be satisfied by the
ford and Guitton 1997). As pointed out by Crawford and gaze trajectories in B ( – – – ) curve obliquely, such that the deviation

between these traces increases with eccentricity. (Larger and more complexGuitton (1997), RE, being eye-fixed, depends on the 3-D
patterns occur for tertiary and torsional eye positions) . Thus a horizontalorientation of the eye as well as the configuration of the
saccade will not satisfy horizontal RE at these eccentricities. For the saccadetarget in space (Fig. 1A) . This would not be a problem if generator to acquire these targets, it must map a horizontal RE onto a

saccade axes were also eye-fixed, but Listing’s law only nonhorizontal saccade. This imposes a position-dependent visuomotor refer-
ence frame problem in saccade generation that cannot be solved by anyallows such axes to rotate by half the angle of eye position
known eye muscle properties. See Crawford and Guitton (1997) for further(Helmholtz 1867; Tweed and Vilis 1990).
details.One possible solution is that the visuomotor transforma-

tion ignores the difference between RE and ME and approxi-
mates the above transformations with a fixed mapping be- they formulated a model that, in outline, bears a striking

resemblance to that of Robinson’s model (Fig. 2B) . In thistween any one RE and any one ME (Hepp et al. 1993, 1997;
Raphan 1997, 1998). This strategy would only produce mi- model, incoming 2-D RE was first rotated by an internal

measure of current 3-D eye position, providing a measurenor errors in the peri-primary range (Crawford and Guitton
1997; Hepp et al. 1993, 1997). However, Crawford and of desired gaze direction relative to the head. The next step

involved a Listing’s law operator that performed a 2-D toGuitton (1997) demonstrated that any 3-D version of the
LT model (Fig. 2A) would produce large directional inaccu- 3-D transformation, giving rise to a 3-D command encoding

desired eye position in Listing’s plane. Finally, current eyeracies for large saccades between eccentric targets and from
initial torsional eye positions. Regardless, it has been sug- position was subtracted from desired eye position to produce

a 3-D ME signal that drove a feedback loop, containinggested that the system would tolerate such errors in favor
of simplifying the visuomotor transformation (Hepp et al. a resettable displacement integrator, and subsequent burst

neurons. It was suggested that these position-dependent1997). Indeed, Hepp et al. (1997) proposed that the function
of Listing’s law is to allow for the best approximation for transformations may be implemented implicitly (van Opstal

and Hepp 1995; Zipser and Andersen 1988), such that onlya LT transformation to give reasonably accurate saccades
while also providing a fixed torsional component for each the inputs (RE) and outputs (ME) might be explicitly ob-

served in the brain. In contrast to the 3-D LT model, thisgaze direction (i.e., Donder’s law).
In contrast, Crawford and Guitton (1997) assumed that model produced accurate and kinematically correct saccades

from all initial 3-D eye positions (Crawford and Guittonthe saccade generator does not sacrifice either accuracy or
Listing’s law within the oculomotor range. To convert 2-D, 1997).

Surprisingly, no one has yet simultaneously evaluatedoculocentric, RE vectors into 3-D, head-fixed, ME vectors,
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orientation as an axis of rotation) lie in a 2-D plane known
as Listing’s plane (e.g., Tweed and Vilis 1990). One particu-
lar gaze direction, that which is orthogonal to the plane, is
referred to as primary position. If this orthogonal direction
is defined as the torsional axis, then Listing’s plane becomes
the plane of zero torsion (Westheimer 1957). It has been
demonstrated that, to keep eye position vectors in Listing’s
plane, axes for horizontal saccades must tilt out of Listing’s
plane by half the angle of vertical gaze deviation from pri-
mary position. We will refer to this as the ‘‘half-angle’’ rule
(Tweed and Vilis 1990).

Crawford and Guitton (1997) pointed out that even for
eye positions in Listing’s plane, an error arises if one as-
sumes that a target displaced horizontally, from an initial
fixation point in space, produces horizontal RE. For example,
they showed that horizontal REs correspond to nonhorizontalFIG. 2. Two 3-dimensional (3-D) models of the saccade generator
lines in space, depending on eye position (Fig. 1B) , andtested in this paper. A : look-up table (LT) model. Components of RE are

mapped directly onto components of DEi without any considerations or conversely, that when the eye is oriented at any vertical or
comparisons to the eyes’ current position in the head (E) . We called this torsional position, targets displaced horizontally in space
mapping a ‘‘look-up table.’’ B : reference frame transformation (RFT)

stimulate nonhorizontal ( i.e., oblique) REs (Fig. 1C) . (Con-model. 2-D RE, or desired gaze direction relative to the eye (Gdeye ) , is
trary to common belief, this effect even occurs at secondaryrotated multiplicatively (P) by an internal representation of current eye

position (E) to produce a desired gaze direction relative to the head eye positions, but it becomes even more complex at the
(Gdhead ) . This accomplishes the necessary transformation of data from an tertiary positions described below.) The challenge for the
oculocentric to a craniotopic reference frame. This command (still 2-D) is

oculomotor system is then to generate horizontal saccadesthen input to a Listing’s law operator (LL), described by Tweed and Vilis
from these oblique RE signals, or to deal with the conse-(1990), to give a 3-D desired eye position command (Ed) . Finally, sub-

tracting E from Ed results in DEi . For more details see Crawford and Guitton quences of inaccurate target foveation (Crawford and Guit-
(1997). C : both models share the same downstream saccade generator. ton 1997).
Displacement feedback from a resettable integrator is subtracted from initial

To test this, we first simulated a saccade paradigm, shownmotor eror (ME; DEi ) to compute instantaneous 3-D ME (DE). A rate-
in Fig. 3A, similar to the one described in Crawford andof-position-change signal (E

g
) is then derived to drive the burst neurons,

whose velocity output travels both straight to the motoneurons (MN) that Guitton (1997) [ for model equations, see the appendix in
move the eyes, as well as through an integrator that produces an eye position Crawford and Guitton (1997)] . Data simulations are illus-
signal (E) with which the eyes maintain their final position. K and R

trated in Listing’s coordinates (thus the origin correspondsrepresent the elasticity and viscosity estimates, respectively, used by the
to primary gaze direction). Five leftward fixation lights (j)brain stem to overcome those found in the plant ( the eye and its surrounding

tissues and musculature) . We have modeled the plant either as having head- and their horizontally paired target lights (●) were separated
fixed muscle pulling directions, requiring an internal implementation (P) by 607 in space, symmetrically about the ordinate, and rang-
of the ‘‘half-angle’’ rule (defined in text) , or as a ‘‘linear plant’’ that ing in elevation from/407 to0407, at 207 intervals. Subjectsimplements the half-angle rule of Listing’s law itself ( the latter was used

foveated one of the five leftward fixation lights until itsexclusively in our simulations of the LT model) (Quaia and Optican 1998).
corresponding rightward target light was briefly flashed, at
which time they were required to make a saccade and foveateListing’s law and saccade accuracy over a large enough
the target as accurately as possible.range to distinguish between the 3-D LT and RFT models

Normally, this task would be assumed to evoke exclu-experimentally. Furthermore, a rigorous test between these
sively horizontal REs, but this is not correct. For example,hypotheses would require a geometrically correct computa-
Fig. 3A also shows the simulated lines ( – – – ) of lightstion of RE, which remarkably, has not yet been done [beyond
that would stimulate the vertical and horizontal meridianslocal measures of ‘‘false torsion’’ at tertiary positions
of the eye at each initial eye position (j) . The rightward(Helmholtz 1867)] . Finally, these actual measures would
horizontal retinal lines ( – – – ) follow a characteristic curv-have to be input to 3-D versions of the RFT and LT models to
ing pattern, first curving centrifugally (related to false tor-compare their predictions against actual saccade trajectories.
sion), and then curving more strongly in the centripetal di-Our goal was to combine these approaches to determine
rection. By corollary, lines that are straight in these headwhether the oculomotor visuomotor transformation for sac-
coordinates should curve in retinal coordinates. Figure 3Bcades uses a look-up table to approximately satisfy RE, or
shows these simulated REs, calculated when the targets (●)if it makes the proper compensation for eye position.
in Fig. 3A were converted into oculocentric coordinates.
This was done by rotating the five rightward target directions

T H E O R E T I C A L P R E D I C T I O N S
by the inverse of initial 3-D eye position at the five corre-
sponding leftward lights. It is apparent that, except acrossThis section describes the simulations and predictions that
primary position, the resultant REs (●) were oblique, in amotivated the specific paradigms used in this study. First, we
position-dependent pattern, where the degree of ‘‘fanningexamined the geometrically unavoidable, yet often ignored
out’’ was proportional to the target’s initial vertical position.prediction that RE depends not only on target displacement
Thus we predict that targets displaced horizontally in spacein space, but also on eye orientation in Listing’s plane. Dur-

ing saccades, 3-D eye position vectors (which describe eye do not simply cause horizontal RE. The true value of RE
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FIG. 3. Accuracy of the 3-D RFT and LT models
( illustrated in Fig. 1) for simulated horizontal sac-
cades. A : 5 initial fixation lights (j) and their paired
target lights (●) are separated by 607 symmetrically
about the ordinate, at 5 different vertical elevations
(07, {207, and {407) . Horizontal and vertical compo-
nents of gaze are plotted in Listing’s coordinates (thus
the origin corresponds to primary gaze position). Sim-
ulated lines ( – – – ) of lights that would stimulate
the vertical and horizontal meridians of the eye at each
initial eye position (j) are also shown. B : REs (●)
caused by each target light while the eye foveated the
initial light were computed for each of the 5 light pairs.
C : LT model (jjj) produces systematic, position-
dependent errors in final saccade direction. This error
is only absent along the abscissa, but then increases
with increased eccentricity from primary position (di-
rectional error of 6.17 for targets at {207 and 13.97
for targets at {407) . D : both the RFT models, with
the standard plant (hhh) and the linear plant (jjj) ,
consistently predict accurate saccade endpoints that
coincide with the targets’ locations.

will depend on both the initial position of the eye-in-head and tissues) . With the ‘‘standard plant,’’ eye muscle activa-
tion relative to the head is independent of eye position andand the relative locations of the targets in space.

How then, would our two alternative models (Fig. 2) thus requires an internal implementation of the half-angle
rule (Crawford 1994), whereas with the ‘‘linear plant,’’ thehandle this pattern of inputs? Figure 3C depicts simulated

horizontal saccades, at the same five vertical elevations (07, eye muscles tilt by half the angle of eye eccentricity, in line
with the pulley hypothesis (Demer et al. 1995; Miller 1989;{207, and {407) depicted in Fig. 3A, for the LT model. The

eye began each movement positioned 307 to the left, and Miller et al. 1993; Quaia and Optican 1998; Raphan 1998).
Both models predicted the same endpoints, but the linearsimulated RE was computed as described above. Although

not shown here, the LT model correctly upheld Listing’s plant (j) predicted straight gaze trajectories independent of
the eye’s initial eccentricity, whereas the standard plant (h)law in these circumstances (Crawford and Guitton 1997).

