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ABSTRACT

The neurological aspects of the eye movement control system are
investigated using experimental and analytical techniques. Specifically,
it is maintained that the basic difference between version and vergence
rests with the intermittency operator and the discrete control of version.
Control system analytical evidence supports a central processor location
for the intermittency operator as opposed to a motor or sensory one.
Neuroanatomical and physiological evidence also supports a central processor
locus for the intermittency operator. Possible loci hypothesized are the
accessory vestibular nuclei or contiguous pontine areas.
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PHYSIOIOGY OF THE VISUAL CONTROL SYSTEM
Contract No. NAS 2-l328

Bibsystems, Inc.
Cambridge, Mass.

SUMMARY

With the use of experimental and analytic techniques of control theory,
the neurological mechanisms controlling eye position are investigated. It is
concluded that the eye movement control system deals with a number of require-
ments by acting as a hybrid system. Complex tasks requiring much planning use
"higher level'" paths controlled in a discrete manner, while "lower level”
tasks are controlled in a continuous fashion.

This report covers several important aspects of the eye movement con-
trol system. Among them are the comparative properties of the vergence and
version systems; the evidence pertaining to intermittency; and the neurological
pathways involved in eye movements as well as anatomical possibilities for the
locus of an intermittency operator. There are, however, other significant
aspects of this servomechanism which still remain to be investigated.

It is maintained that the basic difference between version and vergence
rests with the intermittency operator and the discrete control of version.
Control system analytic evidence supports a central processor locus for the
intermittency operator as oppossed to a motor or sensory one. Neuroanatomical
and physiological evidence also supports a central processor locus for the
intermittency operator. Possible loci hypothesized are the accessory vesti-
bular nuclei or contiguous pontine areas.



INTRODUCTION

The eye movement system is a classical type of servomechanism, exhibiting
many of the characteristics common to both biological and mechanical control
systems. This report represents the continuing effort to use the experimental
and analytic techniques of control theory to expose and explain the underlying
neurological mechanisms which control eye position. 1In addition, those charac-
teristics of eye position control which may have bearing on the design of
complex mechanical servomechanisms are considered.

The multi-input adaptive control system which directs the eyes may be
introduced by a simple analogy to the control system for a radar tracking
unit. The input is the angle of the target and the output is the angle of
the optic axis. The task is to point the radar (line of sight) at the target
of interest and track it through its motion; while remaining relatively
unaffected by disturbances. The acquiring of the target is accomplished by a
fast-slow rate on a radar system and by the rapid saccadic jumps of the eye.
The tracking is through a velocity feedback loop in both cases, leading to the
smooth pursuit eye movements. Evidence from eye tracking records shows that
these stages use discrete sampled data control analogous to digital computer
control of the radar. When the input is predictable this information is used
by the eye to lock on to the target and overcome the delays inherent in the
neuromuscular system. Such utilization of predictable characteristics of
target motion can be programmed into a radar controller. Finally, the con-
trol systems must be able to maintain tracking accuracy despite disturbance
forces which tend to introduce errors. Wind gusts constitute one of the most
serious sources of disturbance on a tracking radar, while movement of the base
on a ship borne system is also an important characteristic. The analogy to
the eye movement system is primarily in terms of maintaining fixation on a
target in the presence of head and body motion. This is accomplished through
compensatory eye movements stimulated, at least in part, by the vestibular
system which senses head motion. These compensatory movements are a '"lower
level' control system, performing a less sophisticated job than the
acquisition (saccadic) and tracking (pursuit) subsystems, and appear to be
controlled by a continuous analog process rather than the discrete digital
form.

In addition to the eye movements mentioned above, there are
miniature movements and vergence movements. The miniature eye movements
consist of slow drifts, rapid corrective flicks and high frequency tremor,
perhaps analogous to drift, discrete compensation with a dead zone, and
dither in the radar system. The vergence movements involve motion of the
two eyes in opposite directions in order to maintain binocular fixation, and
provide a second major task for the overall control system to perform. The
vergence control system will be shown to be essentially continuous.

To anticipate the results, we are led to the conclusion that the eye
movement control system is able to deal with a number of requirements by
acting as a hybrid system. Those tasks which are complex enough to require



much planning, and use "higher level" paths are controlled in a discrete
manner, whereas those which are '"lower level" in complexity or speed require-
ments are controlled in a continuous fashion. The implications of this tenta-
tive conclusion in terms of other biological systems and mechanization for
automatic control systems remain to be ekplored.

The main body of this report consists of three major sections. In the
first section the version (eyes moving together) control system characteristics
are compared with the vergence (eyes moving oppositely) characteristics to
conclude that the basic difference between them lies in the intermittency
operator and discrete control of version. The next section examines in detail
the evidence pertaining to this intermittency operator, gathered from a wide
variety of transient response records and frequency spectra, and emphasizing
the powerful technique of using multiple inputs. Various possibilities for
the location of the intermittency operator are proposed, and it is concluded
that the control evidence places it in the '"central processor' (CNS) rather
than at the sensor (retina) or motor (muscle) ends. The final section takes
these conclusions and attempts to find neurological evidence for this location
of the intermittency operator. The neurological pathways from various inputs
to the eye muscles are described and possible sites of the intermittency
operator are discussed.

This report explains the relationship between control system character-
istics and physiological descriptions for several important aspects of the
eye movement control system. Similar investigations remain to be done for
several other interesting aspects of this servomechanism.



CHAPTER 1

INTERACTION BETWEEN VERGENCE AND VERSIONAL MOVEMENTS

INTRODUCTION

At least two systems control eyeball position at any instant. These are
the versional and the vergence control systems. The versional system is that
which traces a target moving in a plane perpendicular to the visual axis; the
vergence system controls the angle of ‘the binocular system so that similar re-
gions of the retina receive similar positions of the target image. The inter-
action of these two systems has been an area of concern as study of eye move-
ments has progressed. Are they completely independent or do they interact as
each contributes to the single position of the eyeball?

There have been several past and recent approaches to this question,
Among them are:

a) Analyses on the physiological level to suggest that the vergence sys-
tem uses only the medial rectus (21), only the medial and lateral recti (1),
only a poorly defined small fiber system of the medial rectus, or finally only
a special, slow neural motor system, occasionally identified as a portion of
the autonomic nervous system (3), thus evidencing a muscular disparity of the
vergence system. The evidence is not especially clear, but some behavioral
studies to be mentioned in this report support the concept of this disparity.

b) Another set of experiments--those of Mueller, 1826 (13), relating to
the transient response of the eye, have also stimulated discussion of this
problem. His findings of independence of the two systems have been repeatedly
confirmed and are reviewed in the first section of this report.

c) Recently the cybernetic approach applying servo-analytic concepts to
the study of eye movements adds yet another dimension to the question of inter-
action of the two systems.

