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Direction Constancy in the
Oculomotor System
Paul Dassonville, John Schlag, and Madeleine Schlag-Rey

Whenever a visual image moves
across the retina, the brain is faced
with a dilemma: Did the image
move because an object in the envi-
ronment (or the environment itself)
changed location or because the
eyes changed location with respect
to a stable environment? If the brain
compares the retinal positions of in-
dividual objects within the visual
image and finds that only one
moved with respect to the others,
then it can reasonably assume that
the retinal motion was caused by
motion of the object and not of the
eyes. (This comparison of an ob-
ject's position with the positions of
other objects is known as exocentric,
or allocentric, localization.) But
how does the brain react to this di-
lemma when the entire visual image
moves, whether the image is a fully
structured scene or merely a single
object In otherwise complete dark-
ness? LJnder these conditions, exo-
centric localization techniques fail,
and the brain must rely on its ability
to localize the objects with respect
to itself, the observer. For this ego-
centric localization, the brain must
combine information concerning
the retinal location of the visual im-
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age with knowledge of where the
eyes are pointing (i.e., the internal
representation of eye position).

Although direction constancy, or
the brain's ability to use egocentric
and exocentric cues to compensate
for the image motion caused by eye
movements, is most often consid-
ered in the realm of perception (i.e.,
why doesn't the world appear to
jump about as I move my eyes?), it is
equally a motor phenomenon.
Whereas eye movements will affect
the retinal location of a stationary
object, the brain's representation of
that object's location within the ap-
propriate motor coordinate system
must remain constant to ensure the
accuracy of a targeting movement.
Because the neuronai activity under-
lying the trajectory of a targeting
movement can be more easily inves-
tigated than that underlying a sub-
jective report, the motor aspect of
direction constancy is much more
amenable to neurophysiological in-
vestigation than the perceptual as-
pect. Until recently, however, most
neurophysiologists have ignored the
details of where and how a retino-
topic signal (i.e., expressed in retinal
coordinates) is converted into a sig-
nal that is stable in spite of interven-
ing eye movements. Our laboratory
has undertaken several lines of re-
search to elucidate the mechanisms
underlying the phenomenon of di-
rection constancy in the oculomotor
system and to identify the brain
structures involved.

JUST HOW CONSTANT IS
OCULOMOTOR DIRECTION

CONSTANCY?

When investigating the accuracy
of the egocentric localization abili-

ties of the oculomotor system, one
must consider the individual contri-
butions of the signals that encode
retinal image location and eye posi-
tion, as well as the fidelity of the
mechanism used to combine these
signals to achieve direction con-
stancy. The accuracy of the retinal
location signal is based largely on
the amount of detail provided by the
topographic representations of the
retina and early visual structures.
However, temporal factors do seem
to affect the precision of the retinal
signal at some stage of saccadic pro-
gramming: Short-duration flashes
evoke saccades of greater variability
in direction and amplitude than do
long-duration flashes.

Much less is known about the ac-
curacy ofthe internal representation
of eye position, and even less about
the brain's ability to combine this
signal with the signal of retinal posi-
tion. To investigate these accura-
cies, we presented to human and
monkey subjects a series of three vi-
sual stimuli in otherwise complete
darkness (a typical trial is shown in
Fig. la).' Each trial began when the
subject fixated the first stimulus (F in
Fig. la). After 750 ms, this fixation
point was replaced by a 5-ms initial
flash (I, located 20° right of fixation),
which served as the goal for a sac-
cadic eye movement (the initial sac-
cade). A subsequent target flash (T,
2-ms duration) was presented in one
of five possible locations aligned 10°
above the fixation point and initial
flash, with an onset time randomly
selected to occur before, during, or
after the initial saccade. The subject
completed the task by making a tar-
geting saccade to the location of the
target flash.

Because the initial saccade often
intervened between the occurrence
of the target flash and the subse-
quent targeting saccade, the attain-
ment of true egocentric direction
constancy would require the oculo-
motor system to faithfully combine a
neural signal accurately encoding
eye position with one accurately en-
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Fig. 1. Mislocallzation of flashes pre-
sented around the time of an ongoing
saccade. (a) Eye movement trajectories
in xy coordinates for a single experimen-
tal trial. The points represent the eye's
position at 2-ms intervals. The initial
saccade is from the fixation point (F) to
the initial flash (I); the oblique targeting
saccade is the subject's subsequent at-
tempt to localize the target flash (T, pre-
sented when the eye was at the position
marked "Actual"), resulting in an error
of approximately 12°. Graphically sub-
tracting the retinal vector (dashed line)
from the end point of the targeting sac-
cade gives an indication of the value of
the internal representation of eye posi-
tion used to convert the retinal vector
into the saccade goal, (b) Magnitude of
the localization errors from a single sub-
ject, plotted with respect to the delay be-
tween presentation of the target flash
and onset of the initial saccade. Positive
error values indicate localization errors
in the same direction as the initial sac-
cade (i.e., to the right); positive delay
values indicate trials in which the target
flash was presented after initial move-
ment onset (0 ms). The solid curve de-
picts the time course of a typical initial
saccade. The open circle denotes the da-
tum point for the trial shown in (a), (c)
Internal representation of eye position
derived as stated in the text and in (a).
Other annotations as in (b). (d) Best-fit
sigmoidal curves showing the internal
representation of eye position from 4 hu-
man subjects (stippled curves). Other
annotations as in (c).