However, it produced gaze shifts (j) that were only accurate predicted trajectories that curve as a function of initial eye
position. In either case (i.e., independent of plant characteris-along the abscissa (i.e., across primary position). Otherwise,

it predicted position-dependent inaccuracies that increased tics) , by taking eye position into account, the models made
no appreciable errors and led to accurate final foveation (s)with increased displacement from primary position. Essen-

tially, this occurred because Listing’s law only allowed the of each of the five targets.
In addition to testing our two models with eye positionseye to rotate about the axis orthogonal to the RE vector

across primary position, but then caused these two axes to in Listing’s plane, we also tested whether torsional eye posi-
tions out of Listing’s plane are compensated for in a similardiverge by half the angle of upward or downward vertical

gaze. Notice that, not surprisingly, the erroneous pattern of fashion. A well-known method by which to induce such
ocular torsion in humans is by rotating the head about thesaccade trajectories closely resembled the pattern of REs

calculated in Fig. 3B. This is because the LT model must occipital-nasal axis. This, in turn, induces an ocular coun-
terroll in a direction opposite to head rotation, and thus theoutput ME commands directly from RE input. Errors in final

gaze direction (s) of 6.1 and 13.97 were predicted at the eyes assume a torsional component out of Listing’s plane
(Crawford and Vilis 1991; Haslwanter et al. 1992). This{20 and {407 elevations, respectively (again, assuming that

primary position fell within the middle of the range). torsion produces a misalignment between the retina and head
that is problematic both for perception (Wade and CurthoysFigure 3D illustrates the predicted outcomes of the RFT

model, which takes eye position into account. The two trajec- 1997) and saccade generation (Crawford and Guitton 1997).
For example, Fig. 4 illustrates saccades made from a centraltories shown represent the outcomes of two versions of the

ocular plant ( the eye globe and its surrounding musculature fixation point to eight targets, displaced by 307 from the
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is evident on the right side where corresponding 3-D eye
positions remained in Listing’s plane (i.e., the plane of zero
torsion). This led to simulations, as shown by the eye-in-
head trajectories on the left side, in which both models cor-
rectly foveated all eight targets. Figure 4B included a coun-
terclockwise (CCW) eye torsion of 107. The RFT ( h)
model took this deviation into account and thus produced
accurate eye movements, whereas the LT (rrrs) model,
which directly maps RE onto ME, output consistently inac-
curate gaze trajectories in a clockwise (CW) pattern of errors
( i.e., in the direction opposite to that of the eye torsion) for
each of the eight targets. Figure 4C was almost identical to
B, except that the 107 eye torsion was now present in the
CW direction. Again, similar errors were made in a direction
opposite to that of eye torsion (i.e., CCW) for all eight
targets (or, as a rule of thumb, the trajectories are tilted
incorrectly in the same direction as the head).

These latter predictions can be explained intuitively as
follows. When the eye is rotated 107 CCW, what was once
the top of the eye has now been twisted 107 CCW, so that
the uppermost target ( in space coordinates) now causes a
RE that, relative to the eye, is up and to the right. This, by
definition of the LT model, causes a ME indicating ‘‘move
the eyes up and to the right,’’ and such a movement misses
the final target. This error occurs consistently for all eight
targets, but note that the directional errors are only approxi-
mately half the angle of the 107 ocular counterroll. This is
because the simulated linear plant rotates the axes of eye
rotations by half the angle of eye position.

For this reason it is necessary to point out that the plants
used to simulate the LT predictions in RESULTS assume that
the pulling directions of the muscles, in the horizontal and
vertical directions, tilt 50% with current eye position (Quaia
and Optican 1998). This model also assumes a similar de-
pendence of axes on torsional position, which is supported
by mechanical simulations of orbital ‘‘pulleys’’ (Miller et
al. 1997). Note that without such a mechanical position
dependence, the errors predicted by the LT model below
would essentially double, and Listing’s law would be vio-
lated. [Conversely, a 100% position dependency would pro-
vide accurate saccades but would also result in gross viola-
tions of Listing’s law (Crawford and Guitton 1997)] .

FIG. 4. Simulations of the 3-D RFT ( h) and LT (rrrs) models
for radial saccades of 307. A : with the head upright (07 ocular torsion).
Left column : behind view of gaze positions shows that both models predict M E T H O D S
accurate foveation of all 8 targets. Right column : side view shows that 3-
D eye positions remain in Listing’s plane (i.e., along the ordinate) . B : Subjects
with the head rotated about the line of sight 457 clockwise [CW; 107
counterclockwise (CCW) ocular counterroll] . Left column : behind view A total of seven human subjects (4 male; 3 female) , ranging in
shows that the RFT model remains accurate, but the LT model misses the age between 23 and 33, participated in our study. Six participated
targets in the direction of head rotation (CW). Right column : side view in the first experiment and continued on to perform the second.
shows how the eye counterrolls in a direction opposite to that of head Five of those also completed the third experiment, but one was
rotation, and thus eye positions lie out of Listing’s plane by 107 in the unable to participate and was replaced with a seventh subject. None
CCW direction. C : with the head rotated about the line of sight 457 CCW

of the participants had any known neuromuscular deficits, and only(107 CW ocular counterroll) . Left column : behind view shows again that
one required corrective lenses during the third experiment. Subjectsthat the RFT model accurately reaches each target, while the LT model
signed informed consent forms before inclusion, and the study waserrs in the direction of head rotation (CCW). Right column : side view
preapproved by the York University Human Participants Reviewshows how the eye counterrolls in the CW direction and eye positions

remain out of Listing’s plane throughout the simulation. Subcommittee.

Apparatuscenter, in the four cardinal and four diagonal directions. The
simulation in Fig. 4A was programmed such that the head Each subject was seated in an earth-fixed chair fitted with a
was upright and the eyes had no initial torsional component. personalized bite bar for head stabilization. The subject’s right eye,

when seated in the chair, was located 1 m off the ground and 1.1This is indicated on the left side by the head caricature, and
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m away from a flat, 2.14-m2 tangent screen holding 19, 3-mm
light-emitting diodes (LEDs; each 0.177 in visual diameter and
luminance of 2.0 mcd). In addition, the subject’s right eye was in
the exact center of three mutually perpendicular magnetic fields
(90, 125, and 250 kHz), generated by Helmholtz coils 2 m diam.
Movement of the right eye was recorded using Skalar 3-D scleral
search coils, while head orientations were measured using a home-
made, 3-D coil taped securely in place on the center of the forehead
(Ç5 cm from the center of the fields) . In calibration tests, measured
quaternions were accurate to °0.58% (magnitude)/°0.97 (direc-
tion) with coils at the center of the fields, and °2% (magnitude)/
°2.057 (direction) with coils at {10 cm from center. Data from
the search coils were monitored on-line, on an oscilloscope in an
adjacent room, and simultaneously sampled at 200 Hz. These sig-
nals were collected onto a PC for analysis along with feedback
signals from the LEDs.

The magnetic field signals were precalibrated by rotating a gim-
bal-mounted coil 3607 in the horizontal, vertical and torsional direc-
tions, by the method described in Tweed et al. (1990). At the end
of each experimental session, we instructed each subject to freely
rotate their eyes and head simultaneously in large horizontal (yaw),
vertical (pitch) , and torsional (roll) semicircles. The gains and
biases of the corresponding coil signals, recorded during the latter
procedure, were then further adjusted off-line so that the 3-D coil
‘‘vectors’’ described spheres centered about the origin (Tweed et

FIG. 5. Five consecutive saccade gaze trajectories for the right eye
al. 1990). This was done to eliminate any in vivo distortions of ( ) are plotted against time. Subjects foveated the initial light (307 to
the coil signals. Torsional calibrations of the eye and head coils the left) until its paired target light (307 to the right) was briefly flashed.
were also double checked at the end of the second and third experi- Subjects made a saccade to the target light only after it had been extin-
ments to ensure that computations of eye-in-head torsion during guished.
counterroll were correct.

ms, mean { SE averaged across all saccades and then across all
subjects) the target light was extinguished, so that there was noProcedure
visual feedback, but not long enough after to evoke memory effects

All experiments were performed in complete darkness. At the (Gnadt et al. 1991; White et al. 1994). Thus these were visually
beginning of each paradigm, subjects were required to fixate the triggered saccades based solely on initial RE. This paradigm was
central target light for 5 s to obtain a reference position and check designed to emulate the theoretical test shown in Fig. 3A, where
for coil slipping. At either the beginning or end of each experimen- saccade trajectories were programmed based on initial RE and eye
tal session, subjects were asked to perform pseudorandom self- position. This sequence was repeated 20 times for each of the 5
generated saccades for 100 s (still in complete darkness) . We made pairs of lights.
certain that subjects covered their entire visual field by viewing on- At the end of this experiment, a visual calibration task was
line measurements of their eye movements and encouraging them performed in which subjects were instructed to foveate the illumi-
verbally to explore their full range. This allowed for the measure- nated targets as accurately as possible. This was done five times
ment and visualization of gaze, 3-D eye positions, and especially for each of the LEDs described above. In this case, the target LEDs
Listing’s plane, over the entire oculomotor range. In addition, we were illuminated for 2 s, allowing ample time for visually guided
performed the following evaluations of saccade accuracy. corrective saccades. This was used as a measure of the subjects’