It is known that interaction or independence of the two systems relates to
the judgement of distance, target size, reading habits, and fatigue of eye
muscles. All of these are of importance in human engineering problems of man-
machine systems. This report is limited, however, to the purely scientific
problems of the various properties of these two systems, and their manner of
interaction.



ALGEBRAIC ADDITION

In this first section experimental data about static additions, transient
responses and dynamical sinusoidal inputs will be reviewed and evaluated for
evidences of algebraic addition of the vergence and versional systems.

Static Additions

A recent report by Drs. A. Troelsta and L. Stark (20) shows that in
static interaction of accommodative convergence and horizontal versional move-
ments there is evidence to indicate simple algebraic addition of the two sys-
tems.

Prior to a consideration of their work it is important to understand
clearly the distinction between (1) fusional vergence movements following a
binocular visual input and (2) accommodative vergence movements following a
monocular visual input.

In the first case the versional input signal may be considered an opposite-
ly polarized angular deviation of target image position with respect to the
foveae. The eyes then have to move or correct in opposite directions in order
to fuse the target images on each fovea. This is ordinary vergence movement.

In the second case, only one eye sees the target which moves near and far
on the optical axis of the seeing eye. This eye remains fixed in position due
to the fixation and pursuit control loops of the tracking control system. The
accommodative system of the seeing eye, however, tracks the target as regards
its near and far movements on the optical axis. The sensory signal here is a
blur of target and other associated clues such as change in apparent size and
intensity of the target. Primarily, the motor response signal of the accommo-
dative system controls the dioptric strength of the lens in its maintenance of
a focused target. 1In addition, however, motor signals reach two other ocular
motor control systems-- the pupil and the extraocular eye muscles. The pupil
responds by changing the aperture size; and the extraocular muscles, by changing
the vergence state of the eyeball. (This pupillary constriction and conver-
gence of the eyes plus lens accommodation in response to the inward movement
of a target is called the near triad of accommodation.)

In the work by Troelsta and Stark (20), in which the target moves inward
on the optical axis of the seeing eye, the occluded eye receives motor signals
proportional to the accommodative response of the seeing eye. The vergence
movement of the occluded eye can be measured and gives an indication of the
accommodative vergence control system activity.

Experimental Method: Using an XY recorder they presented the subject with
a target as shown in Fig.l.l. Target movement is sinusoidal (0.3cps) or step-
wise (0.lcps) and was seen only by the right eye. The path of the left eye was
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blocked by an opaque screen. The subject was requested to fixate the target
and to keep it in focus. The movements of the left, occluded eye were measured.
(All references to the right eye are to the seeing eye and references to the
left eye are to the occluded eye.)

As shown in Fig.l.l the visual input to the right eye may be resolved into
a depth perception and a target displacement.

Depth perception is a function of cos @:

Depth
Perception

LSS + AS)
J( + 88)2 + x?

= AS cosf = a AS

since (S +AS)2 » X2 for the experimental conditions used (S = 2lcm, AS = 15cm,
Xmax = 6cm). Consequently the depth perception is more or less independent of

the value of X.

- Target displacement is a function of sinf:

A P\
Target - &S sing = (A S)X -~ (A S)X

Displacement (5 t A3)2+X ~ S + AS

Two types of associated movements of the left eye can result from the
input to the right eye: (1) accommodative convergence (AC), and (2) associ-
ated tracking (AT).

(1) Accommodative convergence (or divergence) movements of the left eye
are those occuring when the right eye changes its accommodation. For example,
if the target is moved in the optical axis of the right eye, the left eye will
roughly follow the target movement, even though the left eye receives no
sensory visual information and the right eye is stationary. With reference
to Fig.l.1l and the assumption of some gain for accommodative convergence,
movement of the left eye which results from accommodative convergence will be:

AC = Guq (&S)P . 360 4esrees (1)

(S +as) 'sz + X2 2m




Gain will be frequency dependent, but in this experiment it is neglected
because low frequencies are used. Furthermore, it will be assumed that Gy,
is dependent only on the depth perception of the right eye and is indepen-
dent of @ and additional visional information (such as, target displacement).

G can be determined experimentally by measuring the movement of the
covered and uncovered left eye when the target is moved along in the optical
axis of the right eye.

(2) Associated tracking movements of the left eye result when the right
eye moves while tracking the target. These movements are opposite in sign to
the accommodative convergence movements and are assumed proportional to the
target displacement seen by the right eye:

AT = -Gpp » (4 )X . 360 degrees (2)

(S +a58) /sz+x2 2m

The definition of GAT is similar to G,, except that GAT is assumed dependent

AC
only on target displacement. GAT is measured experimentally by presenting
only a target displacement to the right eye and measuring the movement of

the left eye, covered and uncovered. For three values of @ approximately

10 degrees apart the values of Gpr obtained are 1.25, 1.15 and 1.15.

(3) Combined associated movements, In general, the right eye will re-
ceive information that consists of both depth perception and target dis-
placement. 1If these two kinds of information contribute independently to
the associated movement of the left eye, equations (1) and (2) may be com-
bined. In this experiment then, the net movement of the left eye may be
represented by

AC + AT = as 360 (PGpe - XGAT) degrees (3)
(s+aS) /32 +x2 2T
or
AC + AT = 24 - XGpp) degrees 4)

—= o (6G,
/440 + x2 C

From equation (4) it is clear that the value of X for which there will be
no associated movement of the left eye is given by

6Gpc - XGpp = 0 (5)



Figure 1.1 Experimental arrangement for adding versional and
vergence inputs.
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The value of X as predicted by equation (5) was compared

Zero crossing

with the experimentally measured value for three different conditims of the
eyes. The results are shown in Table 1 and Fig.1.2.

The experimental results clearly indicate that Gpg and Gpp are indepen-
dent of each other; GAC is greatly influenced by fatigue of the eyes; and
Gpr is relatively unchanged with fatigue.

Transient Responses

From the days of Mueller (13) and Helmholz (6) to the recent work of
Alpern (2,3), physiologists have shown that eye movement transient responses
also seem to summate as simple algebraic additions. When the input is a
step input, however, the vergence and versional components of the movements
can be distinguished by observing the different dynamical characteristics of
these two systems. The response of the versional system to a step is a very
rapid saccadic jump, whereas the convergence system with its continuous
dynamical characteristics has a slower response in correction of a transient
error.

