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Eye Movement Control

in Primates

The oculomotor system contains specialized subsystems
for acquiring and tracking visual targets.

The retinas of most animals in which
the eyes face forward have a special
area, the fovea centralis, which has a
high density of photoreceptors. To see
an object with good visual acuity, these
animals must move their eyes to place
its image on each fovea. The eye move-
ment system is especially well devel-
oped in primates. The purpose of this
system is to acquire a visual target and
then track it so that its image remains
on the fovea. To do this, the oculo-
motor system overcomes, with nervous
tissue and muscle, the same problems
encountered in tracking systems de-
signed by man. Current research in this
field is directed not only toward diag-
nosis of eye movement disorders in
man but also toward understanding
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how the central nervous system proc-
esses information and manipulates sig-
nals to achieve the regulation and co-
ordination which this control system
displays.

Four Oculomotor Subsystems

All tracking systems made by man
or nature have at least two require-
ments: to acquire a given target rapid-
ly, and then to follow it if it moves
relative to the environment. The eye
movement systems which perform these
two functions are called the saccadic
and smooth pursuit systems. When the
tracking device is mounted on a mov-
ing platform (for example, a shipboard-
mounted radar system) an additional
requirement is that of stabilizing the
tracking device automatically against
movements of the platform. For eye
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movements, this function is fulfilled
by the vestibular system. Finally, for
depth perception (analogous to stereo-
scopic range-finding in some gunnery
systems) the vergence system controls
the degree of convergence of the visual
axes of the eyes necessary to maintain
the target image on each fovea. In
short, the saccadic, smooth pursuit,
vestibular, and vergence systems per-
form the four functions of acquiring
targets, tracking them if they move in
the environment, compensating for
movements of the head in the environ-
ment, and tracking in depth.

Almost all eye movements in pri-
mates are combinations of the move-
ments produced by each of these
subsystems. The tasks are different
from each other and appear to be per-
formed by separate neurological con-
trol systems specializing in individual
tasks. They can be excited independent-
ly, and their responses can be observed
independently, so that each may be
studied in isolation. Figure 1 illustrates
this subdivision and the types of move-
ments produced by each system. Ex-
cept for the vestibular system, which
obtains information about movement
of the head in space from the semi-
circular canals, all the systems depend
on visual information derived from the
retina and carried centrally on the optic
nerve. The outputs of the four systems
converge on the motor nuclei whose
motor cells relay the information along
the motor nerves to the extraocular
muscles. Each eye is equipped with
three pairs of antagonist muscles that
rotate the globe in three roughly mu-
tually perpendicular planes: horizontal,
vertical, and torsional. This arrange-
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Fig. 1. A schematic representation of the primate eye movement system emphasizing
the four subsystems involved in tracking visual targets. The saccadic system rapidly
acquires new targets, the smooth pursuit system tracks the target if it moves in the
environment, the vergence system performs binocular tracking in depth, and the
vestibular system compensates for head movements. The types of eye movements
made by each system are shown in a, b, ¢, and d, respectively. Each system converges
on the motor nuclei (mn) which innervate the extraocular muscles (eom) and move
the eyeball. Optic nerve, on; cupula, c; semicircular canal, scc.

ment gives full freedom to the oculo-
motor system in carrying out its various
tasks. The behavioral characteristic of
the four subsystems is described in the
following sections with emphasis on
their differences, which support the
notion that they are neurologically
distinct.

The saccadic system. This system is
specialized in moving both eyes from
one position to another very rapidly.
Vision is impaired during a saccade so
that it is desirable that little time be
lost in the movement to maximize the
amount of time in seeing. Figure la
is a record of the horizontal position
of a subject’s eye in “looking about.”
Most of the time is spent in periods of
steady fixation of different parts of the
visual field which are interrupted by
quick changes of fixation. Saccades are
used for reading or the examination of
any object or picture when it and the
observer are stationary. The extraoc-
ular muscles are among the fastest in
the body, and saccades are their fastest
product. A 10-degree human saccade
lasts 45 milliseconds, and the eye veloc-
ity reaches a peak of about 400 degrees
per second. During a saccade, the
agonist muscle contracts almost maxi-
mally, and the antagonist is inhibited
completely, so that almost the full re-
serve of force of the muscles is called
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upon to make the movement as rapid
as possible.

