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Your reading of this text is punctuated by
brief episodes of effective blindness while
executing point-to-point saccadic eye
movements. We are unaware of these vi-
sual disruptions because each saccade
lasts only a few tens of milliseconds. How-
ever, during many tasks we make two to
three saccades per second and thus are ef-
fectively blind for 10% of that task time.
The payoff for this drastic visual loss is
the vastly superior acuity derived from the
central 2° of maximal cone density of the
retina. It is vital that saccades are kept
both brief and accurate.

Speed and accuracy are often in com-
petition: we can move a mouse pointer
slowly to be more accurate, or faster and
then correct errors. We have no such vol-
untary control over saccade speed: speeds
are fixed for a given saccade size. This ste-
reotypy, and the remarkably rapid, satu-
rating firing rates of motoneurons during
saccades, have suggested that saccades are
as fast as possible within neuromuscular
limits, and their speed is not modulated to
increase accuracy. Instead, two indepen-
dent mechanisms have been proposed to
ensure accuracy. First, during a move-
ment, because visual feedback takes too
long, an internal feedback of the motor
command indicates the progress of the
eye and adjusts the duration of movement
to terminate it when the appropriate end-

point is reached (Jürgens et al., 1981). Sec-
ond, after a movement, accuracy is mon-
itored and consistent unexpected errors
between target and eye positions are re-
duced by recalibrating the system to
match the amplitude of motor output to
the intended amplitude of the saccade.
Many observations show that these
bottom-up mechanisms of neuromuscu-
lar limits, internal feedback, and adaptive
control are sufficient to explain how speed
and accuracy are maintained.

An alternative, optimization approach
assumes that saccades, like other rapid
movements, trade off speed and accuracy,
but have a very narrow range of tolerable
trade-offs outside of which the costs of
saccadic inaccuracy (poorer acuity) and
duration (disrupted vision) become pro-
hibitive. We could make faster saccades,
but these would be pointlessly inaccurate.
Harris and Wolpert (1998) proposed a
universal model for rapid movements in
which speed/accuracy trade-offs result
from signal-dependent noise on the mo-
tor command. Faster movements require
faster neuronal firing rates (larger control
signals), generating more signal-
dependent noise, which increases end-
point variability; slower movements gen-
erate less endpoint variability, but are
more time consuming. Minimizing ex-
plicit costs assigned to saccade duration
and endpoint inaccuracy can explain sac-
cade kinematics (Harris and Wolpert,
2006) with greater precision than current
bottom-up models (Harwood et al.,
1999). Unfortunately, one cannot prove
that speed and accuracy are, in fact, opti-
mized, because optimization and

bottom-up models produce similar
behavior.

Optimization models can, however,
more easily explain the straightness of
slightly oblique saccades. This is surpris-
ingly problematic for bottom-up saccade
models (Becker and Jürgens, 1990), be-
cause the fixed speed and duration of hor-
izontal and vertical saccades of a given
amplitude predict strongly curved trajec-
tories for slightly oblique movements
(Fig. 1A). Contrary to the bottom-up
concept of neuromuscular speed limits,
the speeds of both horizontal and vertical
components (produced by anatomically
separated premotor burst generators) are
slowed, or durations stretched, to give
straight movements (Fig. 1B). Stretching
not only straightens saccades, but also re-
duces the motor-command amplitude
and, thus, the signal-dependent noise of
each component. Turning the argument
around, both motor commands must be
reduced to avoid increasing endpoint
variability when there are two potential
noise sources. Optimizing a fixed speed/
accuracy trade-off naturally produces
vectorially coded, straight trajectories.

In their recent paper in The Journal of
Neuroscience, Chen-Harris et al. (2008)
extended the Harris and Wolpert (2006)
model to include internal feedback, pro-
viding new evidence for optimization and
demonstrating that bottom-up mecha-
nisms can complement optimality expla-
nations. Their model predicted that dur-
ing cross-axis adaptation, in which a
target is stepped vertically during a hori-
zontal saccade (Fig. 1C), saccade trajecto-
ries should be curved late in the move-
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ment. They found the predicted
curvature, as well as intriguing parallels in
the time courses of curvature and speed
that may help unify disparate observa-
tions in the literature.