The response shown in Fig.l.3 illustrates these features (5). A base-in
prism equivalent to 4 degrees of convergence is intruded in front of the
right eye thus requiring it alone to converge 4 degrees to produce zero
fusional-vergence error-signal. Actually both eyes perform some quick initial
versional movement, about 2 degrees in amplitude, to produce an equal but
opposite error in each eye. This error is then corrected by means of slower
fusional vergence movements of both eyes. A similar result is seen in Fig. 1.4
with the presence of both far and near fixation targets along the line of
sight of the right eye (5). The subject switches fixation from one target to
the other. The separateness of versional and vergence movements is again
clearly seen: the initial rapid saccadic versional jump of both eyes to the
right, and then the slower convergence movement of both eyes.

When one eye is occluded and two targets are in the line of sight of the
seeing eye it has been suggested that only vergence movement occurs as shown
in Fig. L5(5). The general appearance of the record is a large convergence
(accommodative vergence) movement of the left occluded eye and a stationary
position of the right fixating eye. The right eye is kept still by the con-

tinued action of the tracking control system with its Eosition (fixation)
and velocity (pursuit) control systems. Since it is the sole viewing eye

these control systems must be very active. However, a tendency of the fix-
ated eye to converge can be noted even in this noisy record especially if
one observes that all the small corrective fixation saccades are directed
rightward in this eye. These interactions deserve further investigation.

However, the main part of Mueller's experiment (figs.L3 andl.4 is clearly
established. Two separate and distinctive control systems together control
eye position --the versional and vergence mechanisms.



Table 1. Values of predicted X for three different

zero crossing
conditions of the eyes (left eye occluded).

Condition Gac Gar Xsero crossing Xzero crossing
of eyes (cm) (arbitrary abscissa
of Fig. 1.2)
Normal 0.95 1.17 4.9 97
Highly
Fatigued 0.62 1.20 3.1 170
Not
Accommodating 0 —_— 0 300
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Figure 1.2 Associated eye movements of occluded left eye
as a function of angle of gaze of viewing right
eye, with target moving in line of sight of
right eye. Note control experiment with left
eye. (20)
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Figure 1.3 Electro-oculographic record of eye position
with a base~in prism equivalent to 4 degrees
of convergence intruded in front of the
right eye. (5)
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Figure 1.4 Record of eye position when fixation
is changed from a far to a near target along the
line of sight of the right eye, with binocular
fixation. (5)
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Figure 1.5 Record of the eye position when fixation of
the right eye is changed from a far to a near
target (along its line of sight) when the left
eye is occluded. Note that only the occluded
eye moves. (5) '
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Figure 1.6 A recording of eye vergence (above) and mean lateral
eye position (below) when independent simple
harmonic changes are given to target vergence and
mean lateral target position. (16)
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Dynamical Inputs: Sinusoids

Using sinusoidal inputs and illustrating both sum and difference of
right and left eye positions Rashbass and Westheimer (16) have shown that
two non-harmonically related sinusoids driving the vergence and versional
systems separately result in responses which are also separate and indepen-
dent. This experiment is illustrated in Fig.1l.6 for a single time function.
This figure shows a recording of eye vergence and mean lateral eye position
when independent simple harmonic changes are given to target vergence and
mean lateral target position.

It is important to note the different characteristics of the two con-
trol system outputs --the smooth vergence movements perhaps without saccades
except as an error in the recording and display methods; and the mixed pur-
suit and saccadic versional movements. No quantitative study of the actual
harmonic content of the two response curves has in fact been carried out.

DIFFERENTIAL EFFECT OF FATIGUE

Fig.1.7, taken from a paper by Lion and Brockhurst (l1), shows the eye
movement system tracking a versional target, which jumps back and forth
between two points in the horizontal plane. The three records of each trace
are position, velocity, and acceleration of the eye movement following the
target. The records, taken after various periods of tracking, show that there
is no fatigue observed in the versional system. This finding is character-
istic.

It can be seen in Fig.l.2 that as fatigue reduces the gain of accommo-
dative convergence, the version and vergence systems continue to add alge-
braically with the vergence system giving only 0.6 of its former contribution.
In all other aspects the systems remain completely independent. Fig. L6, from
Rashbass and Westheimer, also shows the same effect in a dynamical sinusoidal
experiment, wherein the -onvergence system is fatiguing and reducing its gain
while the version system continues to respond without fatigue. -This differ-

ential effect of fatigue is further evidence in favor of the independence of
these eye movement control systems, and reinforces the algebraic addition
hypothesis developed in the previous section.

STATICS

In this section comparative experimental data relating to limitation of
range and intorsion and extorsion in the vergence and versional systems is
reviewed.

1k



Figure 1.7

Electro-oculographic record, taken after various
periods of tracking, A at start of test, B after
5 minutes, C after 10 minutes, of (a) eye
position, (b) velocity, and (c) acceleration

as the eye follows a versional target. Note the
absence of fatigue in the versional system. (1l1)

15



Limitation of Range

An easily demonstrated phenomenon is the difference in limitation of
range of the vergence and versional systems. First of all, in the fully
diverged system the eyes remain with their visual axes nearly parallel or
perhaps with some slight divergent angle. However, by moving the target
horizontally the eye muscles clearly can produce further lateral rotation
of the eyeball. Again the vergence system operates more effectively and
is entirely restricted to the horizontal plane whereas versional tracking
movements can occur vertically and obliquely quite readily.

Another experiment illustrating limitation of range is that of figure
1.8b & c¢. The target moves closer and closer to the subject until the limit
of convergence is reached (fig.l.8b). Then with lateral movement of the tar-
get each eye can be shown separately capable of further adductive rotations
(fig.l-8c). This has been suggested by Verhoef (21) as evidence that the
convergence system has only the medial rectus at its disposal whereas the
versional system can employ the superior and inferior oblique muscles to
produce greater adductive movement. Electromyographic evidence suggests
other explanations. Breinen (4) has shown that the medial rectus increases
its firing rate when the versional eye movement produces adduction over and
above the maximal convergence position.