The saccadic system behaves like a
sampled-data system. Such systems are
unique in that they do not receive in-
formation continuously but only at dis-
crete time intervals, When a subject is
asked to watch a target that suddenly
jumps to one side he will follow it by
a saccade after a reaction time of about
200 milliseconds. However if the target
jumps back to its starting place after
100 milliseconds the subject will still
make a saccade, wholly inappropriate
by then, 200 milliseconds after the first
target jump to where the target was,
and then another 200 milliseconds will
pass before he returns his eyes to the
starting point (/). The system behaves
as though, when the target moves, it
samples the error and then ceases to
take in any new information. After one
reaction time it responds with a sac-
cade appropriate to the position error
as it existed 200 milliseconds ago. This
sampling behavior has been investi-
gated rather thoroughly for the eye
movement system (2), and is of cur-
rent interest in other neuromuscular
systems involved when man is an oper-
ator in a man-machine task (for ex-
ample, control of jet aircraft and space
capsules). The concept of sampled data
does appear appropriate to the gross

behavior of the saccadic system, al-
though closer scrutiny reveals that
during the 200-millisecond period after
the initial error sampling takes place,
all visual information is not blocked.
Subsequent changes in both target ve-
locity and position influence the am-
plitude of the impending saccade, but
the probability that they will do so
diminishes with increasing time be-
tween the initial sample and the final
motor act (3, 4).

Saccadic eye movements are, in
general, voluntary acts based on visual
information, but they can also be made
with eyes closed or in total darkness.
They also occur during certain periods
of sleep (5), and are thought to be
associated with “watching” the visual
imagery of dreams (6). There is prob-
ably an involuntary side to saccades.
When one suddenly perceives move-
ment in the periphery, one’s eyes are
drawn to it (by a saccade) almost
automatically. Thus saccades may be
initiated involuntarily by visual stimuli,
and voluntarily with or without visual
stimuli.

The smooth pursuit system. This sys-
tem, on the other hand, is almost en-
tirely automatic and requires a visual
stimulus. Smooth-pursuit eye move-
ments cannot be made in the absence of
a moving visual stimulus, and they are
involuntary in situations where the en-
tire visual field is in motion. This oc-
curs when looking into a rotating mir-
ror or out the window of a moving
train, when the eyes smoothly follow
an object until it becomes uncomfort-
able to continue without a head move-
ment. At that time, the eyes saccade
the other way to pick up and track
another object. The resulting saw-
toothed movement is called optokinetic
nystagmus. More commonly the smooth
pursuit system tracks only one object
moving in a stationary environment.
Figure 1b shows the eye movements
of a subject watching a person walk
about. The saccadic system still scans
over the person’s body, but within each
intersaccadic interval the eye velocity
matches the velocity of the moving
objects being observed. Clearly, the
value of this pursuit is that it is easier
for the visual system to perceive the
form and pattern of images if they are
stationary on the retina rather than
moving. The smooth pursuit system
appears to be not concerned with the
error itself between target and fovea
(which is corrected by the saccadic
system), but only with matching the
eye velocity to target velocity (7). To
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do this it apparently extracts from the
visual system information concerning
the direction and rate of movement of
images on the retina and then supplies
a signal to the extraocular muscles de-
signed to reduce this rate of movement
to zero. Although the smooth pursuit
system can produce eye velocities up
to 100 degrees .per second, it cannot
correctly match the velocity of visual
stimuli above about 30 degrees per
second.