coding the retinal location of the tar-
get flash.^ Any imperfection in these
signals or in their combination will
be reflected in the pattern of errors
made by the subject. Figure 1b
shows the magnitude of the localiza-
tion errors made by a human sub-
ject, plotted with respect to the time
delay between the onset of the initial
saccade and the target flash. For tar-
gets presented well before or well
after the initial movement, localiza-
tion was reasonably good. How-
ever, target flashes presented just be-
fore the initial movement were
consistently mislocalized; these er-
rors peaked with flashes presented at
movement onset and then sharply
declined throughout the duration of
the initial movement.

What might account for this pat-

tern of errors? The random variabil-
ity (seen as the scatter of data points
at individual delay times) is probably
due to the difficulty in localizing
short-duration flashes, as mentioned
earlier. This variability cannot ex-
plain, however, the errors that are
highly correlated with flash delay;
these must be the result of a misrep-
resentation of eye position. In the
trial depicted in Figure la, the target
flash was presented 18 ms after the
onset of the initial saccade (i.e.,
when the eye was at the position
marked "Actual"). Because egocen-
tric localization is based on the vec-
tor addition ofthe internal represen-
tation of eye position and the target's
retinal vector (in Fig. la, the dashed
line that connects the target location
with the eye's actual position), the
inverse—subtraction of the retinal
vector from the end point of the cor-
responding targeting saccade—
yields the internal representation of
eye position. In Figure la, then, the
oculomotor system mistakenly
"thought" the eye had moved 18°
before the target was presented; in
fact, it had moved only 6°.

Figure Ic shows the location of
the internal representation for each
trial, plotted with respect to the time
delay between the onset of the initial
saccade and the target flash. The re-
sulting picture of the internal repre-
sentation has a time course much
different from that of the actual ini-
tial saccade^—in this particular sub-
ject, it starts changing approximately
200 ms before the saccade and has a
much slower velocity. This general
finding was verified in 3 other hu-
man subjects (Fig. 1 d) and 1 monkey
trained in the same task (Fig. 2, light
stippled curve), although the onset
times and velocities differed among
subjects. The use of a similarly
damped representation of eye posi-
tion has been noted in perceptual lo-
calization since the work of Matin
and his colleagues,^ but motor lo-
calization abilities have been
thought to be based on an accurate
representation."* Our findings and
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Fig. 2. Best-fit sigmoidal curves showing
the time course of the internal represen-
tation of eye position from a single mon-
key as derived by behavioral [light stip-
pled curve) and colliding-saccade (dark
stippled curve) paradigms. The solid
curve depicts, for comparison, the time
course of a typical initial saccade in the
behavioral experiment.

those of other recent studies indicate
that this is not the case; around the
time of a saccade, there appears to
be a discrepancy between where the
eyes are and where the oculomotor
system "thinks" the eyes are.^ As a
result, egocentric localization abili-
ties break down for a short time sur-
rounding a saccadic eye movement.

(Although we have implicated a
damped representation of eye posi-
tion as the cause of the mislocaliza-
tions shown in Fig. la, it is possible
that an accurate representation is
combined with the retinal location
signal by a mechanism that itself has
a slow time constant. These two pos-
sible explanations are bebaviorally
indistinct; for simplicity, however,
we will continue to refer to the in-
ternal representation as being
damped.)

In tbe experiment described, all
possible exocentric cues were re-
moved (or at least minimized) by
performing the experiment in com-
plete darkness and by separating tbe
target flash in time from the fixation
point and initial flash (i.e., a dark
period of 45 to 495 ms elapsed be-
tween offset of the initial flash and
onset of the target). In everyday ex-
perience, however, exocentric cues

are abundant. To test their effects in
a controlled manner, we performed
a second experiment in which we
removed the gap of darkness be-
tween the initial and target flashes
by increasing the duration ofthe ini-
tial flash.^ The resulting temporal
proximity might allow the subjects
to compare the retinal locations of
the separate flashes more easily. In-
deed, with this minor modification
to the task, there was a significant
improvement in the subjects' ability
to localize the target flash, espe-
cially for the target locations tbat
were in close spatial proximity to the
initial flash. (A similar role of spatial
proximity, described as the "adja-
cency principle" by Gogel, has been
noted in tbe use of exocentric cues
in many perceptual tasks.'') Al-
though the presence of exocentric
cues did not, in our subjects, com-
pletely eliminate the errors associ-
ated with egocentric localization, it
appears that the oculomotor system
is capable of using these cues to as-
sist in programming a more appro-
priate targeting saccade. This aspect
of oculomotor control seems very
important, but has thus far been ig-
nored by oculomotor neurophysiol-
ogists and modelers.