Intorsion and Extorsion

Careful studies have noted the slight wheeling motion of the eye with
horizontal, vertical, and oblique movements in versional tracking. Some
of these studies have utilized the method of after-image estimation of wheel
angular rotations (15), while others have employed objective photographic
methods exploiting a particular feature of the iris to mark the vertical
meridian of the eye (18). Wheel rotation occurs as a function of target
position in the XY plane, but normal subjects generally show almost com-
pletely vertical orientation when looking at targets in horizontal and ver-
tical directions. Wheeling rotations are most noted when the subject looks

at targets in oblique directions. TFigurel.9(14) illustrates the horizontality

of the horizontal meridian of the eye in the primary (straight-ahead gaze)
and secondary (gaze along either the horizontal or vertical meridian but not
both) positions of gaze. The apparent wheeling motion of the eyeball in the
tertiary positions (oblique directions of gaze) is mostly due to a false
torsion dependent upon spherical geometry. That is, the horizontal retinal
meridian is horizontal but its projection upon a tangent screen is oblique.

True torsion only occurs to a minor degree in extreme positions of up-
ward and downward temporal gaze. The nasal quadrants are too restricted for
this slight distortion to be present on nasalward oblique gaze.

16



Figure 1.8 A set of photographs of a normal subject illustrating
(a) the eyes in the rest position; (b) the limited
adductive movement possible in full convergence; and

(¢) the further adduction possible in versional
tracking movement.

(a) primary position

(b) maximum convergence

(¢) maximum version

17
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Figure 1.9

Projection of retinal horizon for various
directions of gaze. Note the horizontality of
the horizontal meridian of the eye in the
primary, secondary and tertiary positions

of gaze. (14)




Verhoef (21) has pointed out that the degree of intorsion and extorsion
depends on whether the visual axis arrives at a particular oblique point as
the result of a vergence or versional movement. This is a most interesting
and acute observation and would clearly indicate that different muscles or
portions of muscles are employed for these two systems. It is suggested
that experiments be performed in this area to study the effect more care-
"fully. A related area of study is that in which Knoll (7)(17) has shown
that various eso- and exophorias are altered by varying the elevation of the
plane of regard.

The actions of the six extraocular muscles have been studied as a func-
tion of the arigle of gaze. Figures 1.10a & b show some of Krewson's re-
sults (8). The portions of these graphs most relevant to our present purposes
are the short dashed lines showing strong inward rotation action for the
superior rectus and the inferior rectus when the eyeball is already somewhat
inwardly rotated. This evidence supports the possibility of versional move-
ments performing further adduction by means of other muscles, i.e. the ver-
tical recti, than the medial rectus available, and possibly alone available,
to the vergence control system.

COMPARISON OF CONTROL CHARACTERISTICS

We shall now attempt to review and compare the servoanalytic character-
istics of the versional and vergence control system.

Frequency Response Curves

Frequency response curves have been obtained for the versional system
in horizontal tracking movements with both predictable and unpredictable
inputs (Fig. 1l.lla & b)(22). It is important to note the peak in the fre-
quency response curve for unpredictable inputs (bottom curve, fig. 1l.1lla)
which is partial evidence for a sampled data (or intermittent) model of the
eye movement system. The phase portion of the Bode diagram (Fig. 1.1lb)
illustates the difference in phase characteristics between predictable and
unpredictable signals. The prediction operator can be seen to effectively
reduce phase lag. Here then, two important servo-characteristics, the
intermittency operator and the prediction operator, are clearly noted.

Frequency response curves for the vergence system are shown in Fig. 1l.12a
and b (27). The gain portion show no peak (Fig.ld2a) a fact that is consis-
tent with the time function data curves which show no intermittency. Compari-
son of the frequency response curves in the phase portion of the diagram
(Fig. 1.12b) for predictable and unpredictable inputs illustrates the rela-
tively small effect of the prediction operator in the vergence system. Only

19



Figure 1.10a Action of extraocular muscles in various
positions of gaze. (8)

100 v_ _——
4\
%0 , \
AR X
(1] &
3 / N
©
Ly A
ELEVATION ‘
R
S €0 <
2 x \
>
= s0 - v
-
o N /
40 N
[ -, .
S R L
T 20 ~ e’
H 30
o N” we*
- ) ot ‘aﬂ \
> 40 1 h S
a w s® &
) Py, tpeTSily I
* i wo? \ x'
* “ﬂ-‘“ I
A R
Q
20°  w0° 0° 10°  20° 30* 40° %0°
Outward Rototion Inward Rotation
(1]
b
o
-
- .
ano® rd Ton,
- . 1*10 —\ ’O~
S o —— . .
El -~ Y [
prd . | ot ZeLEvaTion ~, N 33
o Z’p —’ _—y
E] e lgm | -~ -» v
= ol —Jo - ™
. » -
] LS. b B
- ., +, @ *" O
© x P * <
(‘, ». <»
20 ¥, .. L M
o ‘° L3 N~
o - ¢ o¥
o » 9 O
o 05 %4 R
S 0 'r,o_o' B
o Y e
s A
a e
30° 40* 30° 20° 10° 0 10°  20° 30" 40° S0°  60°

Outward Rotation Inward Rotation



Figure 1.10b Action of extraocular muscles in
various positions of gaze. (8)
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Figure 1.11la Gain portion of frequency response plot
of versional system, with predictable and
unpredictable inputs.
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Figure 1.11b Phase portion of frequency response plot
of versional system, with predictable and
unpredictable inputs.
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Figure 1.12a

GAIN

Gain portion of frequency response plot of
vergence system., Note lack of a peak in the
response curve to non-predictable inputs,
indicating a lack of intermittency. (27)
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effect of the prediction operator. (27)
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a relative increase in phase margin (for stability) results as an effect of
the prediction operator in this system.

Transient Experiments, Ramps, Parabolas

The versional system shows a relatively accurate position and velocity
control system as indicated in the ramp-parabola experiment of Fig. 1.13 (23).
Changes in position and velocity are compensated for by the intermittent
double position and velocity control system as discussed in Young and
Stark (24).

Response to the parabolic portion of the input evidences the lack of an
acceleration control loop in the versional system. The saccadic corrections,
while alternate or irregular in direction during the ramp portion of the
trace, become unidirectional during the parabolic portion of the trace. This
indicates that the sampled data versional control system approximates a para-
bola (or other irregular curves) with a series of constant velocity segments.
In the case of the parabolas these constant velocity segments are estimated
from the preceding portion of the input curve and are always too low in velo-
city to compensate for the latter portion of the input --that particular 0.2
sec. intersaccadic segment. Thus a correction in the direction of a larger
velocity segment at the next sampled data correction time is necessary.