Chen-Harris et al. (2008) computed
unadapted saccade trajectories that mini-
mized costs related to postsaccadic inac-
curacy, motor signal amplitude, and sac-
cade duration. Optimization was
performed recursively, with the motor
command generator being updated con-
tinually by its predicted consequences (a
“forward model,” FMeye, producing a type
of “dynamic motor error”). To predict the
progress of the eye, FMeye simply repli-
cated the mechanics of the eye. This pro-
cess [Chen-Harris et al. (2008), their Fig. 2
(http://www.jneurosci.org/cgi/content/
full/28/11/2804/F2)] generated realistic
velocity shapes and straight saccades, and
each cost was weighted to give typical du-
rations for a given amplitude.

Next, the authors modeled the effects
of cross-axis adaptation. When the eye
lands below the target (because of an un-
seen upward target step during the sac-
cade) (Fig. 1C), the brain may assign this
error to FMeye (because its purpose is to
correct any deviations from the optimal
trajectory, guiding the eye to its intended
position). In this case, FMeye would be up-
dated to predict that a horizontal move-
ment is actually aiming downward. This
downward estimate drives an upward
compensation of the trajectory [Chen-
Harris et al. (2008), their Eqs. S5 (http://
www.jneurosci.org/cgi/content/full/28/
11/2804/DC1) and 7 (http://www.
jneurosci.org/cgi/content/full/28/11/
2804#FD7). Essentially, instead of simply
deviating upward, the optimal trajectory
curves increasingly upward (Fig. 1C). Al-
though the authors call this curved sac-
cade suboptimal because it does not go
straight to the new position, it is optimal
in speed and accuracy costs, given the
modified FMeye. If, instead, the controller
that aims the saccade were adapted, up-
ward deviation would be followed by
downward curvature, whereas simply
remapping the target or adapting FMeye

and controller equally would produce
straight optimal paths.

Subjects showed clear upward curva-
ture late in their saccades, supporting ad-
aptation of FMeye [Chen-Harris et al.
(2008), their Fig. 3 (http://www.jneurosci.
org/cgi/content/full/28/11/2804/F3)]. Be-
fore adaptation, 0 –3° oblique saccades
were, on average, straight. During adapta-
tion, the whole trajectory adapted up-
ward, but the final quarter had a signifi-

cantly steeper slope, steering the eye
toward the new target. This steering could
not have been visually driven because
“catch trials,” in which the target was
turned off early in the movement, had the
same trajectory slopes as noncatch trials,
and a control experiment with large
random-direction target steps during
each saccade showed no curvature. The
fact that the entire trajectory changed sug-
gests that the controller adapted along
with FMeye, but at a slower rate, leading to
upward curvature.

Our main caveat is that a simpler
bottom-up mechanism may explain the
findings of Chen-Harris et al. (2008) with-
out recourse to their model and its as-
sumptions. Saccades curved only when
subjects expected the target would move
in a particular direction; blocks of catch
trials alone quickly abolished the curva-
ture. We conjecture that this expectation,
by itself, could cause localized activation
in the superior colliculus, the principal
subcortical region for programming sac-
cades, related to the change in the saccade
goal. Sequential activation of collicular
movement fields leads to curvature (Port
and Wurtz, 2003). Thus, any predictive
signal feeding into the superior colliculus

during the movement (i.e., soon after the
burst of collicular activity that drives the
eye toward the initial target location)
might induce curvature, without neces-
sarily requiring it to be either optimal or
specifically an adaptive change in the
FMeye.