The smooth pursuit system differs
from the saccadic system in a number
of ways. Two have already been men-
tioned: its involuntary nature and the
fact that target velocity rather than
target position is its appropriate stim-
ulus. Experiments in which the target
velocity is changed twice in rapid suc-
cession indicate that the smooth pursuit
system is a continuous rather than a
sampled system (3). Its reaction time
is only 125 milliseconds. It is slower
than the saccadic system and requires
130 milliseconds to effect a step change
in eye velocity compared to 20 to 70
milliseconds required by most saccades
(8). Barbiturates, alcohol (7), and
some disease processes (9) selectively
attack the smooth pursuit system before
the saccadic system. Another difference
appears when the two systems are made
to oscillate by external visual feedback.
This can be brought about by measur-
ing the subject’s eye position and al-
lowing it to change the target position
by some electrical or optical scheme,
Normally, an eye movement will pro-
duce an equal and opposite change in
the retinal error between target image
and fovea. In the terminology of con-
trol theory, the oculomotor system is
thus said to have a negative feedback
gain of 1.0. External feedback can add
or subtract from this value and change
the net feedback gain. Almost all con-
trol systems oscillate if the negative
feedback gain is sufficiently increased,
and the oculomotor system is no ex-
ception. All three systems—saccadic,
smooth pursuit, and vergence—oscil-
late under increased visual feedback.
The vestibular system is not included
because it is not a feedback system.,
The saccadic system oscillates when the
net feedback gain is 5.0 at a frequency
of about 2 hertz, whereas the smooth
pursuit system oscillates at a gain of
8.0 at a frequency of 3.3 hertz (3).

The vestibular system. This system
measures the motion of the head in
space and moves the eyes in the head
to compensate and maintain the visual
axis stable in the environment. Infor-
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mation about head orientation is ob-
tained from the semicircular canals ly-
ing in the vestibule of the inner ear.
Each is a fluid-filled circular tube with
a hinged fluid-tight vane, the cupula
(c in Fig. 1), lying across its lumen. An-
gular acceleration of the head causes
the fluid to be “left behind” which de-
flects the cupula. Nerve cells beneath
it sense its deflection, and alter their
rate of discharge proportionately. The
clements determining the dynamic be-
havior of the canals (10) are the mo-
ment of inertia of the ring of fluid, the
viscous drag of the fluid as it flows
through the canal, and the spring stiff-
ness of the gelatinous cupula which al-
ways returns to a neutral position in
the absence of applied forces. Because
the viscosity is the predominate react-
ing force, the velocity of the fluid flow
is approximately proportional to the
angular acceleration of the head. Con-
sequently cupula position (the integral
of fluid velocity) is proportional to the
angular velocity of the head. Thus, this
sense organ behaves like an integrating
accelerometer, and in its normal mode
of action the neural discharge to the
central nervous system is proportional
to head velocity (/1). If the head
movements are of too short or too long
duration, the viscous reaction force no
longer predominates over the inertial
or spring forces, and the canal ceases
to integrate head acceleration properly,
The range of frequencies of head move-
ments over which the semicircular
canals behave as integrating acceler-
ometers is approximately 0.017 to 17
hertz.

To stabilize eye position, the incom-
ing vestibular velocity signal must be
integrated once more by the nervous

system before being translated into

eye position by the extraocular muscles.
There are three semicircular canals (on
each side of the head) lying in three
roughly mutually perpendicular planes.
They can resolve angular head velocity
about any axis in space into three com-
ponents which are applied in the cor-
rect combination to the three pairs
of antagonist muscles of each eye
to counterrotate them about the same
axis. If rotation continues for more
than 10 or 15 degrees in the same di-
rection a saccade resets the eyes rapidly
in the opposite direction and stabiliza-
tion then continues to take place for a
new visual axis position. If rotation
persists it creates the alternating saw-
toothed pattern of fast and slow phases
(Fig. 1d) called vestibular nystagmus;
If rotation at a constant velocity is

sustained beyond about 10 seconds,
nystagmus will cease because such
stimulation lies below the physiological
bandwidth of the system.

Although the smooth pursuit system
can compensate for retinal image move-
ment caused by head movement, it
cannot do so accurately above 30 de-
grees per second; yet head movements
can easily exceed 300 degrees per sec-
ond. The vestibular system can com-
pensate for these large velocities, and
its short direct path through the brain
stem insures an almost immediate re-
action.