Ramp and parabola experiments with the vergence control system are
shown in Fig. 1.14 and 1.15 (26). From other transient studies of the con-
vergence system it may be predicted that continuous response with larger
errors will be seen because of the lower frequency response.

Pulse Experiments

Pulse experiments for versional movements clearly show the high fre-
quency response of this system. Furthermore, as shown on Fig.l.l6a & b (23)
the response to an input pulse of short duration is an output pulse of at
least 200 msec. duration. This proves that the system has a refractory
period rather than a simple delay. The sampled data intermittency operator
in the versional control system is also consistet with the refractory per-
iod.

Step experiments with the vergence system are shown in Fig. 1.17 (26).
The convergence system shows no refractory period similar to the sampled

data versional system, but does show another phenomenon sometimes noted in
biological systems; i.e. that sometimes a small error signal lasting onlya short
time is ignored rather than allowed to produce a delayed response correcting
an error that is no longer present.
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Figure 1.13 Parabolic input responses.
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Figure 1.14 Response of the vergence system to
ramp input.
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Figure 1.15 Response of the vergence system to

(26)

parabolic input.
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EYE (deq)
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Figure 1.16a & b Pulse experiments for the versional

system showing high frequency response.
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Figure 1.17

Response of the vergence system to step input.
Note the lack of a refractory period. (26)




Environmental Clamping

Environmental clamping of biological control systems has been stressed
as one method of exploiting and exposing their interesting servoanalytical
properties., An example of this technique is to feed the response of the
versional system back through an operational amplifier to the input so that
the gain of the feedback element is increased enough to produce instability
(23). 1Instability oscillations such as those illustrated in Fig. 1.18c (23)
are the result of this feedback technique. Examination of this curve shows
the square waves (slightly rounded by the dynamics of the eyeball) which are
a typical behavioral characteristic of a sampled data feedback control sys-
tem under conditions of instability. Figs. 1.18a and b (23) show open loop
behavior of the system wherein the system without feedback control swings to
extreme boundary conditions. The series of steps that occur are again char-
acterisitic of the sampled data system.

On the other hand, instability oscillations of the convergence system,
as shown in Fig. 1.19 (26), while irregular, are a continuous function and
show quasi-sinusoidal curves. This oscillation is characteristic of a con-
tinuous control system under conditions of instability. The lower frequency
of tliese oscillations is another indication of the lower frequency response
of the vergence control system.

Monocular and Binocular Inputs

The versional control system operates quite well in a qualitative sense
with either monocular or binocular target inputs. No careful studies are
available to compare system performance under these two behavioral conditions.

The vergence control system ordinarily requires a binocular input in
order to obtain convergence or divergence. Satisfactory arrangements of
inputs are of three types: (1) relay targets moving in the Z-axis, (2) con-
tinuous components moving in the Z-axis, or (3) artificially constructed in-
puts composed of similar targets presented separately to each eye and cohered
by means of the fusional illustration, to obtain apparent Z-axis movement.
All of these provide adequate stimuli for vergence movement.

Alternatively, with one eye occluded, a target moving in-and-out on the
Z-axis (or line of sight of the viewing eye), or having a component moving
on the Z-axis will produce "accommodative convergence'. That is, the oc-
cluded eye performs a vergence according to the level of effort transmitted
to the ciliary muscle for accommodation. This vergence is part of the near
triad wherein accommodation of the lens, convergence of the eyeball, and
constriction of the pupil all occur in response to a near movement of the
target. In addition it has been shown by opening the accommodation loop
with atropine (19), that the level of command signal increases and that the
amount of accommodative convergence also increases. The frequency response
of fusional and accommodative convergence appear to be closely related.
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Figure 1.18.

Figure 1.19.
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DYNAMICAL INTERACTIONS

Although the two systems are relatively independent it is possible that
some type of interaction occurs under special conditions. Apparent evidence
in favor of this view is presented in Fig. 1.20 (12). 1In this experiment, as
the horizontal versional movement tracks a special change-of-position target,
the two eyes diverge during the saccadic jump and then converge during the
period following the saccadic jump. Evidently this convergence is unaffected
by a second saccadic jump which occurs shortly after the first one. Although
this type of experimental result has not often been reported, Zoethout (25)
states: ‘“'Divergence movement takes place during fixation (by this he means
positional saccadic jumps) and convergence between fixation periods'.

Two related explanations may account for this phenomenon in such a
manner that interdependence of the vergence and versional systems is not
required. The first explanation depends on the degree of sensitivity of
the retina which occurs with a saccadic eye movement. Experiments of this
sort have been done by Lettvin (10), Volkman (22), Latour (19) and J. Davis
(4). Latour's result is shown in Fig. 1.21 which illustrates that the prob-
ability of seeing another light decreases greatly although not absolutely
during a saccadic eye movement. Thus it is possible that ifatarget were not
too bright or if it were moving rapidly (which increases the threshold as
shown in Fig. 1.21), or both, the subject may lose fusion. If the target is
near, underlying divergence tone might cause rapid divergence during the
saccadic jump as shown in Fig. 1.20. With the re-establishment of retinal
sensitivity, fusion occurs and shortly following that, fusional convergence.
It would be interesting to experiment on an esophore with the target at some
distance so that there would be relatively more convergence tone than diver-
gence tone. Then, when the fusion is lost, especially if the subject were
somewhat fatigued, one might see the occurrence of convergence during the
saccadic movement.

In the second explanation, the versional system, when computing command
signals to both eyeballs, might be expected to take into account the amount
of convergence or divergence tone present in each eyeball, For example,
when the subject is converging, the medial recti are only providing some
oppositional divergence tone. The versional command signals to the right
eye and to the left eye then have to take the underlying tone into account.
Otherwise nonlinearities in the addition process may cause the subject to
lose fusion. Corrections for these nonlinearities have to be made in all
states of target position with respect to convergence and divergence tone.
It would be interesting to study the discrepancy in vergence which occurs
during saccadic movement as a function of target distance with respect to
vergence rest distance. It might be possible to observe a convergence move-
ment during a saccade. In fact, the whole relationship of this experiment
to the definition of rest distance and to the efficacy of eye movement in
reading is of interest.
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Figure 1.20. Tracking résponse of the left and right eye to a
special change-of-position target. Interaction
of versional and vergence control systems. (12)
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Figure 1.21 Latour's experiment. Suppression of visual sensitivity
with a saccadic eye movement, illustrating that
interdependence of the vergence and versional systems

may not be required for interaction (9)
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SUMMARY

The preceding discussion outlines an important problem area in eye move-~

ment physiology which utilizes servoanalytic concepts integrated with other
physiological® information. When a clear understanding of these and other
basic biological communication mechanisms is achieved, it shall no longer be
necessary to resort to ad hoc studies in determining human engineering
requirements for optimum visual performance.
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‘CHAPTER IT

THE INTERMITTENCY OPERATOR IN THE CONTROL SYSTEM FOR EYE MOVEMENTS

THE ROLE OF INTERMITTENCY IN EYE TRACKING MOVEMENTS

The Sampled Data Model

A sampled data model has been developed (20) to describe an important
biological servomechanism --the control system for human eye tracking move-
ments. A series of experiments were conducted wherein a subject attempted to
maintain fixation of a horizontally moving target while the position of his
head remained fixed. Study of the eye movement records led to the priciples
which form the foundation of the model. The discrete nature of the tracking
in the non-predictable mode required a sampled data model for adequate de-
scription.