‘‘desired’’ gaze direction for each light, and these values were laterEXPERIMENT 1 . In the first experiment, subjects were required to
used as reference positions to determine the endpoint errors of themake horizontal saccades between five parallel pairs of lights, each
saccades. This measure of desired gaze direction (as opposed topair arranged symmetrically across the midline such that the
our geometric measures) was used because 1) it is conceivablerightward, target light was displaced 607 horizontally (angle of
that there could be subjective variations in target foveation and 2)gaze projected onto the horizontal plane) , in space coordinates,
this would automatically cancel out minute errors in eye-coil sig-from the leftward, initial light (similar to the simulation in Fig.
nals so that they would not be misconstrued as inaccuracies. Note3A) . One pair of lights was situated at the subjects’ eye level ( i.e.,
that this paradigm also allowed us to evaluate saccade accuracy in1 m above the ground), and subsequent pairs were placed at both
the presence of visual feedback, as a further control.20 and 407 (angle of gaze projected onto the saggital plane) above

and below the center pair (Fig. 3A) . Subjects were instructed to EXPERIMENT 2 . Eight binocularly viewed target LEDs were ar-
ranged in a radial pattern, in the four cardinal and four diagonalstare at the leftward member of each pair ( light duration varied

randomly from 1,000 to 2,000 ms) until it disappeared and the directions, at an eccentric distance of 307 from the center light.
With the head upright, subjects stared at the center light (durationrightward light (visible only monocularly to the right eye) was

briefly flashed (150 ms). The random timing of the initial lights varied randomly between 1,000 and 2,000 ms) until one of the
peripheral lights flashed (150 ms), after which they made a saccadewas chosen to eliminate any anticipatory effects, while the timing

of the target lights corresponded to typical saccade latencies and toward it. In this experiment, the light sequence began with the
uppermost target ( i.e., at 12:00), and saccades to all eight targetthus avoided the possibility of subjects using visual feedback dur-

ing the experiment. Subjects then made a saccade rightward, to lights were repeated five times, in a clockwise sequence. This was
followed by a desired gaze calibration task similar to the onethe target light. Horizontal eye traces for five consecutive trials,

plotted as a function of time, are shown in Fig. 5 for one subject. described above.
We then repeated the test and calibration paradigms with theNote that the saccades were initiated slightly after (78.70 { 10.44
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head tilted torsionally to induce ocular counterroll. First, the head For each saccade, we also found the eye’s initial position quater-
nion (q) at the initial fixation light. These points were chosenwas rotated 457 CW, along with the bite bar apparatus, to induce

CCW ocular counterroll. A 457 perturbation of the head in this automatically by a computer algorithm restricted to certain selec-
tion criteria (described below), and their inverses (q01) were com-manner has been found to induce Ç5–107 of ocular torsion in the

opposite direction (Crawford and Vilis 1991; Haslwanter et al. puted (Tweed and Vilis 1987). Thead was then rotated into eye
coordinates by the following formula (Crawford and Guitton 1997)1992). Next, the head was rotated upright again, and the calibration

procedure was repeated. This was done to check the torsional sta-
Teye Å q01Theadqbility of the eye coil and to minimize any cross-training effects.

Finally, we rotated the head 457 CCW, and the procedure was This final unit vector (relative to the eye) was graphed in retinal
repeated. As described below, the head-fixed coil was used to coordinates, where the origin of the coordinate system represents
measure precise head orientation and to compute 3-D eye position a unit vector emanating from the fovea through the center of rota-
relative to the head. tion of the eye. We defined the ‘‘horizontal’’ and ‘‘vertical’’ merid-

ians of the eye as the arc intersections of the retina with the verticalEXPERIMENT 3 . After performing the second experiment, we con-
and horizontal planes in Listing’s coordinates, with the eye atcluded that, conceivably, binocular visual inputs could be used to
primary position. Thus this particular target direction, in eye coor-infer ocular torsion indirectly (Howard and Zacher 1991), and
dinates, specifies the unique point of retinal stimulation relative tothat there may have been order effects in the radial saccade task.
the fovea (i.e., RE) (Crawford and Guitton 1997).Furthermore, we wanted to compute the geometrically correct RE

for the right eye as the unique measure of visual input, as we had QUANTIFICATION OF PREDICTED AND ACTUAL SACCADE ER-
done in experiment 1 . Therefore we repeated experiment 2 , but RORS. Actual saccades were selected according to the following
with the left, nonrecorded eye patched, and with a randomized criteria. Only the initial saccades were analyzed (corrective sac-
order of target lights. cades, if any, were not) . Occasional saccades that began before

the target light was extinguished were rejected. Actual saccade
starting points were selected as the points before the interval where

Data analysis their velocities reached 1007 /s, and their endpoints selected at the
points where their velocities decreased to 207 /s in the precedingQUANTIFICATION OF COIL SIGNALS. The coil signals recorded
interval. Trials that did not adhere to our set criteria were notwhile subjects fixated the central target were used as the initial
quantified.reference positions for eye positions in space coordinates. Coil

Before analyzing any of our data, we simulated the outcomessignals were first used to compute quaternions (Tweed et al. 1990),
of the LT model using the experimental paradigms of this paper andto visualize Listing’s plane, and to perform the mathematical trans-
formulas found in Crawford and Guitton (1997). We quantified theformations described below. Quaternions were then used to com-
predicted errors of the LT model by inputting subjects’ actualpute unit vectors aligned with gaze direction (Tweed et al. 1990).
initial 3-D eye position data and computed RE into a simulation(Our 2-D figures show the vertical and horizontal components of
algorithm, and then allowing the computer to generate the predictedthese gaze vectors as they project onto the plane of the tangent
outcomes in Listing’s coordinates. These results were then com-screen or Listing’s plane.) In addition, quaternions were trans-
pared, along with the subjects’ actual saccade endpoints, to theformed into linear angular measures of 3-D eye position (Crawford
desired gaze directions obtained in the calibration trials to judgeand Guitton 1997) for statistical analysis. In this way, any final
their relative accuracy.eye orientation could be described as a rotation vector from an
VISUAL FEEDBACK. It has been assumed for many years thatinitial reference eye position (this can be visualized with the right-
during saccades our vision is suppressed, and thus we cannot makehand rule) . The torsional thickness (quantified as the standard
use of any visual stimuli we may encounter midflight (Carpenterdeviation) of this data was computed using the algorithm described
1977). Some studies have suggested that stimuli presented duringin Tweed et al. (1990). Finally, we were also able to compute
a saccade may be used to guide subsequent eye movements (Halletangular velocities from the quaternions when required.
and Lightstone 1976). However, the processing time required forCOORDINATE TRANSFORMATIONS AND COMPUTING RETINAL
vision is generally thought to be too lengthy to influence the currentERROR. Three different coordinate systems were used in the com-
movement (Carpenter 1977). Our experiments afforded severalputation and subsequent analysis of the data. The raw eye coil data
opportunities where relatively inaccurate saccades (particularly inwere in an earth-fixed orthogonal coordinate system defined by the
the monocular, torsional, radial task) were made in the absence ofmagnetic fields that we called ‘‘space’’ coordinates. Eye position
visual feedback (experimental trials) , but then also tested withquaternions were subsequently rotated into (eye-in-) head coordi-
visual feedback (calibration trials) . While analyzing these data,nates by dividing them by the head position quaternion (Glen and
we observed a trend in which saccades made with visual feedbackVilis 1992). This was particularly important during the head tilts
appeared to be more accurate than those without. We thereforein experiments 2 and 3, but was also useful to account for minute
included these data in our RESULTS, as described quantitativelytilts of head posture against the bite bar. To put the data into
below.Listing’s coordinates, primary eye position was computed and used

as the reference position, while the coordinates were rotated to
R E S U L T Salign with Listing’s plane (Tweed et al. 1990). Finally, 2-D target

directions and 3-D eye positions in Listing’s coordinates were
Listing’s lawused to compute target directions in eye coordinates (i.e., Teye ) , as

follows. The theoretical arguments of Crawford and Guitton
With the data in Listing’s coordinates, we first obtained the (1997) assume that Listing’s law is obeyed, within reason-

subjects’ final eye positions at the target lights. These data were able limits, even for large, eccentric saccades. Similarly, theselected visually from the most stable traces of horizontal, vertical,
models that we tested take initial 3-D eye position into ac-and torsional eye positions, for each of five trials per target light
count, but then assume that the half-angle rule for Listing’sin the calibration task, and then averaged. These points were then
law holds. In contrast, some models have made the contraryconverted into gaze directions to produce a measure of each target’s
assumption that Listing’s law only holds for small saccadesdirection relative to the head (Thead ) . They were thus considered

the ideal desired target directions in Listing’s coordinates. in peri-primary range (e.g., Schnabolk and Raphan 1994).
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This is relevant to saccade accuracy because rotation of the
eye about a head-fixed torsional axis will contribute to gaze
direction at peripheral targets [Çsin (egaze eccentricity ) 1 tor-
sional angle] . Therefore, before testing between the RFT
and LT models, we first confirmed the adherence of the large
saccades used in our study to Listing’s law.

The full 3-D range of eye-in-head positions in the random
saccade task is depicted in Fig. 6A. Subjects were asked to
make saccades throughout their oculomotor range in com-
plete darkness. Eye position vectors (h) during fixation (i.e.,
with velocities of õ17 /s) are plotted, for one subject. Hori-
zontal and vertical components of eye positions are shown
from a behind perspective (indicated by the head caricature) .
Note that these are actually the tips of vectors emanating
from the origin. The direction and magnitude of each posi-
tion vector gives the axis and magnitude of the eye’s relative
rotation from primary position. This can be visualized by
using the right-hand rule. For example, a downward pointing
vector (direction of thumb) represents a rightward position
(fingers curl to the right) . These positions are plotted relative
to the computed primary position, which was not generally
at the center of the eye position range. The subjects’ typically
obtained a wide range of vertical and horizontal eye positions
in this task. For example, the subject shown here spanned
807 vertically and 907 horizontally.

Figure 6B shows the same data, but now viewed from
a perspective to the right side of the head. The abscissa
corresponds to the head-fixed torsional axis and the ordinate
to the vertical axis, where rotation about the torsional axis
causes the eye to move CW/CCW and rotation about the
vertical axis causes horizontal eye displacements. From this
view, the subject’s eye position vectors appear flattened into
a plane centered at 07 torsion. As further quantified below,
this confirmed the classic observation that eye position vec-
tors are confined to a plane (i.e., Listing’s plane) during
head-fixed saccades.

Next, we examined the large saccades between our visual
targets to see how well they conformed to Listing’s law. To
illustrate this, we have shown 3-D eye positions recorded

FIG. 6. Large saccades obey Listing’s law. Quaternions derived fromwhile the same subject made saccades between all 10 targets
random saccades made throughout the oculomotor range, for one subject,in the calibration task (Fig. 6C) . The rightward saccades are plotted in Listing’s coordinates from behind (A) and the side (B) .