The vergence system. This is the
only system which moves the eyes in

opposite directions. It is the slowest

of all the systems. In Fig. 1c a single
vergence movement made by a subject
looking from a far to a near target is
illustrated. The movement lasts for
about 800 milliseconds. The reaction
time is about 160 milliseconds. It does
not appear to be a sampled system (72).
It oscillates at 2.5 hertz when placed
under external negative visual feedback
(12). The stimulus for this system is
the difference between the retinal er-
rors seen by each eye, and it applies
to the extraocular muscles a signal that
causes the eyes to converge or diverge
at 10 degrees per second for each de-
gree of interretinal error (/3). When
a subject looks from some point A to
another, B, which lies at a different
angle and depth in his visual field, he
first makes a saccade from A to a point
in space which allows his two visual
axes to just straddle B, and this is fol-
lowed by a pure vergence movement
until both eyes are directed at B (8).
This sequence illustrates that the verg-
ence system is a separate neurological
system that can only create equal and
opposite eye movements that summate
with the conjugate movements of the
other systems.

The Final Common Path

The motor nerves and muscles form
a unit called the final common path
because it is shared by all four sub-
systems. It is useful to know the way
nervous activity in the final common
path is converted through the tension
developed in the muscles to eye posi-
tion. The scheme describing the me-
chanics of the globe and one antagonist
pair of extraocular muscles is shown
in Fig. 2. The globe is held in the bony
orbit by many passive tissues such as
the optic nerve, fat pad, suspensory
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Fig. 2. A model of the mechanics of the extraocular muscles, globe, and suspensory
tissues. The globe, of moment of inertia J, is held in the bony orbit by passive orbital
viscoelastic elements (POVE). Each muscle has passive viscoelastic elements (PMVE)
and an active portion composed of a series elastic component (SEC) and a contractile
component subdivided into an element with a force-velocity relationship (FVR) and
an active state tension generator (Fi, F.) which displays a length-tension relationship
(LTR). The recordings represent net isometric muscle force (F) and eye movement
(M) for saccadic (a), smooth pursuit (b), and vergence (c) movements.

ligaments, and conjunctiva, whose vis-
coelastic properties are represented by
the springs and dashpots of the passive
orbital viscoelastic elements. Each mus-
cle also has its passive elements. Elec-
trical activity in the nerves, which may
be thought of as the control signal, is
converted to active state tension (F;
and Fy) in the two muscles. This force
is transmitted to the globe through the
mechanical elements of the active por-
tion of muscle.

If a subject fixates straight ahead and
one eye is drawn aside (by pulling on
an opaque suction contact lens firmly
seated on the eye), the static spring
stiffness of all the elements (Fig. 2) is
found to be 1.2 grams per degree (14,
15). The detachment of the two mus-
cles from the globe during corrective
surgery reveals that about 20 percent
of this figure lies in the passive orbital
elastic elements and 30 percent in the

. two passive muscle elastic elements com-
bined (/6). The remaining 50 percent
resides in the length-tension relation of
muscle and indicates that as the muscles
are lengthened they are capable of gen-
erating more tension. Such studies (16)
also indicate that when the eye looks
straight ahead both muscles exert a tonic
force of about 14 grams. During steady
deviations the force increases in the
agonist (up to 50 grams) and decreases
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in the antagonist until the difference
just balances the restraining force of
the passive tissues. The maximum force
of human extraocular muscles is esti-
mated at 150 grams. If the eye, drawn
aside by the contact lens, is suddenly
released, it returns with a small initial
rapid motion followed by a slower
motion that lasts over 700 milliseconds
and constitutes 75 percent of the total
movement. This step response indicates
that the system appears to be largely
overdamped. The small fast motion has
been investigated by applying sinusoidal
forces to a contact lens on the eye (17)
and demonstrating that the inertia J
resonates with a stiff spring (thought to
be the series elastic component) at
35 hertz with a damping factor of 0.5.
Theoretical studies (/8) suggest that
the principal source of viscosity, which
constitutes the greatest mechanical im-
pedance to rapid movements, resides
in the force-velocity relationship of
muscle itself.