The evidence leading to a discontinuous control model stemmed from
five important experimental results: 1) the system response to a target
pulse of less than 0.2 seconds duration is a pair of equal and opposite
saccadic jumps, separated by a refractory period of at least 0.2 second;

2) under open loop conditions in which the effective visual feedback is
eliminated by addition of an external path from measured eye position to a
target position, the system step response is a staircase of equal amplitude
saccades spaced approximately 0.2 second apart; 3) during constant target
acceleration the eye velocity changes in rather discrete jumps at 0.2 second
intervals with position errors corrected by saccades in the direction of tar-
get motion; 4) the frequency response was calculated by an on-~line digital
computer which performed a Fourier analysis of the eye movement response to
random continuous input; the resultant marked peak gain near 2.5 cycles per
second is consistent with the sampling data system operating with a 0.2 sec-
ond sampling period; and 5) inaccuracy of saccades associated with anticipa-
tion of square wave target motion indicates that such saccadic movements are
based on previously remembered position, and for 0.2 second preceding the
saccade no visual information can modify its course.

These defining experiments help to make precise the meanings of inter-
mittency, sampling, and refractory period. Intermittency means the property
of stopping or ceasing behavior for a time. Sampling implies that the sys-
tem is connected only at discrete times. The refractory period is a concept
that after a response the system cannot respond again. The periodicity of a
sampler may be regular or irregular; it may be clock synchronized or input
synchronized as in the case of the eye tracking movement control system.

The first few figures will illustrate certain of the sampled data pro-
perties of the eye tracking movement system. The general servoanalytic as-
pects of this system were reviewed in the previous chapter of this report.
Figure 2.1, which demonstrates the pulse response of the eye tracking system,
shows a target motion of 10 degrees from right to left and then back again
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Figure 2.1 Pulse response of the eye tracking
system,
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from left to right. Approximately 0.2 second following the initial target
movement both the left and right eye moved to follow the target. These move-
ments were rapid saccadic jumps which in the model are considered as discrete
position-error corrections. The slight rounding of these saccades are a con-
sequence of the finite power of the eye muscles, the inertia of the eyeball,
and the resisting force of the antagonistic muscles. Approximately 0.2 sec-
ond following the return of the target to its initial position the eyes made
a second jump back toward their original position. 1In this case, however,

an error of approximately two degrees persisted, and 0.2 second following the
second saccade a third corrective saccade occurred, again in both eyes. The
top trace shows the derivative of left eye position. This indicates the rapid
velocity of the position-correcting saccade in the first and second movements
and the rather lower velocity which occurred in the third small corrective
saccade.

Figure 2.2 shows the impulse response of the eye tracking system. Here
the target jumped rapidly from right to left and then within 50 milliseconds
jumped back to its original position. The eyes waited their 0.2 second or
more refractory delay period before making the initial movement to follow the
target. At the time this movement had been completed there already had ensued
a long enough period for the control system to realize that the target had
returned to its baseline position. However, a period of at least 0.2 second
was required before the eyes could return. to their original position with a
second position-error correcting saccade. The requirement that the control
system wait a minimum of 0.2 second to finish its response to an impulse of
target position is a crucial experiment in proving the sampled data model.
This indicates that there is not just a transport delay in the eye movement
system but that there is an actual refractory period before a second command
can be acted upon.

Figure 2.3 shows another set of results similar to Figures 2.1 and 2.2,
Here we see the response of the eye movement system to a pulse and to an im-
pulse showing the general features described above. 1In addition, the appear-
ance of a divergence with the initial saccade and a slow correction for con-
vergence during the next second is characteristic of many subjects especially
when they are fatigued.

Figure 2.4 again shows an impulse response of the eye tracking movement
system. An interesting feature of this response is the decreased gain of the
system., Here the eyes have not fully made a 10 degree movement in response
to the 10 degree impulse of target position. By the time a correction would
have been possible the second saccade returning the eyes to the baseline
position had already occurred. It is also possible to see some divergence
and convergence type movement in this trace. Figure 2.4 also shows a spon-
taneous right and left movement of the eye. This is a common type of searching
movement which often occurs when subjects are looking about in the experimental
apparatus. Of interest is the fact that these two movements which quickly
followed one another are spaced 0.2 second apart.

Figure 2.5 shows the response of the eye movement system to a parabolic
input. Initially the eyes make a large saccade and then remain relatively
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Figure 2.2 Impulse response of the eye tracking

system,
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Figure 2.3 Pulse and impulse response of the
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Figure 2.4 Pulse response of the eye tracking system
together with a spontaneous movement.
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Figure 2.5 Response of eye movement system to a parabolic

input.
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stationary. There is a series of small saccadic corrections about target
position which occur approximately 0.2 second apart during this preliminary
phase of the experiment. It can be noted in the top trace, the eye-rate or
eye-derivative trace, that the velocity of the eye is varying from positive
to negative during this series of small saccades. Now the target starts its
parabolic course and it is seen that the responses of the eye are a series

of constant velocity segments separated by short corrective saccadic jumps.
The constant velocity segments are the best that the eye movenment system can
do for an unpredictable signal since it has only position and velocity-cor-
recting loops and no acceleration-correcting loop. If it had an acceleration-
correcting loop it could put in a constant acceleration term and then the
corrections in velocity would be random about this constant acceleration res-
ponse, However, the fact that all the position and velocity corrections are
in the same direction, that is, the eye is always lagging the target and the
velocities are always getting greater, is evidence that there is no accelera- .
tion control loop in the eye movement system. By looking at the eye deriva-
tive trace, one can see that all the velocity segments are going in the same
direction during the parabolic target movement, that is, they are all going
upward in this particular top trace.