( in the direction indicated by the arrows and labeled 1–5) Coordinate axes are defined according to the right-hand rule. Only those
points with velocities of õ17 /s are shown to emphasis their compliancecorrespond to the particular movements we will study. As
with Listing’s law. From the side view, eye positions are clearly restrictedindicated in this behind view, this forced the subjects to use
to a flat plane of approximate thickness {47 ( torsional SD). Eye positionsa very large distribution of the complete horizontal /vertical
collected during one cycle of the calibration task are plotted in Listing’s

range, even going beyond the randomly selected range in coordinates for the same subject. The entire range of eye movements cov-
some instances. However, the side view (Fig. 6D) suggests ered in this experiment are plotted from behind (C) , and from the side

(D) , eye positions both during and at the end of each saccade are clearlythat these eye positions conformed to Listing’s plane, both
seen to lie in Listing’s plane. E : the half-angle rule for saccade axes.during and particularly in between the large horizontal sac-
Velocity trajectories for 5 consecutive saccades are plotted along with theircades, over the range that we studied. respective gaze position in Listing’s coordinates, for one subject, for the 5

These observations are quantified for all subjects in Table light elevations (1–5) used in our experiment. Eye velocity vectors tilt
torsionally out of Listing’s plane by half the angle of eye eccentricity from1. The columns indicate the thickness of Listing’s plane (i.e.,
primary gaze position (r ) . Thus the angle between gaze and velocitydegrees torsional SD) for 1) saccades made in the absence
becomes more acute as the eye increases its eccentricity from primaryof visual feedback at each light elevation (407 up, 207 up,
position.

07, 207 down, and 407 down), 2) during calibrations with
visual feedback, and 3) for fixations between random sac-
cades in the dark. Values for the first five columns were central range (Tweed and Vilis 1990), presumably due to

the larger excursions in our range, the randomness of thecalculated relative to a plane fit to the calibration data in
column 6. On average, the standard deviations for the ran- saccade directions, and the complete absence of visual stim-

uli. In comparison, the torsional ranges during fixations withdom saccade paradigm (3.45 { 0.557) were relatively high
compared with previously reported repetitive saccades in the visual feedback during the calibration task were considerable
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TABLE 1. Standard deviations of torsional eye positions from an ideal Listing’s plane for the test saccades to all five light
elevations, the calibration task, and the random saccades paradigm

Subject 407 Up 207 Up 07 207 Down 407 Down Calibration Random

DC 0.71 2.13 1.28 1.41 1.61 1.45 3.63
XF 1.62 0.91 2.33 1.89 1.67 1.80 1.49
EG 1.96 1.82 2.04 1.72 1.88 2.00 2.01
EK 4.38 1.17 1.03 3.21 4.40 3.97 3.72
DH 2.97 1.83 7.78 3.55 4.57 3.89 5.38
BG 2.25 1.64 3.45 2.82 2.09 1.31 4.44

Values are in degrees. Data from saccade positions with velocities of õ107/s are shown to quantify compliance with Listing’s law between saccades.

lower (2.40 { 0.457) . Most importantly, the torsional range view as subjects made saccades between the same targets.
This shows that eye positions fall into a planar range thatfor the five sets of experimental saccades, to be quantified

for accuracy below, were minute compared with their Ç607 does not align perfectly with arbitrary space coordinates.
These same points were then replotted in headcentric,horizontal excursions. Averages for each of the five eleva-

tions (407 up, 207 up, 07, 207 down, and 407 down) were Listing’s coordinates by recomputing gaze directions relative
to primary position (Fig. 7, C and D) using a method de-2.31 { 0.477, 1.58 { 0.177, 2.99 { 0.937, 2.43 { 0.337, and

2.70 { 0.527 respectively. This confirmed the assumption scribed previously (Tweed et al. 1990). Figure 7D illustrates
how this resulted in an improved alignment of the eye posi-that these large saccades still obeyed Listing’ law with only

small random deviations. Since, for example, 27 of headcen- tion vectors, in Listing’s plane, with the coordinates (this
improved alignment was often more dramatic than showntric torsion at an eccentricity of 457 would rotate gaze direc-

tion by only 1.47, such minute torsional deviations would for this particular subject) . However, other than a slight shift
relative to the newly computed primary position, the overallnot significantly alter the predictions cited below.

Crawford and Guitton (1997) argued that Listing’s law pattern of target directions (Fig. 7C) remained unchanged.
Finally, we rotated the target direction vectors (at theposes a problem for saccade accuracy because it precludes

the use of eye-fixed axes for saccades in favor of the half- rightward member of each horizontal pair) by the inverse
of 3-D eye position at foveation (at the leftward memberangle rule. This strategy is illustrated for the saccades in

our study in Fig. 6E. Five graphs, each one depicting five of each pair) , both in Listing’s coordinates, to obtain the
‘‘rightward’’ REs, in eye coordinates, of the rightward tar-horizontal saccade velocity traces as well as five gaze trajec-

tories, from the side, at each of the five elevations labeled gets (see METHODS). As Fig. 7E shows, varying the eye’s
initial 3-D eye orientation, even within Listing’s plane,1–5 (407 up, 207 up, 07, 207 down, and 407 down, in space

coordinates) are shown. Notice how the angle between gaze changed the RE produced by a purely horizontally (in space
or head coordinates) displaced target light. The further theand velocity becomes more acute as gaze moves downward

from primary gaze position (r ) . This occurs because in subjects’ eyes were displaced from primary position, the
greater the vertical and (to a lesser extent) the horizontaleach case, the velocity traces tilt by approximately half the

amount of gaze eccentricity from primary position. Because components of RE deviated from the displacement of the
target in space coordinates. This confirmed the predictionsthis effect is kinematically equivalent to the results shown

in Table 1, we will henceforth focus on eye positions and of Crawford and Guitton (1997) and shows the importance
of taking 3-D eye orientation into account when computinggaze accuracy. However, Fig. 6E graphically demonstrates

the key observation that Listing’s law precludes eye-fixed RE. Similar procedures were used to compute RE in all of
the examples below.RE from being mapped trivially onto an eye-fixed rotation

(Crawford and Guitton 1997). It also demonstrates that,
because the deviations between the eye-fixed and actual axes Large horizontal saccades
grow relative to primary position, the predicted errors should

The previous figure gives rise to certain testable predic-also be measured relative to Listing’s primary position.
tions. If a model of saccade generation changes RE into ME
directly, like the LT model proposes, the oblique REs inComputing retinal error
Fig. 7E should lead to oblique movements of the eye. This
would result in a poor oculomotor response, because obliqueThis section describes the procedure used to compute a

geometrically correct measure of RE and tests the prediction eye movements could not correctly foveate horizontally dis-
placed targets. To rigorously quantify these predictions, wethat horizontally displaced targets may not elicit horizontal

RE. Figure 7A shows gaze directions from a behind view input real RE and 3-D eye position data from initial light
foveation for each individual saccade into our LT model, aswhile subjects stared repeatedly at the 10 target lights, plot-

ted in space coordinates. These data were recorded during described in METHODS. The predicted results, for one subject,
are illustrated in Listing’s coordinates in Fig. 8A. The sub-calibration trials in which visual feedback allowed subjects’

to correctly foveate the desired targets, and therefore these ject’s initial gaze positions (j to the left) , the associated
final gaze positions as predicted by our LT model algorithmpoints were taken to represent the desired gaze directions.

In these coordinates, the five pairs of lights were indeed (h to the right) , and average desired gaze points (s; from
the calibration data) at each elevation are shown.displaced horizontally with respect to each other. For refer-

ence, Fig. 7B shows 3-D eye position vectors from a side The endpoints predicted by the LT model (Fig. 8A) miss
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RE directly onto ME. In this way, the specified direction
shown on the retina would be reflected by a similar trajectory
of the eye relative to the head. Such a plan would lead to
errors that increase systematically with increased eye devia-
tions from primary position. In contrast, the RFT model
always predicted accurate foveation of each target (s) , be-
cause it accounts for initial eye orientation (Crawford and
Guitton 1997).

After computing the predicted errors of the LT transforma-
tion for each individual saccade in each subject, we com-
pared these results to our actual recordings of saccade trajec-
tories. Figure 8B depicts five consecutive saccade gaze tra-
jectories, at each elevation, for the same subject used to
generate the predictions in Fig. 8A. Note that these saccades
were made in complete darkness and without any visual
feedback. Figure 8B illustrates the path of the eyes from the
initial, leftward light toward the final, rightward target (s) .
However, in contrast to Fig. 8A, the actual saccade endpoints
in Fig. 8B were relatively accurate (as quantified below),
and even the slight errors that they did show did not system-
atically follow the position-dependent pattern of errors pre-
dicted by the LT model. Indeed, this subject was relatively
accurate both in saccade direction and magnitude.

Figure 8, C and D, illustrates saccade trajectories for two
more subjects, in which the first consistently undershot the
targets, while the second consistently overshot them. Be-
cause all the subjects that undershot the final targets had no
difficulty in acquiring them in the visually guided calibration
task, we concluded that these final gaze positions were not
limited mechanically. All three subjects displayed somewhat
curved gaze trajectories that increased their curvature with
increased eccentricity from primary position, similar to the
‘‘standard plant’’ simulations of the RFT model (Fig. 3D) .
However, again, even with the variance found in the hori-
zontal component of final eye positions, these subjects did
not show the pattern of directional errors predicted by the
LT model (Fig. 8A) .

Figure 9, A and B, quantifies the observed directional
and magnitude errors as a function of initial eye position in
Listing’s coordinates. Figure 9A shows horizontal under/
overshooting, whereas Fig. 9B shows vertical upward/

FIG. 7. Calculating the Geye (or Teye ) , produced by each of the 5 target downward error, measured for each subject, relative to their
lights while the eye fixates on the paired initial lights, as a geometrically own calibration data. It is evident from Fig. 9A that consider-
correct measure of RE (Crawford and Guitton 1997). The horizontal sac-

able horizontal endpoint variability existed between subjectscade calibration task depicted in space coordinates. A : behind view of gaze
at each elevation. The variation in final horizontal positionvectors during 5 repetitions of foveating each light for 1.5 s. Note that the

scale of this vector projection system does not correspond exactly to the was 4.867 (SD averaged across subjects) . One subject com-
azimuth/elevation angles (described in METHODS) used to place the targets. pletely overshot all five targets, three consistently undershot,
Thus, at tertiary positions, 407 elevation appears to be less eccentric. B : whereas two showed variable under/overshooting, de-side view of 3-D eye position vectors during the same task. The same data

pending on the position of the lights. In general, more over-are replotted in Listing’s coordinates. C : behind view of gaze vectors in
Listing’s coordinates, where the origin of the coordinate axes corresponds shooting was observed at the center target, whereas more
to primary position. Clusters of target direction data are slightly more spread undershooting occurred at the peripheral targets. As men-
out in head coordinates due to slight shifts in head position against the bite tioned previously, this does not seem to be due to the fact
bar. This is accounted for in the space-to-head transformations. D : side

that subjects were physically unable to attain the targets,view depicts Listing’s plane. E : REs, for each of the 5 light pairs (1–5),
because during the calibration trials, all five lights were eas-computed by rotating a vector representing the target direction around the

inverse of a vector representing eye position at the initial light. The origin ily foveated. In contrast to the horizontal errors, the range
of this oculocentric coordinate system corresponds to the fovea. of vertical errors (average SD Å 2.00), shown in Fig. 9B,

were significantly less variable, t(4) Å 5.13 (P õ 0.01). In
other words, saccade directions were more accurate thantheir targets in a systematic position-dependent pattern con-

sistent with the outwardly ‘‘fanning’’ pattern of RE shown saccade magnitudes.
The preceding observations suggest that, contrary to thein Fig. 7E (which used data from the same subject) . This

is not surprising because, by definition, the LT model maps predictions of the LT model, the saccade generator compen-
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FIG. 8. A : predicted directional accu-
racy of the LT model vs. actual saccades,
for 1 subject. j on the left, the eye’s initial
gaze positions; h on the right, final gaze
positions predicted by the LT model of sac-
cade generation; s to the right, average fi-
nal calibration positions. B : actual gaze tra-
jectories for the same subject as in A for 5
consecutive saccades at each light eleva-
tion. This subject appears to foveate each
target accurately, both vertically and hori-
zontally. C : similar data for another subject
who consistently undershot the targets. D :
data for a 3rd subject who consistently
overshot the targets.