From what is now known about the
mechanics of the system in Fig. 2, it
is almost possible to predict the control
signals needed to produce saccadic,
smooth pursuit, and vergence move-
ments. Even so, it is desirable to ob-
serve these signals more directly by
fastening the contact lens to a strain
gauge which prevents the eye from

moving but measures the net force
which the isometric muscles exert in
their efforts to rotate the globe (3, 14,
19). Figure 2 (a—c) illustrates the net
isometric force measured in one eye and
the movement of the other eye during
saccadic, smooth pursuit, and vergence
movements. The vergence movement is
slow because the tension is only a
slightly rounded step function. The
smooth pursuit movement is more rapid,
because the eye is initially accelerated
by a rate of rise of force twice as large
as that needed to maintain velocity in
the steady state. The saccade is the most
rapid movement, because a large pulse
of force is applied to overcome the
viscous impedance of the mechanical
system and maintain a high velocity
during the movement. At the end of
the movement the pulse of force is
removed and replaced by a lower hold-
ing force. The 150-gram force of which
human extraocular muscles are capable
is not used to hold the eye in steady
deviation but is held in reserve for
the pulse of force associated with sac-
cades.

The control signals during eye move-
ments may also be observed by thrusting
needle electrodes into the extraocular
muscles to observe their electrical ac-
tivity (20, 21), and by placing micro-
electrodes into the motor nuclei of ani-
mals and recording the action potentials
of single motor nerve cells (22). Both
methods reveal that when a muscle in-
creases its force, more muscle fibers are
recruited into the pool of those already
active, and the rate of discharge of
active units increases to as high as 400
impulses per second. These methods al-
so confirm that during a saccade, the
agonist muscle is excited by a pulse of
intense activity and the antagonist is
completely inhibited. The duration of
the pulse of activity is equal to the
duration of the movement. Since the
agonist is almost maximally excited,
larger saccades cannot be made by the
application of much more force so they
must have a larger duration (14).

Although a detailed description of
the elements in Fig. 2 is still not avail-
able, the research of the last 5 years has
provided a general understanding of the
way in which activity in the final com-
mon path is related to eye position and
eye movement. Work remains to be
done on improving the description of
the mechanics of extraocular muscles
and their fiber types, and especially in
using these analytic descriptions in prob-
lems of eye movement disorders in
man.
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Central Nervous System Organization

Most fish have no foveas and little
visual overlap between their eyes. Con-
sequently they have no saccadic or verg-
ence systems. However, they have very
well-developed smooth pursuit and ves-
tibular systems. Visual perception takes
place in the optic tectum of the fish,
which is more simply organized than
the visual cortex of primates; therefore
it is important for survival that fish have
retinal images that are stabilized by these
two velocity compensating systems.
However, since the activity of these
systems can carry the eye to its me-
chanical limits, a fast resetting mech-
anism had to develop simultaneously
with both systems. This system, respon-
sible for the fast phase of vestibular and
optokinetic nystagmus, appears to be
the forerunner of the saccadic system.
As the central nervous system evolved,
the cortex developed, the fovea came
into existence, and eye movement came
under cortical control. The cortex ap-
pears to have used the fast-phase brain-
stem system for its own purposes to
form the saccadic system. As encephal-
ization progressed, the primary visual
area shifted from the optic tectum (the
homologue of the mammalian superior
colliculi) which subserved smooth pur-
suit movements to the visual cortex and
this function has gone with it, In pri-
mates it is not clear what visual or eye
movement function remains in the su-

perior colliculi (23). Figure 3 presents.

a simplified picture of those portions of
the nervous system involved in eye
movements.