In Figure 2.6 is shown some film recordings of persons reading textual
material. 1In both illustrations, the same course of events is shown. The
first two strips of film show normal reading and here the saccadic nature of
the eye movements in reading is very apparent. The right hand long strip of
film in the illustrations of the combined figure 2.6 is designed to show the
effect of 'speed-reading'" training upon eye movements. Here it is shown
that the saccadic movements even though they appear, are very small in ampli-
tude and the eyes remain relatively fixed in horizontal position, only moving
from right to left at the end of a page (in the very right hand film trace)
to go from the left hand to the right hand pages of the open book. Although
this illustration is in this present context used mainly to illustrate the
saccadic nature of normal reading movements, it serves to also show the im-
portance of eye tracking movements to the normal functioning performance of
a human being (and especially in a difficult or stressful task such as con-
trol of a space vehicle).

Figure 2.7 is a block diagram of the sampled data model for eye tracking
movements. It includes the target angle, the error, or difference between eye
angle and target angle, a sampler for the intermittency operator, two correction
loops --one the saccadic position correction and the other the pursuit velocity
correction. These two corrections then sum to command the muscle and eyeball
dynamics to produce eye angle. Several non-linearities such as dead zones,
limiters, and pursuit saturations are also indicated although for many pur-
poses these can be omitted in predicting responses of the model with sufficient
generality to be useful. As well, the muscle and eyeball dynamics can be

omitted for certain predictions.

For the present argument the most important features of this model are
the sampling operator or the intermittency operator. Further evidence will
shortly be given concerning another control system, the pupil control system,
which does not have such a sampler, so that the reader can evaluate for

k5



46

Figure 2.6 Examples of discrete
normal reading.
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Figure 2.7 Sampled data model of the eye movement
system (20)
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himself the importance of the data indicating the sampling properties
of the eye-tracking movement system.

A second point of importance, and this will be the main point
of this section of the report, is that the sampling operator in this
model need not be in any one particular topological position. For
purposes of convenience in illustration it has been placed near the
sensory end of the system. It could as well be placed in the motor pathway
or in any of the intervening control pathways. When we try to penetrate
beneath this "black box" description of the control system for eye-tracking
movements and to understand the nature of the neurological and neurophysio-
logical operations and operators that exist in the brain to perform these
various functions, we will see that experimental evidence exists which
helps us to determine where indeed the sampling operator or intermittency
operator exists in the brain,.

The Pupillary Control System

The pupillary control system is a continuous system. By this we
mean that it does not have a refractory period such as illustrated in the
eyve movement tracking system. Clear evidence of this can be seen in
Fig. 2.8 which shows a series of average responses to light pulses of
varying widths. As the width of the light pulse gets very small the
pulse approaches an impulse. We see that the pupil has a similar 0.2 to 0.3
second time delay as the eye-tracking movement system does. However, the
pupil responds to the end of the impulse as soon as the end of the impulse
has occurred. It does not have to wait an additional refractory period for
this part of the response to occur. The dynamics of the pupillary system
are in the main constrained by the triple lag elements in the neuro-
muscular and muscular elements of the pupillary system.

A block diagram of the pupil system is shown in Fig. 2.9. Here we
see the continuous path from retinal flux through the log and retinal
adaptation operators to optic nerve impulses, a transport delay through
the neuro-muscular and muscular elements which then yield the pupillary
area. This pupillary area is then multiplied by external intensity due to
the geometry of the pupillary aperture to yield retinal flux., Because of
the slow dynamics of the pupillary musculature it is difficult to see
the operation of the neural elements clearly in these experiments. However,
the pupillary system has the following characteristics which are different
than that of the eye-~tracking system. 1) There is no refractory period in
following successive stimuli (the 0.2 sec delay is not a refractory period).
2) Under open loop conditions the pupil drifts continuously rather than in
steps. 3)With constant target acceleration the pupillary response is a
continuous movement. &) The frequency response of the pupillary system
has no marked peak in gain and thus no feature consistent with a possible
sampled data operator. And 5) although the pupil does not have any
predictive ability it is clear that any sequence of stimuli have their
resultant effect on the pupillary system one delay time later.
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Figure 2.8 Average response of pupil to light pulses of
decreasing width. (12) .
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Summary

We have attempied to bring together the evidence for intermittency
or sampling in the eye movement system and to make this evidence more
apparent by contrasting it with the continuous pupillary control system.
Although this servoanalytic description of the eye-tracking system
definitely requires a sampled data or intermittency operator it makes no
specification as to the locus of this intermittency operator. The location
of the intermittency operator is a problem for the physiologist interested
in dissecting into the "black box".

POSSIBLE LOCATION OF THE INTERMITTENCY OPERATOR AT EITHER
THE SENSORY OR THE MOTOR END

The Sensory End

There has now accumulated a good deal of evidence indicating that
the visual threshold is considerably elevated for a period of time during
an eye movement. Ditchburn in 1959 (3), Lettvin in 1960 (8), Volkman (18)
Latour (7) and Davis (2) in 1962, all have demonstrated this phenomenon.
The clearest published results are those of Latour and are illustrated in
Fig. 2.10. This shows that the chance of perception of a flash of
light is reduced to less than 10% during an eye movement. If visual
perception is '"blanked out" at intemittent periods related to eye movements
then this might very well be the sampling mechanism or intermittency operator
for which we are searching. It would have the effect of suppressing the
visual image or the intake of visual information during a fast movement
of the eye when the retinal image is moving rapidly with respect to
the retinal elements. In this way a good deal of blur and loss of contrast
would be eliminated. With visual threshold again lowered at the end of this
blanking the visual system could take another sighting or reading on the
target and transmit this information to the eye muscle command system.

Of great interest is Latour's further finding that the suppression
of visual sensitivity occurred even before an eye movement started. This
clearly proves that it is not the relative velocity of the target to
the retina that plays a role in this raising of visual threshold, even

though it had been shown by other authors that visual thresholds are a
function of the target velocity.