sated for eye orientation effects when deriving saccade com- There, saccades from a central target were made to each of
eight radially displaced targets with the head in three differ-mands from RE. To rigorously quantify the degree to which

these subjects compensated for eye position, we plotted ac- ent orientations (upright, 457 CW and 457 CCW). Recall
that in the latter two conditions, where the eyes counterrolledtual versus predicted (by the LT model) final vertical gaze

errors for each subject. The RFT model predicted a slope of torsionally out of Listing’s plane, the simulated saccades
missed their targets unless 3-D eye orientations were taken0 (indicating complete eye position compensation) because

no actual errors were anticipated, whereas the LT model into account. We will now show the actual performance of
real subjects in an identical task.predicted a slope of 1.0 (indicating no eye position compen-

sation). Figure 9C shows final actual versus predicted errors Figure 10 shows five consecutive gaze trajectories to each
target (on the left side) and 3-D eye positions correspondingfor one subject, the slope fit to this data ( ) , and the
to the same saccades (on the right side) for one typicalslope predicted by the LT model ( – – – ). The data are
subject, using the same conventions as in Fig. 4. With theshifted leftward on this graph (downward in real life) be-

cause primary position was relatively high in the range of head upright, eye positions gathered around 07 on the ab-
this subject. The predicted errors grew with increased dis- scissa (i.e., eye positions lie in Listing’s plane; Fig. 10A,
placement from primary position to a maximum of 19.90 { right) . Gaze trajectories were relatively straight for purely
1.027 at the lowest, most eccentric lights. In contrast, the horizontal and vertical saccades, whereas the oblique eye
actual errors remained small, such that the slope of best fit movements were curved in a systematic manner (Fig. 10A,
was only 00.04. Finally, similar results were found when left) as previously described (Smit et al. 1990; Smit and van
we plotted regression lines to the corresponding data for the Gisbergen 1990). More importantly, note that with the head
all six subjects (Fig. 9D) . Their average slope was 00.01 { upright, final gaze positions appeared to be quite accurate
0.14 (mean { SD between subjects) , indicating near perfect in direction (quantified below), particularly in their final
compensation for 3-D eye orientation. direction relative to the targets (an exception being the

purely rightward saccades in this specific example) .
Rotation of the head about the torsional axis caused aRadial saccades

compensatory torsional counterroll of the eyes. On turning
the head 457 CW, the torsional component of eye positionThe binocular and monocular radial saccade paradigms

were designed to test the simulated predictions in Fig. 4. deviated in the CCW direction (Fig. 10B, right) . In this
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tories continued to be relatively straight for horizontal and
vertical saccades made relative to the head, while saccades
made obliquely relative to the head were curved as men-
tioned previously (Fig. 10, B and C, left) . The trajectories
of these oblique saccades were initially too horizontal (re:
head), but then changed course about two-thirds of their
way to the target, despite the lack of any visual feedback.

FIG. 9. A and B : quantification of horizontal ( i.e., magnitude) and verti-
cal ( i.e., directional) errors of final gaze position at all 5 light elevations
for all subjects. A : horizontal overshoots and undershoots made by the 6
subjects (j, h, ●, s, m, n) to all light elevations analyzed. B : vertical
upward and downward directional errors for each light elevation for all 6
subjects as listed above. C and D : quantitative plots of actual vs. predicted
(by the LT model) final vertical directional errors. The RFT model predicts
a slope of 0, whereas with the LT model, a slope of 1 ( – – – ) is expected.
C : data plotted for 1 subject (refer to Fig. 3B; 5 of 20 saccades quantified
here) for all 5 light elevations: 407 up (j) , 207 up (1) , 07 (●) , 207 down
(l) , and 407 down (m) ( in space coordinates) . , regression line for
this subject. D : regression lines for all 6 subjects are plotted. Average slope
was 00.01 { 0.14.

case, average eye-in-head CCW counterroll was found to be FIG. 10. Actual saccade trajectories ( ) to targets (s) and 3-D eye
8.71 { 2.617 (mean { SD, across subjects) during binocular position data (jjj) are shown for 1 subject. Five gaze trajectories, made

by recording continuously from each radial paradigm, are plotted alongviewing and 7.32 { 5.567 during monocular viewing. Con-
with eye position quaternions from 1 cycle of each paradigm. A : with theversely, with the head rotated 457 CCW, the subjects’ right
head upright (07 ocular torsion). Left column : behind view shows gazeeyes rotated in the CW direction (Fig. 10C, right) . The trajectories are straight along the axes and curve slightly in the diagonal

average CW counterroll was 10.26 { 2.237 during binocular directions. Their endpoints appear to be accurate. Right column : side view
indicates that average eye positions lie at 0.42 { 0.457 CW torsion. Essen-viewing, and 7.52 { 2.417 during monocular viewing. The
tially, these eye positions are in Listing’s plane. B : with the head rotatedeye positions seen in the latter two conditions were clearly
457 CW. Left column : behind view saccade trajectories are somewhat lessshifted away from the normal Listing’s plane, and, from
accurate and more variable. Again straighter saccades are seen along the

these new eye positions, saccades resulted in eye position cardinal directions relative to the head, whereas curved paths are followed
trajectories that remained out of the normal Listing’s plane for the oblique directions. Right column : side view quaternions indicate

that the eye rotates in the CCW direction, on average, by 12.55 { 0.497(Fig. 10, B and C, right) .
and remains there while the subject saccades to every target from center.To keep the location of the target lights consistent, irre-
C : with the head rotated 457 CCW. Left column : behind view indicatesspective of head orientation (indicated by the caricatures in similar results as in B. Right column : side view shows that the eye rotates

Fig. 10), gaze was plotted in space coordinates in Fig. 10, in the CW direction, on average, by 11.50 { 1.767, and again, remains
there throughout the trial.A–C. Taking this and the head tilts into account, gaze trajec-
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head-in-space. (Note that the head-fixed coordinates inside
each caricature imply that the actual data were now plotted
relative to the head to take the location of primary position
into account.) We plotted average desired gaze points
( 1) , average actual final gaze positions ( – – – h) ,
and average predicted final gaze positions based on the LT
model algorithm (rrrL) , along with the average location
of the center light (l) . To find these average values, we
first averaged data from the five saccades made by each
subject to each of the eight targets in each of the three
conditions, and subsequently averaged the resultant numbers
across all six subjects. This figure illustrates the means by
which we computed directional errors for both the LT model
predictions and the actual saccades. We defined the actual
directional error as the angle (CW or CCW) between the
solid and dashed lines, and the predicted directional error as
the angle between the solid and dotted lines.

The origin of the axes gives us a rough idea as to the
average location of primary position. Because average pri-
mary position was up and to the right of the center light,
this indicates that Listing’s plane of the right eye tended to
be tilted upward and rightward in the head (relative to our
original arbitrary coordinate system). On average, subjects
tended to undershoot most of the targets, particularly in the
downward and leftward directions (although note that there
was considerable variability between subjects, as shown in
Fig. 9) . This occurred in both the binocular and monocular
conditions (although subjects could easily foveate each tar-
get during the calibration trials) .

With the head upright, both the predicted (L) and actual
(h) average saccade direction errors were relatively small.
This was observed in both the binocular (Fig. 11A) and

FIG. 11. Calibration points ( 1) , actual final gaze positions
monocular tasks (Fig. 11B) . Thus, as expected, this task( – – – h) , final predicted gaze positions as per the LT model (rrrL) ,

and center lights (l) are averaged across all subjects, in Listing’s coordi- did not clearly test between the two models. This is more
nates, and plotted for both the binocular (A, head upright; C, head CW; E, evident in Fig. 12, A and B. These bar graphs compare
head CCW) and monocular (B, head upright; D, head CW; F, head CCW) average actual final errors in saccade direction across sub-radial tasks.

jects (black bars) with those predicted by the LT model
(white bars) . As with the horizontal saccades, predictedThis could be accounted for by the relative strengths of the
values were obtained by inputting actual initial eye positionhorizontal recti muscles, and probably does not reflect the
and RE data into the LT model, which then predicted thevisuomotor transformation.
corresponding final endpoints. Thus in the six conditionsOur main data analysis therefore focused on the endpoint
shown (binocular task: A, C, and E; monocular task: B, D,accuracies of the initial saccades. In general, more direc-
and F) , each white bar represents the average actual direc-tional errors were seen in final gaze direction with the head
tional errors, whereas each black bar represents the averagetilted, as compared with saccades made with the head upright
predicted directional errors, at each of the eight target loca-(quantified below). Examples include the down-left and
tions (represented by the saccade directions up, right, downdown-right (re: space) saccades in Fig. 10B, and the down-
and left) , in head coordinates.right and up-left (re: space) saccades in Fig. 10C. However,

Figure 12 (A and B) shows that both the predicted andthese errors did not qualitatively seem to follow the pattern
actual errors in final endpoint direction were indeed quitepredicted by the LT model (Fig. 4) , i.e., the trajectories
small ( i.e., none exceeded 57) in both the binocular (Fig.were not consistently tilted in the direction of head rotation
12A) and monocular (Fig. 12B) experiments. Interestingly,(by the rule illustrated in Fig. 4) in either of the two head
a cyclical pattern of errors was found in both the monoculartilted orientations. In any one condition, we found great
and especially the binocular condition. (One can approxi-variability in the direction of observed errors both between
mately fit a sine wave to the actual and predicted errors,and within target directions (upward and rightward saccades
especially in A . ) This effect is attributed to the fact that thein Fig. 10B, and upward and leftward saccades in Fig. 10C) .
average primary position did not correspond precisely to theThus a more rigorous quantification was necessary.
location of the center light. As a result, the radial saccadesFigure 11 summarizes the endpoint accuracies of the sub-
were not traveling precisely to or from primary position, andjects in the six tasks. Figure 11, A, C, and E, shows binocular
thus small errors were predicted (for the reasons describeddata, Fig. 11, B, D, and F, depicts monocular data, and the

caricatures next to each row indicate the position of the in the INTRODUCTION). Quantitatively, the saccade data in
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FIG. 12. Average actual (black) vs.
predicted (white) final gaze directions in
both the binocular (A, head upright; C,
head CW; E, head CCW) and the monocu-
lar (B, head upright; D, head CW; F, head
CCW) experiments, are quantified for each
target light (up, down, right, and left) rela-
tive to the head. Notice that the actual er-
rors do not coincide with those predicted
by the LT model.