The vestibular system. 'This is the
most localized system. Information con-
cerning head velocity enters the ves-
tibular nuclei and is immediately relay-
ed along the medial longitudinal fascic-
ulus, which distributes the information
from the six canals appropriately among
the motor nuclei and so to the 12
extraocular muscles. This three-neuron
arc (24) is inadquate to perform the
temporal integration known to take
place in the pathway, but multisynaptic
pathways exits in the pontine reticular
formation and the cerebellum which
may perform this function. What gen-
erates the fast phase of vestibular
nystagmus in unknown, but it depends
on the integrity of the brain stem
between the vestibular and the oculomo-
tor nuclei (25). The pulse of activity
that produces the resetting saccade must
be distributed in the right proportion
to the motor nuclei, so that the direction
of the fast-phase movement is opposite
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Fig. 3. A schematic of the major oculo-
motor pathways in the central nervous
system. CBT, corticobulbar tract; CER,
cerebellum; EOM, extraocular muscles;
ICTT, internal corticotectal tract; LG,
lateral geniculate body; MLF, medial
longitudinal fasciculus; MRF, mesence-
phalic reticular formation; PRF, pontine
reticular formation; PT, pretectal nuclei;
SC, superior colliculi; SCC, semicircular
canals; T, tegmentum; VN, vestibular nu-
clei; II, optic nerve; III, IV, VI, oculo-
motor, trochlear and abducens nuclei and
cranial nerves; 17, 18, 19, 22, Brodmann’s
areas of occipital and parietal visual and
association areas; 8, Brodmann’s premotor
area in the frontal lobes.

to the slow phase. It is likely that the
same pulse erases the information stor-
ed in the brain-stem integrators so that
they may be ready to generate the next
slow phase. Since eye and head move-
ments in the same direction are com-
mon, the voluntary saccadic system
must be capable of completely block-
ing the action of the vestibular system.
These are only a few of the functions
executed by this system in ways that
are not understood at the nerve cell
level.

The smooth pursuit system. This
system uses information extracted from
the visual system, presumably from
areas 17, 18, and 19 (Fig. 3) in the
cortex and from the superior colliculi.
The information needed is the direction
and velocity of image movement on the
retina and single cells have been ob-
served in the visual cortex (26), the
retina (27), and the superior colliculi
(28) which seem to provide this infor-
mation. If the superior colliculi are
vestiges of the optic tectum of the fish,
they presumably have access to struc-
tures, possibly in the tegmental area,
organized to move the eyes at various
velocities in different directions to keep
the retinal image velocity at or near
zero. This region (T) is known to be
intimately involved with eye movements

(29) but its function is still unclear.
Velocity information from the cortex
is believed to descend in the internal
corticotectal tract (30) and may mix
with velocity information from the su-
perior colliculi in the tegmental and
pretectal areas of the mesencephalic
reticular formation. The relative use
of these two sources of velocity infor-
mation is probably species-dependent.
One may speculate that since the vestib-
ular system contains a mechanism (the
integrators) for driving the eyes at a
velocity that is proportional to an input
signal and the smooth pursuit system
has the same requirement, they may
share the same neural networks. Ves-
tibular and optokinetic nystagmus cer-
tainly can compete with each other,
but it is not known whether they do
this at the input to the integrators or
at the motor nuclei. Electrical stimula-
tion of areas 18 and 19 (Fig. 3)
produce conjugate eye movements to
the opposite side (31), but most inves-
tigations have been carried out in the
lightly anesthetized monkey in which
all movements are smooth, and no one
has yet demonstrated smooth pursuit
movements by stimulation of the cortex
of the unanesthetized monkey.

The vergence system. Electrical stim-
ulation of cortical areas 19 and 22
(Fig. 3) produces vergence movements
in the lightly anesthetized monkey (32).
Although this needs verification in the
absence of anesthesia, it suggests that
here the vergence system extracts vis-
val information of the difference in
retinal error between the eyes and sends
it, also by the internal corticotectal tract,
to the brain stem. This system is not
only responsible for movements of con-
vergence and divergence but must also
actively maintain fusion of the two
retinal images by controlling vertical
and torsional muscle balance, so it
must have access to all the motor
nuclei.

The saccadic system. Saccades can
be evoked by stimulation of cortical
area 8 (Fig. 3), known as the frontal
eye fields. The movements produced by
a brief (30-millisecond) stimulus train
in the unanesthetized monkey are
conjugate contralateral saccades indis-
tinguishable from the animal’s sponta-
neous saccades (33). Stimulation of
many sites in the frontal eye fields
shows that no other types of eye move-
ment are evoked. At each site, the sac-
cade occurs above a certain stimulus
threshold in an all-or-nothing fashion,
and the size and direction of the sac-
cade depends not so much on how the
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cortex is stimulated (above threshold)
as on where it is stimulated. Stimulation
of different subdivisions of the frontal
eye fields produces saccades which
range from 2 to 60 degrees in amplitude
depending only on stimulus location.
These observations support the hypoth-
esis of neurology that the frontal eye
fields are the cortical outlet for the
voluntary saccadic system. It also
suggests that all sizes and directions
of saccades required by the animal to
look anywhere in his visual field are
coded by location in this area of the
cortex.