WHAT BRAIN STRUCTURE IS
n RESPONSIBLE EOR
OCULOMOTOR DIRECTION

What oculomotor structure is re-
sponsible for achieving direction
constancy? Traditionally, answering
this question meant recording from
single neurons in a monkey while
the animal performed a task similar
to the one described earlier. When
the target flash is presented before
tbe initial saccade, the retinal loca-
tion of the target is dissociated from
the saccade vector necessary to ac-
quire it. This should allow the neu-
rophysiologist to determine whether
the cells in a given structure respond
in a direction-constant manner:

Cells that respond best to the retinal
vector of a target flash should pre-
sumably lie before the oculomotor
processing stage in which direction
constancy is achieved, whereas
those that respond best to the sac-
cade vector should lie after.

To date, three oculomotor struc-
tures have been tested witb tbis gen-
eral paradigm (superior colliculus,
SC; frontal eye field, FEF; and lateral
intraparietal area).^ For each struc-
ture, the results were mixed: Two
cell populations were found, one
group responding best to the retinal
vector, the other to the saccade vec-
tor. Given these results, it seems that
each structure either is partly (or
fully) responsible for the achieve-
ment of oculomotor direction con-
stancy or is a recipient of projections
from the structure responsible. This
similarity of unit response has disap-
pointed investigators seeking to dis-
tinguish the separate roles of these
structures. Furthermore, none of
these studies completely excluded
exocentric cues: Although each was
performed in complete darkness,
some exocentric cues were avaiiabie
from the sequentially presented
stimuli, as they were in tbe second
of our behavioral tasks described in
the preceding section. It is therefore
uncertain whether the direction-
constant response seen in each
structure was due to egocentric or
exocentric processing.

Can microstimulation be used as
a tool to help determine which struc-
ture or structures in the brain are re-
sponsible for egocentric direction
constancy? Imagine a hypothetical
situation in which, instead of pre-
senting a visual stimulus to a sub-
ject, the investigator were to electri-
cally stimulate the retina to evoke a
brief phosphene that would be mis-
taken for a real flash. The subject's
brain should interpret the incoming
signals as it would any other visual
stimulus (i.e., the signal would be
combined with the internal repre-
sentation of eye position to achieve
direction constancy), and the even-
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tual targeting saccade would com-
pensate for any intervening eye
movements. The same should hold
true if the optic nerve were stimu-
iated rather than the retina. As the
investigator continued to stimulate
different structures aiong the path-
ways involved in oculomotor gener-
ation, moving downstream from the
retina, he or she shouid eventually
find an oculomotor structure in
which stimulation evokes a move-
ment that is no longer compensa-
tory. Theoreticaliy, one can use this
colliding-saccade paradigm of mi-
crostimulation, in monkeys, to de-
termine the location in the brain
where a retinotopic signal is con-
verted into a direction-constant
one.^

We have used this paradigm to
test thoroughly three oculomotor
structures: SC, thalamic internal
medullary laminar complex (IMLc),
and FEF. Previous studies had shown
that at most sites in these structures,
microstimulation—applied when
the monkey's eyes are stationary—
evokes a saccade with a direction
and amplitude characteristic of the
particular stimuiation site (a so-
cailed fixed-vector saccade). is the
trajectory of the electricaliy evoked
movement affected if stimulation is
applied during an ongoing saccade?
The answer, we found, was depen-
dent on the particuiar location
tested.

in deep SC layers, where unit ac-
tivity is predominantiy motor in na-
ture (i.e., time-iocked to saccades in
a preferred direction), the electri-
cally evoked movements were unaf-
fected by the presence of the inter-
vening saccade.^" Thus, it seems
ciear that this portion of SC lies ei-
ther downstream from the oculomo-
tor site responsible for egocentric di-
rection constancy or on a pathway
unconcerned with direction con-
stancy.

In contrast, compensation was
seen at ali stimuiation sites in the su-
perficial, visuai iayers of SC and at
ail sites in thalamic iMLc and FEF.