Fig. 12A seemed to follow a reverse pattern of that predicted induced ocular counterroll, we first subtracted the baseline
errors made with the head upright (Fig. 12, A and B) fromby the LT model, perhaps suggesting an overcompensation

for small position effects. However, no significant differ- those made with the head turned torsionally (within each
subject, in headcentric coordinates, before averaging the re-ences in directional error could be found between the actual

and predicted data, when averaging across all target lights, sults; Fig. 12, C–F) . (The general trend could still be seen
without this subtraction, but was confounded by the baselinefor both the binocular and monocular conditions (Pú 0.20).

Again, this was expected in the head upright condition where effect.) This then left remaining errors attributable to the
torsional deviation in initial eye position alone. Thus, withboth models anticipated similar results (see simulation in

Fig. 4A) . the eye rotated, the LT model now consistently predicted
final directional errors opposite to head rotation (white bars;In contrast, the models differed in their predictions when
i.e., in the CW direction in Fig. 12, C and D, and in theeye-in-head position was rolled torsionally out of Listing’s
CCW direction in Fig. 12, E and F) . The subjects’ actualplane. Although the RFT model continues to predict accurate
endpoint error bars (black) often did seem to lie, on average,endpoints in this situation (Crawford and Guitton 1997),
in the same direction as that of the predicted bars (white) ,the LT model consistently predicts errors in target foveation
however, in general, not nearly by the same amount. Within a direction opposite to eye rotation (simulations in Fig.
binocular viewing, 32.72% of the error predicted by the LT4). These averaged simulated saccade endpoints (L) , here
model was realized with the head tilted CW, and 32.02%based on real REs and initial CCW torsional eye positions
with the head tilted CCW (averaged across all target direc-(Fig. 11, C and D) , predict final gaze directions that consis-
tions) . Similarly, with monocular viewing, 45.85% of thetently miss the actual targets in the CW direction (i.e., not
predicted error was realized with the head CW, and 68.58%in the sense of torsional deviation from Listing’s plane, but
with the head CCW. These differences were significant dur-rather the dotted lines are always tilted CW relative to the
ing binocular viewing with CCW (P õ 0.001) and CWsolid lines) . This also applies for saccades that began with
(P õ 0.05) counterroll. They were also significant duringinitial CW components (Fig. 11, E and F) . They similarly
monocular viewing with CCW counterroll (P õ 0.05), butshow final predicted gaze directions missing the desired gaze
not during monocular CW counterroll (Pú 0.05) (probablypoints in the opposite CCW direction (dotted lines are al-
due to the large variance in errors observed in this task) .ways tilted CCW of the solid lines) . (Again, the rule of
Thus, overall, actual saccade endpoints originating from, andthumb is that the predicted trajectories will tilt in the same
terminating in, torsional eye positions out of Listing’s planedirection as head tilt.) In the actual average data (h) , certain
were significantly more accurate than those predicted by theinaccuracies in certain directions were observed (dashed
LT model.lines) . These were sometimes in the direction predicted by

the LT model, but they did not seem to consistently follow To further summarize these trends, we plotted actual (h)
and predicted (l; by the LT model) directional errors as athe predicted pattern in either direction or magnitude. Note

again, that these are averaged data, i.e., individuals sporadi- function of initial eye torsion, averaged across all saccade
directions, for each subject (Fig. 13). The regression fit tocally showed larger errors in certain directions that were not

consistent (e.g., Fig. 10). However, both the predictions and the predicted data provides a predicted slope for the LT
model, which simulates zero neural compensation and 50%the data were probably confounded by small errors already

present in the controls (Fig. 11, A and B) . The direct contri- muscular compensation for eye position. Conversely, the
RFT model predicts a slope of 0, because any predictedbution of initial ocular torsion to the systematic inaccuracies

in these saccades was more clear when quantified as shown errors (made by the LT) would not be realized in the actual
in Fig. 12. data. We found, in both the binocular (Fig. 13A) and monoc-

ular (Fig. 13B) conditions, that the predicted slopes of theBecause we only wanted to compare the errors caused by
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trajectories. For example, saccades made without visual
feedback toward the uppermost light seemed to initially be-
gin in the wrong direction and continue on this path until
the end. The corresponding saccades made with visual feed-
back also begin in the wrong direction, but at various points
in their trajectories, they begin to curve toward the correct
target location, eventually reaching the appropriate target.
The remaining three examples show similar effects, with
‘‘light on’’ saccades curving in much closer to the target
than ‘‘light off ’’ saccades.

The temporal evolution of these selected saccades is illus-
trated in Fig. 15, which plots the vertical ( thick lines) and
horizontal ( thin lines) components of eye velocity as a func-
tion of time. Velocity is plotted relative to space to be consis-
tent with the previous figure, and corresponding saccades

FIG. 13. Actual (h) vs. predicted (●) directional errors, averaged across
direction for each subject, are plotted as a function of initial ocular torsion
for the binocular (A) and monocular (B) conditions. In both cases, the
predicted slopes are larger than the actual slopes, indicating large errors in
saccade direction that were not realized in the actual data.

LT model were steeper than the actual slopes. For the binoc-
ular task, the actual slope was 00.2 (r Å 00.82), compared
with the predicted slope of 00.57 (r Å 00.99). The ratio
between these slopes was 0.35, suggesting 65% neural com-
pensation for torsion. For the monocular task, the predicted
slope was 00.63 (r Å 00.99), whereas the actual slope was
00.28 (r Å 00.78). The ratio between these slopes was
0.41, suggesting 59% compensations for torsion. Note again,
that without the assumption of 50% muscular compensation,
these estimates of neural compensation would become sig-
nificantly higher.

Effects of visual feedback

The relatively large directional errors observed in the ra-
dial torsion tasks offered an opportunity to examine the ef-
fects of visual feedback on saccade accuracy. In general, the
addition of visual feedback during saccades (present during
the calibrations, but not available in the experimental data
above) led to a dramatic increase in saccade accuracy. Figure
14A shows examples of selected saccades along the four
cardinal directions that were particularly inaccurate in the
absence of visual feedback (note that these individual errors

FIG. 14. Saccades without and with visual feedback. A : 5 saccades todo not reflect the general trend described above). Several
each of 4 target lights without visual feedback. The 4 sets of data wereconsecutive saccades are shown for each target. Figure 14B taken from various subjects during the monocular, radial experiment. B : 5

depicts performance on the same tasks when visual feedback saccades collected from the corresponding calibration trials of those in A.
The presence of visual feedback caused changes in final saccade endpoints.was provided. Note the striking difference between these
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column) . It appears that there was no single stereotyped
mechanism for this across subjects. For example, in subject
JZ (Fig. 15A) , this reversal was accomplished without
lengthening or disrupting the major velocity components. In
contrast subject XF (Fig. 15, C and D) showed a lengthening
of the saccade profile, with several reaccelerations in a lin-
gering, low-velocity ‘‘tail.’’ Subject DC (Fig. 15B) showed
an intermediate strategy.

We quantified the overall effect of visual feedback on
accuracy for the monocular, radial saccade experiment,
where the largest variations in directional errors were ob-
served. Note that the individual saccades for both conditions
(with and without feedback) were selected using the same
velocity criteria, as graphically illustrated in the previous
figure. Despite the ‘‘lengthening’’ effect observed occasion-
ally in some visually guided saccades (Fig. 15, B–D) , we
found that the average duration of the saccades in both condi-
tions [with feedback (150.37 ms) and without feedback
(168.72 ms)] were not significantly different (P Å 0.08).
Finally, we quantified both overall gaze error (angle between
actual final gaze direction and desired final gaze direction)
and directional error (as defined above) independently.
These were computed for saccades toward each of the eight
target lights, made both with and without visual feedback
(Fig. 16). Figure 16, left column, compares overall gaze
errors (due to both magnitude and direction), whereas the
right column compares overall directional errors. Each row
represents data collected at a different head orientation (i.e.,
A and B : head upright; C and D : head CW; E and F : head
CCW, as indicated by the head caricatures) . The black bars
represent subjects’ performances without visual feedback,
and the white bars indicate performances with visual feed-
back. In each of the six conditions, and in all saccade direc-

FIG. 15. Vertical ( thick lines) and horizontal ( thin lines) velocity pro-
files of saccades without ( left column) and with (right column) visual
feedback. Data are computed in space coordinates, and numbers correspond
to the saccade trials in the previous figure. A : upward saccades, subject JZ.
B : rightward saccades, subject DC. C : downward saccades, subject XF. D :
leftward saccades, subject XF. Note that these highly inaccurate saccades
were selected for illustrated purposes and are not representative of the bulk
of the data analyzed in previous sections.

are numbered in the same order. In each case, the minor
component of eye velocity should ideally remain at zero. In
actuality, the minor components of the illustrated in-dark
saccades ( left column) usually deviated to one side of zero,
corresponding to the directional errors shown in the previous

FIG. 16. Gaze ( left column) and directional (right column) errors to-figure. Occasionally, the minor velocity component reversed
ward each of the 8 radial targets during the monocular experimental /nodirection toward the end of the in-dark saccades (e.g., Fig.
visual feedback (black) and calibration/visual feedback (white) trials. Data15A) , giving the appearance of feedback correction. How- are shown for the head upright (A and B) , the head CW (C and D) and

ever, those ‘‘corrective’’ reversals were much stronger and the head CCW (E and F) . Note that here we averaged the absolute values
of the errors, which is why the appear larger than in the previous figures.more consistent when visual feedback was available (right
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jective target direction, and the degree of saccade accuracy
that we have described above. More precisely, knowledge of
eye position is necessary to transform occulocentric, retinal
displacement signals into headcentric, motor displacement
commands (Crawford and Guitton 1997). Our results show
that the saccade generator does indeed perform such a refer-
ence frame transformation, because eye positions out of List-
ing’s plane were partially compensated and eye positions in
Listing’s plane were almost fully compensated. This finding
thus contradicts the idea that the visuomotor transformation
for saccades in Listing’s plane amounts to a simple stimulus-
response look-up table (Hepp et al. 1997; Jürgens et al.
1981; Raphan 1997, 1998). The simpler 3-D LT model was
simply unable to account for the level of saccade accuracy
observed in our data because it lacks a position-dependent
reference frame transformation.