This sequential excitation argument is
an extension of those invoked to explain
saccade curvature when a distractor is
presented during saccade preparation to
another target (McSorley et al., 2006). We
suggest that a predictive signal may have
an effect similar to that of the sensory in-
put of a suddenly appearing distractor.
Hence, distractor and cross-axis adaptive
curvature might share the same collicular
origin, with the former driven by up-
stream visual input and the latter by pre-
dictive target information (either from
upstream or as a feedback signal). Al-
though Chen-Harris et al. (2008) model
different types of target remapping, their
remapping is complete by saccade onset
and so cannot induce upward curvature
during the saccade. Moreover, they model
adapting trajectories with a fixed dura-
tion, which would automatically give rise
to horizontal and vertical components
terminating simultaneously; but this ig-

Figure 1. Straight oblique and curved adapted saccades. A, Independent horizontal and vertical 5 and 15° saccades have highly
stereotyped velocity profiles for a given amplitude (bottom). If each component were summed, the resulting trajectory would be
curved (top). B, Instead, each is stretched to the duration of a 16° unidirectional movement (bottom); the result is straight (top).
This makes it difficult to argue that saccade speeds are determined by a motoneuronal or muscular limit; it seems that the
speed-amplitude relationship is deliberately planned. C, Cross-axis adaptation of Chen-Harris et al. (2008). The eye fixes on the
target at T0 (left), which steps to position T1 and then during the saccade steps 5° to T2. During early adaptation trials, the eye
follows the target to T1 and shortly afterward makes a corrective saccade to T2; in later adaptation trials, the saccades curve
upward toward T2. Corresponding velocity profiles are shown on the right (the larger peaks being horizontal components).
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nores the partial flexibility that the sac-
cade system possesses in this timing. No
details were given of the criteria used to
measure real saccade endpoints, so it is
difficult to interpret how much curvature
may have been related to component end-
points that were not synchronized.

The best evidence from the study by
Chen-Harris et al. (2008) that the FMeye

was adapted comes from their other main
finding: the astonishingly regular increase
in saccade duration (without changes in
amplitude) during blocks of trials, which
was largely reset during brief interblock
breaks [Chen-Harris et al. (2008), their
Fig. 5 (http://www.jneurosci.org/cgi/
content/full/28/11/2804/F5)]. The same
pattern occurred in control experiments,
where targets stepped to the identical lo-
cations but never during saccades. Re-
gardless of their cause, these duration in-
creases show the operation of the
compensatory internal feedback, because
saccade amplitude was unaffected by du-
ration and speed changes. The curvature
(as judged by the difference between the
slopes of the first and last quarter of the
trajectory) showed the same time course,
steadily increasing during each block and
resetting between blocks [Chen-Harris et
al. (2008), their Fig. 4 (http://www.
jneurosci.org/cgi/content/full/28/11/
2804/F4)], implying that the curvature
was mediated by the same mechanism as
the duration increases: the internal
feedback (FMeye).

An interesting test of the model by
Chen-Harris et al. (2008) would be to
measure target localization during adap-
tation. Briefly flashed targets are mislocal-
ized after saccade adaptation, suggesting
the flash is referenced to the intended
rather than the actual landing position
(Bahcall and Kowler, 1999). Adapting the
FMeye causes discrepancies between esti-
mated and actual eye positions. Thus, in
the paradigm by Chen-Harris et al.
(2008), mislocalization might increase in
parallel with curvature during adaptation
blocks (as the FMeye adapts rapidly) and
might decrease during breaks (as the
FMeye rapidly forgets).

In summary, the main strength of the
paper by Chen-Harris et al. (2008) is in
providing a strong computational frame-
work within which to study saccade adap-
tation and control. It promotes the idea of
predictive sensory error and efference
copy as central to adaptation, emphasiz-
ing a faster online corrective mechanism
as well as the traditional offline adapta-
tion. It both proposes and, perhaps,
downplays the importance of target pre-
diction. By showing how speed and accu-
racy optimization can be implemented via
internal feedback, it could suggest physi-
ologically testable hypotheses. If com-
bined with detailed bottom-up data and
modeling (Goossens and van Opstal,
2006), optimization and bottom-up ap-
proaches may converge in a comprehen-
sive model of the saccade system.
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