Fibers leave this area and descend in
the corticobulbar tract to the pontine
reticular formation (the ill-defined re-
gion marked PRF in Fig. 3) where so
much of the oculomotor signal proc-
essing takes place and the pulse of
activity associated with saccades is gen-
erated. It appears that cortical stimula-
tion has access to these pulse generators
and sets in motion an irreversible
stereotyped chain of neural events in
the brain stem that leads to a saccade.
If the first stimulus is followed by a
second test stimulus it appears that
the pulsatile system has a refractory
period of about 25 milliseconds during
which it cannot be reexcited and a
relative refractory period of 40 milli-
seconds during which it can be reexcited
only by an increased stimulus intensity.
The combination of threshold, all-or-
nothing response, and a refractory pe-
riod are characteristics which often oc-
cur together in pulse generator devices
either made by man (for example, the
one-shot multivibrator) or nature (for
example, the nerve action potential).
However, if the second test stimulus is
delivered to the opposite cortex, there
is no refractoriness and it produces a
second saccade in the opposite direc-
tion which can occur so soon after the
first that it mechanically interferes with
it. When this happens the first saccade
appears to be canceled in midflight and
replaced by the second. This suggests
that horizontal saccades are created by
two pulse generators, one for left gaze
triggered from the right cortex, and the
other for right gaze triggered from the
left, each of which is post-stimulus re-
fractory and which mutually interact
so that only one pulse generator can be
on at any one time.

When two cortical points are stimu-
lated simultaneously either on the same
or opposite sides, the resulting saccade
is a weighted mixture of the two move-
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ments evoked by each stimulus sepa-
rately’ with the weightings determined
by stimulus intensity. For example if
the left and right cortices are stimulated
together the resulting saccade amplitude
can be continuously varied from a right
movement through zero to a left move-
ment by varying the ratio of stimulus
intensities. Since saccade amplitude is
largely determined by the pulse dura-
tion of the pulse generators, it appears
that some neural network must control
this pulse width on the basis of which
fibers from the cortex carry the activity
rather than the temporal nature of the
activity itself. When two sets of fibers
are excited at once this network must
reach a compromise between them and
control the pulse width accordingly.

Summary

The neural organization of the oculo-
motor system is much more complex
than that suggested by Fig. 3 and the
foregoing descriptions. The final pic-
ture of this system must explain a great
variety of signal manipulation and co-
ordination. The electrical stimulation of
the frontal eye fields just discussed is
an example of how functional descrip-
tions of the organization and interaction
of elements of the subsystems can be
built up. The areas where future re-
search will no doubt concentrate are
the mesencephalic and pontine reticular
formations into which information
flows from many sources. In and
through this small volume of neural
tissue, a vast amount of information
processing and transmission takes place,
only a small part of which is concerned
with eye movements. However, it is
here that the four oculomotor subsys-
tems perform their final transformations
on the incoming signals and establish
the interactions required between them
before passing the total output to the
final common path. Stimulation and
single nerve cell recording with micro-
electrodes in animals will probably be
the methods used in future research,
coupled with techniques to avoid the
use of anesthesia and to measure eye
movement accurately.

I have tried here to emphasize the
importance of function in oculomotor
research. A discussion of the evolution
of eye movements by Walls (34) also
puts strong emphasis on function. The
oculomotor system is one of the few
control systems in physiology where

function can be stated with such clarity
and the function of each of its sub-
systems can be stated with equal clarity.
With our knowledge about the final
common path and an appreciation of
the simple task each subsystem must
perform it is possible to state what
information each system needs, how it
must process it, and what form of con-
trol signal it must present to the final
common path in order to accomplish
its goal. This knowledge should help
in interpreting the data that will emerge
when we seek to discover how all this
is accomplished at the nuclear and
cellular level.
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