Visuomotor transformation versus visual representation

Before discussing these results further, we feel that it is
important to clarify our view of the reference frame transfor-

FIG. 17. Gaze ( left column) and directional (right column) errors for mation in our model. Because our RFT model includes an
each of the 5 trials to each target light. Monocular experimental trials

internal representation of targets relative to the head, it iswithout visual feedback (black) and calibration trials with visual feedback
tempting to think that this is used to remember target direc-(white) are shown for data with the head upright (A and B) , the head CW

(C and D) and the head CCW (E and F) . Again, note that here we averaged tion during eye movements (Brotchie et al. 1995; Howard
the absolute values of the errors, which is why they appear larger than in 1982; Zipser and Andersen 1988). However, this is likely
the previous figures. a separate issue (Crawford and Guitton 1997). For example,

Henriques et al. (1998) recently demonstrated that visual
tions, the errors observed in saccades made with visual feed- targets are probably perceived and remembered in an oculo-
back were significantly smaller than those made without vi- centric reference frame (Duhamel et al. 1992). This result
sual feedback (i.e., the white bars are consistently smaller may initially seem to contradict our current findings, but the
than the black bars) . two views can be easily reconciled. As proposed by Hen-

One possibility is that this increased accuracy was a learn- riques et al. (1998), we suggest that the mechanism of space
ing effect. If so, saccades toward a given target should have constancy across saccades may well involve oculocentric
initially been inaccurate, but then should have progressively remapping at the level of RE (Duhamel et al. 1992), but
grown more accurate with each repetition. We quantitatively the reference frame transformation for saccades (discussed
tested this hypothesis in Fig. 17 for the monocular calibration in this paper) takes place downstream as part of a separate
task, where subjects were exposed to visual feedback from process, i.e., the visuomotor transformation. Thus we believe
each target five times in an unpredictable order. The left that the internal eye-to-head reference frame transformation
column depicts gaze errors, the right column shows direc- described in our experiments pertains, not to the mechanism
tional errors, and each row represents a different head orien- of space constancy across saccades, but rather to visuomotor
tation (i.e., A and B : head upright; C and D : head CW; E execution and perhaps applies similarly to perceptual inter-
and F : head CCW). Again, the black bars represent subjects’ pretation at the current eye orientation.
performances without visual feedback, and the white bars
indicate performances with visual feedback. The numbers

Retinal error and eye orientation1–5 represent the initial through final saccades, respectively,
made to each of the eight targets. Again, a marked difference By examining Fig. 7, it is clear that the sight of retinal
between saccades made with and without visual feedback stimulation is a product of both target displacement in space
is obvious. However, there was no statistically significant and 3-D eye position. As the targets became more vertically
improvement in saccade accuracy over time. Indeed, visual eccentric, they produced progressively more oblique REs.
feedback immediately improved saccade accuracy but had Thus, when making saccades between visual targets, even
no further noticeable effect over subsequent trials. with eye position in Listing’s plane, it is insufficient to as-

sume, as many previous researchers have done, that the sight
D I S C U S S I O N of retinal stimulation is geometrically determined solely on

information derived from the target display. As CrawfordGeneral findings
and Guitton (1997) have shown theoretically and we now
show experimentally, in reality, this could lead to gross mis-The most important conclusion to be drawn from this

study is that the oculomotor system accounts for both RE estimations of the pattern of retinal stimulation. The correct
pattern of retinal stimulation can only be determined byand 3-D eye orientation in the visuomotor transformation.

This conclusion is necessary given Listing’s law, the nontriv- measuring the eye’s 3-D orientation relative to the head. Our
work suggests that, whenever the eyes obtain any positionial position dependency of RE both eye orientation and ob-
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other than primary position, this pattern changes, posing observation was more consistent with the saccades produced
by the standard plant version (half-angle rule applied in thea nontrivial problem for both external measures of visual

geometry (Fig. 7) and for the brain to interpret these retinal brain stem) of the RFT model, as opposed to the linear plant
version (half-angle rule applied in the ocular plant; Fig. 3D) .patterns.

Therefore these basic geometric problems pertain not only The standard plant version produced arcing gaze trajectories
because it generates fixed-axis saccades, whereas the linearto the saccadic eye movements investigated in this study,

but also for the egocentric perception of spatial relationships plant version predicted straight gaze trajectories only be-
cause it produces nonconstant axes during saccades (Craw-between objects in general. For example, this poses a direct

problem in perceiving the objective orientation of lines in ford and Guitton 1997). However, we do not regard this to
be important evidence for the neural model of the half-anglespace when the eye is at eccentric ( i.e., secondary, tertiary,

and torsional) positions (Figs. 1, 3A, and 4). Furthermore, rule because there may be slight modifications of the linear
plant that do produce fixed-axis saccades, and regardless,in a recent theoretical paper (Tweed 1997), the same basic

problem was described as it pertains to binocular vision, neural operations can potentially compensate for or ‘‘undo’’
the characteristics of any arbitrary plant (e.g., Smith andwhere it was again concluded that eye orientation must be

taken into account. Finally, considering the complexity of Crawford 1997).
Finally, it has been suggested that saccades over 107 nor-the relationship between RE and eye position that we have

demonstrated here in normals, a similar quantification is mally undershoot their targets byÇ10%, and that the amount
of undershooting increases with saccade amplitude (Beckerprobably important during eye muscle pathology. For exam-

ple, patients with strabismus will have unusual 3-D eye ori- 1972). Moreover, it has been hypothesized that undershoot-
ing is actually a strategy employed by the saccadic systementations varying at different gaze directions. These position

dependencies will likely produce complex and unexpected for the sake of efficiency and economy (Howard 1982). In
our experiments, the endpoints of the subjects’ saccadesmonocular and binocular visual deficits that can only be

predicted if 3-D eye orientation is measured and accounted were variable but did tend to undershoot the final target (Fig.
9A) . One-half of the subjects (3 of 6) completely undershotfor by the means that we have demonstrated.
all five horizontal targets, whereas two of the remaining
three undershot at least one target, and only one subjectSaccade properties
consistently overshot all the targets. Furthermore, the six
subjects consistently undershot the eight radial targets, par-Crawford and Guitton (1997) simulated RE in the context

of Listing’s law because this behavioral constraint deter- ticularly in the down-left direction. It is conceivable that the
relative location of primary position (up-right of the centermines both the initial eye orientations where RE is induced

and the axes of eye rotation used to satisfy these REs. Al- light) may have contributed to this latter effect ( i.e., that the
saccade generator is best calibrated near primary position).though our model predictions took initial eye positions into

account, they assumed that the latter constrains held during
the generation of saccades. We therefore had to first evaluate Testing between two models of the visuomotor
Listing’s law over the large ranges used in our experiments. transformation

Our measurements confirmed that Listing’s law held in
all head upright conditions, but with varying degrees of pre- Because 1) RE is fixed with respect to the eye and thus

varies with eye position, and 2) Listing’s law precludes thecision. In particular, the torsional ranges obtained during
random saccades were quite large. This may have been due use of eye-fixed saccades, then RE cannot be correctly

mapped in a fixed way onto ME. If these factors are ignored,to the very large range that subjects were encouraged to
explore, as well as the fact that these eye positions were as in our LT model, then a pattern of errors emerges in

which eye positions in Listing’s plane miss their targetsrecorded in complete darkness. Furthermore, in a recent pa-
per, it was shown that Listing’s plane is thicker for multidi- centrifugally by larger amounts as the eyes’ orientation devi-

ates eccentrically from primary position, and saccades fromrectional tasks (such as our random paradigm), because its
thickness is a composite of thicknesses for several unidirec- torsional eye positions miss their targets in a direction tilted

opposite to the direction of induced torsion. In contrast, wetional tasks (Desouza et al. 1997). In comparison, the cali-
bration planes (in which visual feedback was provided and found that the saccade generator correctly converts oblique

REs (Fig. 7C, REs 1, 2, 4, and 5) into horizontal saccadesthere was less variability in saccade direction) were more
narrow. Most importantly, the horizontal saccades employed for targets lying at various eccentricities from primary posi-

tion, and partially corrects for torsional eye positions out ofin our analysis of saccade accuracy obeyed Listing’s law
with a good degree of precision, despite their large size Listing’s plane.

In the horizontal saccade task, where eye positions re-(Ç607) . As demonstrated above, this is kinematically equiv-
alent to saying that these saccades obeyed the half-angle rule mained in Listing’s plane, we found that, although final hori-

zontal eye positions varied greatly between subjects (Fig.of Listing’s law. This is important in this context because
it shows that these saccades cannot satisfy eye-fixed RE by 9A) , the final vertical distribution of these eye movements

were quite compact and accurate (Fig. 9B) . Moreover, themapping it onto an eye-fixed axis of rotation, regardless of
plant properties (Crawford and Guitton 1997). directional errors of these large horizontal saccades are much

smaller than the receptive fields of individual ganglion cellsOn a related theme, the horizontal gaze trajectories for
most subjects (e.g., Fig. 8, B–D) appeared to curve outward in the peripheral portion of the retina (Perry and Cowey

1985). Similar cases of such visual ‘‘hyperacuity’’ haveat all five light elevations, and the curvature seemed to in-
crease with increased distance from primary position. This been observed previously for vernier line judgments (West-
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heimer 1981) and are probably mediated by overlapping targets in some subjects were sometimes quite inaccurate in
direction, particularly with the head tilted (Figs. 14 and 15).receptive fields in a population code (Sparks 1989). Figure

9D illustrated that four of the six subjects, and the average However, we found that allowing visual feedback during
saccades dramatically and consistently reduced these resid-slope, carried negative values. We hypothesize that this may

indicate a slight overcompensation for eye position. A much ual errors in both direction and magnitude.
The pattern that we observed would suggest that visionlarger exaggeration might account for the position-dependent

pattern of direction errors observed in saccades to remem- (perhaps early in a saccade) is either being used for in-flight
corrections toward the end of the saccade, or at the least,bered targets (White et al. 1994).