The amount of compensation was
quantified in each case by graphi-
caily subtracting the vector of the
fixed-vector saccade from the end
point of each compensatory coilid-
ing saccade (as was demonstrated
with the behavioral data in Fig. la).
From these measurements, an im-
portant distinction emerged between
the effects of microstimulation in su-
perficiai SC and those in thaiamic
iMLc and FEF.

In the case of the superficial SC,
the electrically evoked saccades
compensated for the portion of the
ongoing movement that occurred
during the latent period between
stimulation onset and the start of the
evoked saccade."^ At first glance, it
appears that this type of compensa-
tion would lead to a means of
achieving perfect direction con-
stancy. In fact, this is quite untrue,
because of an often-ignored iimita-
tion of the visual system: it takes
many milliseconds for the neural ac-
tivity generated in the rods and
cones of the retina to propagate into
the brain proper. Because of this af-
ferent processing deiay, perfect di-
rection constancy wouid require the
oculomotor system to compensate
for any eye movements that occur
after the onset of the visuai target,
not simpiy for movements that occur
after the onset of the corresponding
neural activity in the brain. In es-
sence, the brain would need access
to a delayed representation of where
the eyes were when a visual target
was presented. Use of an accurate
but undelayed representation of
where the eyes currently are would
lead to localization errors even
larger than those that are associated
with the damped representation of
eye position (Fig. 1b).̂ ^ The super-
ficial layers of SC, therefore, do not
appear to lie on the neural pathway
used by the oculomotor system in its
attempt to achieve egocentric direc-
tion constancy.

With microstimuiation of tha-
iamic iMLc'2 or p̂ p 13 fî g evoked
movements compensated not only

for the change in eye position that
occurred after stimulation onset, but
also for a portion of the change that
preceded it. The dark stippled curve
in Figure 2 shows the internal repre-
sentation of eye position as derived
in the FEF colliding-saccade experi-
ments. The shape of this curve
cioseiy matches that of the curve de-
rived in the behavioral experiment
performed in the same monkey (iight
stippled curve), but a timing mis-
match of approximateiy 50 ms does
exist. The timing difference between
these two views of the internal rep-
resentation of eye position can be
attributed to the afferent processing
deiay of the retina and eariy visual
structures; when microstimulation is
appiied to an oculomotor structure
in the brain, this delay is bypassed.
Indeed, the mismatch of 50 ms be-
tween the colliding-saccade and be-
haviorai views of the eye position
signai very closely matches the la-
tency of FEF visual activity measured
with single-unit recordings. The col-
liding saccades evoked from tha-
lamic IMLc seem to be similarly
based on this damped representation
of eye position. From these results,
FEF and IMLc can be inferred to fall
before the stage of oculomotor pro-
cessing responsible for egocentric
direction constancy.

Because FEF is thought to be the
region of cortex closest to the final
common pathway for saccade gen-
eration, our findings suggest that oc-
ulomotor direction constancy is
achieved in some subcortical struc-
ture that receives input, directly or
indirectly, from FEF. It is weii known
that FEF projects to the motor-related
layers of SC, but we have evidence,
derived from an experiment in
which we recorded from single neu-
rons in SC while stimulating FEF,
that the compensation for interven-
ing movements does not occur on
this pathway.^"* Most likely, then,
this compensation occurs in one of
the brain stem structures that re-
ceives FEF input, it remains unclear
why our conciusions, based on mi-

Published by Cambridge University Press



crostimulation studies, differ from
those of the single-unit investiga-
tions of SC, FEF, and lateral intrapa-
rietal area, as described earlier.^

CONCLUSIONS

The findings from the behavioral
and microstimulation studies pre-
sented here contradict the widely
held notion that egocentric direction
constancy in the oculomotor system
is accurate. Instead, it seems that the
brain's use of a damped representa-
tion of eye position leads to oculo-
motor localization errors similar to
those previously reported in percep-
tual localization tasks.^ Further stud-
ies are necessary to determine if oc-
ulomotor and perceptual direction
constancies are achieved by the
same mechanism in a single brain
structure, or merely by similar
mechanisms in separate structures.

Although the colliding-saccade
paradigm has yet to pinpoint the oc-
ulomotor structure responsible for
egocentric direction constancy, it
has provided a better understanding
of where this structure may lie in the
cascade of oculomotor program-
ming steps. Perhaps future collid-
ing-saccade studies of the many
untested oculomotor areas, in con-
junction with investigations of the
associated single-unit responses,
will yield a precise identification of
the responsible structure. Further-
more, the oculomotor system's
as-yet-overlooked ability to use exo-
centric location cues, when exam-
ined at psychophysical and neuro-
physiological levels, is certain to be
a fertile area in which to develop in-
sight into the many ways that the

brain processes visual spatial infor-
mation.
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