In contrast, our comparisons between simulations of the provides an extra ‘‘drive’’ (even if only through attention/
arousal effects) that helps to get the saccade on target beforeLT model and actual saccades suggest that the saccade gen-

erator did not compensate completely for torsional eye posi- the ‘‘latch mechanism’’ shuts it off. The drawn out corrective
‘‘tails’’ observed in the velocity profiles of some of the leasttions. More accurately, ocular counterroll had different ef-

fects depending on the subject and the direction of the sac- accurate saccades (Fig. 15) certainly give the appearance of
a feedback driven mechanism. If these corrections are visualcade, perhaps due to variation in the torsional dependencies

of individual muscles or variable visuomotor calibration . feedback driven, this would seem to contradict the required
latencies of inputs from primary visual cortex (CarpenterNote that humans and monkeys normally hold their heads

upright when orienting themselves (Glen and Vilis 1992). 1977). However, a faster response might be mediated by
direct retinotectal projections to the superficial layers of theTherefore it should not be surprising that the oculomotor

system is well calibrated for saccades from a head upright superior colliculus (Hoffmann 1973), which in turn have
some direct projections to the deeper motor layers of theposition (Melis and van Gisbergen 1995; Optican and Miles

1985). Conversely, because we rarely make saccades with colliculus. Indeed, this could be an important function of
such a path in higher mammals, as opposed to an anatomictorsional eye-in-head positions, then the system should be

poorly calibrated for counterroll. We therefore hypothesize basis for the LT hypothesis (Moschovakis et al. 1988). In
any case, it would seem that the widespread assumption thatthat subjects could learn to make more accurate saccades

given proper training. However, it should be emphasized vision during saccades has no immediate impact on saccade
accuracy needs to be reexamined.that the systematic torsion-related errors that we observed

were still only a small percentage of that predicted by the
LT model. Biological implications for the visuomotor transformation

In comparison, little or no compensation for torsional eye
positions was found in perception when subjects were asked Having determined that the brain does perform the equiva-

lent of a position-dependent reference frame transformation,to match a visual line to gravitational horizontal (Wade and
Curthoys 1997). This may be because perception is still the next experimental task is to determine where and how

this occurs. As argued above, our findings preclude the use ofworse calibrated for torsion than saccades, and muscular
pulleys reduce the effect of torsion on saccades, whereas a simple input/output look-up table, or any similar scheme,

because eye orientation must also be taken into account. Athey have no effect on perception. Finally, it is also possible
that otolith signal interference may have contributed to some reference frame transformation could be accomplished by a

more complex look-up table with entries for each differentof the errors in saccade direction that were observed with
the head tilted. Unfortunately, very little is known about the combination of RE and eye position. However, the brain

does not seem to employ such space-intensive mechanisms.effect of tonic vestibular signals on saccade accuracy (Henn
et al. 1997), and therefore we could not control for this in For example, eye position signals seem to interact multipli-

catively with RE in the quasi-retinotopic maps of posteriorour analysis. However, it would be possible to eliminate this
variable by performing our experiments on upright nonhu- parietal cortex and superior colliculus (Andersen 1989; van

Opstal 1993). Alternatively, RE and eye position could in-man animals and rotating the eyes torsionally by stimulating
the appropriate torsional brain stem neurons (Crawford and teract in an even more compact fashion, perhaps within a

circumscribed brain stem nucleus, if this were performedVilis 1992) just before visually eliciting saccades.
Thus, in our experiments, eye positions in Listing’s plane past the stage of retinotopic mapping. Finally, the demon-

strated role of the cerebellum in saccade-related eye positionwere fully compensated for while positions out of Listing’s
plane were, at least, partially compensated for. Therefore we dependencies (e.g., Vilis and Hore 1981) may implicate it

in this process, or at least in the calibration of the referenceconclude that the brain takes 3-D eye position into account
when reading the retinal code to generate accurate saccades. frame transformation.

Before determining how this transformation occurs, it willThe sort of 3-D input/output analysis that we have utilized
here could be important clinically for evaluating visual and probably be easier to determine where it occurs, by observing

the input-output signals of neural structures. Crawford andoculomotor function in patients with eye muscle deficiencies
(which may be associated with both unusual initial eye ori- Guitton (1997) have predicted that, given the results of our

study, there must be a specific internal switch in representa-entations and problems with certain saccade trajectories) .
tion between 2-D, oculocentric RE and 3-D, headcentric ME
vectors. For example, if one were to evoke large gaze shiftsVisual feedback
(¢607) by stimulating the colliculus (Freedman et al. 1996),
then two different results could occur. If the superior collicu-The preceding discussion pertains only to saccades with

no visual feedback. Although these saccades were found to lus encodes motor gaze shifts (relative to the head or body),
then one would expect to find fixed saccade vectors indepen-be relatively accurate on average, saccades toward certain
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DUHAMEL, J.-R., COLBY, C. L., AND GOLDBERG, M. E. The updating of thea position-dependent, semi-converging pattern of eye move-
representation of visual space in parietal cortex by intended eye move-ments, suggesting that the reference frame transformation
ments. Science 255: 90–92, 1992.exists somewhere downstream.1 The observations that the

FREEDMAN, E. G., STANFORD, T. R., AND SPARKS, D. L. Combined eye-head
deeper layers of the colliculus encode a shift in visual gaze gaze shifts produced by electrical stimulation of the superior colliculus in
independent of downstream compensations for eye position rhesus monkeys. J. Neurophysiol. 76: 927–952, 1996.

GLEN, B. AND VILIS, T. Violations of Listing’s law after large eye and headseems to be more consistent with the latter hypothesis
gaze shifts. J. Neurophysiol. 68: 309–318, 1992.(Freedman et al. 1996; Stanford and Sparks 1994). More-

GNADT, J. W., BRACEWELL, R. M., AND ANDERSEN, R. A. Sensorimotorover, Russo and Bruce (1993) quantified a pattern of mildly
transformation during eye movements to remembered visual targets. Vi-

convergent saccades (evoked by stimulation of the frontal sion Res. 31: 693–715, 1991.
and supplementary eye fields) very similar to that predicted GOLDBERG, M. E. AND BRUCE, C. J. Primate frontal eye fields. III. Mainte-

nance of a spatially accurate saccade signal. J. Neurophysiol. 64: 489–here. However, contrary to previous assumption, this may
508, 1990.mean that these sites encode true RE, with the correct posi-

HALLET, P. E. AND LIGHTSTONE, A. D. Saccadic eye movements towardstion-dependent transformation implemented downstream,
stimuli triggered by prior saccades. Vision Res. 16: 99–106, 1976.

perhaps via cerebellar inputs to the brain stem (Russo and HASLWANTER, T., STRAUMANN, D., HESS, B.J.M., AND HENN, V. Does
Bruce 1993; Vilis and Hore 1981). In any case, our results counterrolling violate Listing’s law? Ann. NY Acad. Sci. 656: 931–932,

1992.suggest that the equivalent of a 3-D, position-dependent RFT
HELMHOLTZ, H. Handbuch der Physiologischen Optik (1st ed.) Leipzig,must occur between the 2-D, retinotopic maps of the brain

Germany: Leopold Voss, 1867. [Third edition translated into English by(Goldberg and Bruce 1990; Moschovakis and Highstein J.P.C. Southall as Treatise on Physiological Optics for the Optical Society
1994; Waitzman et al. 1991), and the 3-D, headcentric burst of America, Rochester, NY, 1925.]
neuron coordinate system (Crawford and Vilis 1992; Henn HENN, V., HEPP, K., AND VILIS, T. Rapid eye movement generation in

the primate: physiology, pathophysiology and clinical implication. Rev.et al. 1989).
Neurol. (Paris) 145: 540–545, 1989.

HENN, V., SANDOR, P., FRITCHES, K., BURGESS, A., FRENS, M., AND STRAU-
We thank Dr. T. Vilis for critical comments on this manuscript.

MANN, D. 3-D eye movements in fish as a function of body position.This work was supported by Canadian Medical Research Council and
Soc. Neurosci. Abstr. 23: 755, 1997.National Sciences and Engineering Research Council grants to J. D. Craw-

HENRIQUES, D.Y.P., KLIER, E. M., SMITH, M. A., LOWY, D., AND CRAW-ford and by the Sloan Foundation. J. D. Crawford is a Canadian Medical
FORD, J. D. Gaze- centered re-mapping of remembered visual space inResearch Council Scholar and an Alfred P. Sloan Fellow.
an open-loop pointing task. J. Neurosci. 18: 1583–1594, 1998.Address for reprint requests: J. D. Crawford, Dept. of Psychology, York

HEPP, K., VAN OPSTAL, A. J., STRAUMANN, D., HESS, B.J.M., AND HENN,University, 4700 Keele St., Toronto, Ontario M3J 1P3, Canada.
V. Monkey superior colliculus represents rapid eye movements in a two-
dimensional motor map. J. Neurophysiol. 69: 965–979, 1993.Received 27 February 1998; accepted in final form 20 July 1998.

HEPP, K., VAN OPSTAL, A. J., SUZUKI, Y., STRAUMANN, D., HESS, B.J.M.,
AND HENN, V. Listing’s law: visual, motor or visuomotor? In: Three-

REFERENCES Dimensional Kinematics of Eye, Head and Limb Movements, edited by M.
Fetter, T. Haslwanter, H. Misslisch, and D. Tweed. Amsterdam: HarwoodANDERSEN, R. A. Visual and eye movement functions of the posterior pari-
Academic, 1997, p. 33–42.etal cortex. Annu. Rev. Neurosci. 12: 337–403, 1989.

HOFFMANN, K.-P. Conduction velocity in pathways from retina to superiorANDERSEN, R. A., ESSICK, G. K., AND SIEGEL, R. M. Encoding of spatial
colliculus in the cat: a correlation with receptive-field properties. J. Neu-location by posterior parietal neurons. Science 230: 456–458, 1985.
rophysiol. 36: 409–424, 1973.BECKER, W. The control of eye movements in the saccadic system. In:

Cerebral Control of Eye Movements , edited by J. Dichgans and E. Bizzi. HOWARD, I. P. Human Visual Orientation . New York: Wiley, 1982.
New York: Karger, 1972, p. 233–243. HOWARD, I. P. AND ZACHER, J. E. Human cyclovergence: a function of

BROTCHIE, P. R., ANDERSEN, R. A., SNYDER, H., AND GOODMAN, S. J. Head stimulus frequency and amplitude. Exp. Brain Res. 85: 445–450, 1991.
position signals used by parietal neurons to encode locations of visual HUBEL, D. H. AND WIESEL, T. N. Brain mechanisms of vision. Sci. Am.
stimuli. Nature 375: 232–235, 1995. 241: 150–162, 1979.

CARPENTER, R.H.S. The Movements of the Eyes . London: Pion, 1977, p. JÜRGENS, R., BECKER, W., AND KORNHUBER, H. Natural and drug induced
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