Although, as we have seen above, it is possible from this external
evidence that the intermittency operator is located at the sensory end of
the control system and further that we have seen that it might have
certain teleologically satisfying functions, we must merely let the
argument rest here and conclude by saying, a possible locus for the inter-
mittency operator is at the sensory end.
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Figure 2.10 Suppressionof visual sensitivity with

a sacca

dic eye movement. (7)
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The Motor End

The control system for hand movement has been studied from a
servoanalytical point of view by a number of authors (1,5,11,14,15).
This syStem is an especially interesting one from the servoanalytic .
point of view since so much of the intimate neurophysiology has been studied
by such authors as Granit (4), and Matthews and Rushworth (9). The
postural servomechanism that subserves this system can be approached by'
the techniques of the neurophysiologist and an interesting review of this
material is available in Granit's book (4). One of the difficulties in
studying the hand system is that the inertia of the motor portion of the
system and of the load are quite well matched to the neurological elements
of the control system, and therefore, the CNS dynamical behavior is not
as clear cut as in the eye movement control system. However, by carefully
designing experiments to eliminate some of these "inertial confusion
factors" it has been possible to show the sampled data nature of the hand
control system (10). Figure 2.11, a block diagram of the control system
for hand movement, indicates the pull-pull nature of the control system,
the double integration between force and position, and the two important
postural feedback control loops for the agonist and antagonist muscles
via the spindle afferent nerve which dominate the performance of the
hand control system. In the eye movement control system, although pro-
prioceptors exist in the eye muscles, they probably play no role in the
eye movement itself, but rather might have an effect on coordlnatlng head
movement with eye movement.

It has been shown that there is an essential competition for the
alpha motor neuron or final common pathway by two main elements for the
control of hand movements; the postural feedback system and the voluntary
control system. Figure 2.12 (10) shows an engineering block diagram
representation of the control system for hand movement. First the system
has been simplified to a unilateral representation. Secondly the two
feedback paths, visual feedback and the proprioceptor feedback path, are
shown., At the point where the proprioceptor feedback path feeds back into
the feed forward portion of the loop the switching or sampling mechanism
is placed. This indicates that the postural feedback system is turned
off for brief periods of time during which time voluntary-control-signals
exercise dominance over the final common pathway. Then at the end of a
voluntary movement the postural feedback control system is again permitted
to control the limb.

Although it is not possible at this time to describe more fully this
very interesting control system, it serves an essential point in this
argument. This is to illustrate a sampling operator occurring at the motor
end of a biological control system, This system was especially favorable
for neurophysiological studies by means of dissection of animal preparations.
Unfortunately the eye movement system is not as accessible and no similar
evidence is available at present. We thus end this discussion by merely
stating that a possibility for the locus of the intermittency operator
for the eye-tracking movement system might be at the final common
pathway itself,
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Fiiure 2.11 Block diagram of the control system for hand
movement. (10)
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Figure 2.12 Block diagram for hand movement showing sampling
occurring at the motor end.
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Neuroanatomy

The complex neuro-anatomical pathways and nuclei involved in the control
of eye movements have been studied for many years, each generation of anatom-
ists asking questions that physiological discoveries have made pertinent.

As yet, little anatomical evidence relating to servoanalytic problems has
appeared. Figure 2.13 is a diagram presenting the chief components of

the medial longitudinal fasciculus, an essential tract linking together

the nuclei of the eye muscles in the brain stem. Especially prominent

are various vestibular nuclei present in the angle of the brain stem. These
vestibular nuclei make many complex connections with the motor nuclei of

the ocular muscles. 1In another section a review is attempted of the available

neuroanatomical evidence concerning the control system for eye movements.
Here, we must only summarize by stating that clear cut entities, the
extraocular muscle nuclei, exist and are the final common pathways for
the motor command signals to the eye muscles. There are some accessory
extraocular muscle nuclei as well as some accessory vestibular nuclei
which probably play an essential role in integrating the command signals
for eye-tracking movements., In lower animals the superior colliculi play
an important role in visual integration and there is some clinical
evidence that the superior colliculi play an important role in primates
in the control function for eye muscles. Various higher centers such

as the occipital cortex and the '"eye field" portion of the frontal lobe
cortex as well as the lateral geniculate bodies exist closer toward the
sensory end. The retina itself is the most peripheral portion of the sensory
pathway and is actually part of the central nervous system itself,

Summary

This second section of this chapter has attempted to assemble evidence
for the location of the intermittency operation. This evidence has
been shown to be reasonable but not complete. A further portion of this
section has attempted to describe briefly some of the neuroanatomical
regions for the control of eye movements wherein the intermittency
operator might be located.

MULTI-INPUT ANALYSIS METHOD

Simplified Block Diagram of the Eye Movement System

The multi-input analysis method is one especially adapted to
biological systems wherein often one motor control element serves as the
effector organ for a number of sensory input elements. The eyeball muscula-
ture is an excellent example of this. The eyeballs respond by voluntarily
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Figure 2.13 A diagram presenting the chief components of
the medial longitudinal fasciculus. (6)
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tracking visual targets, by converging and diverging upon targets moving
closer and further away, by making reflex movements in response to vestibular
stimuli, by making compensating reflex movements to rotations of the head,

and by several other types of movements. Biological control systems are

often difficult to dissect into and to take apart in order to study their
isolated elements. We, therefore, must often use more subtle input-output
"black box" techniques (such as the multi-input analysis method) in order

to substitute for actual dissection. This technique is to study responses

to different types of sensory inputs which enter the control system at
different regions and thus effectively isolate and define intermediate elements.

Figure 2.14 is a simplified block diagram of the eye movement control
system, First is shown the target angle impinging on the first block
or the retina. Information is carried by the optic tract to the higher
centers, which includes the lateral geniculate bodies, the visual and
frontal motor cortex and the collicular areas. The next block is labeled
accessory vestibular nuclei and may also include such accessory nuclei as
the accessory abducens nucleus. Then as we descend further toward the motor
system we come to the eye muscle nuclei or the final common pathway. This
leads, by means of the motor nerves, to the eye muscles and the eyeball
which finally determine the angle of gaze. A visual target impinges on the
retina at the very beginning of the system. A vestibular stimulus goes
via the vestibular nuclei into the accessory vestibular nuclei and then
to the eye muscle nuclei. Other pathways, leading more directly to the
eye muscle nuclei, are the convergence signals and also the signals driving
compensatory reflex eye movements in response to passive head rotation.

With this simplified diagram to help us organize behavioral evidence
we will attempt to show that the starred block, called accessory vestibular
nuclei, is the location of the intermittency operator or the sampling
element of the sampled data system. Briefly the evidence is as follows .
That all inputs which pass through this accessory vestibular nuclei show
evidence of intermittency. All inputs which enter below this nucleus do
not show such evidence of intermittency but are rather continuous control
systems. Therefore, it is suggested that the locus of the intermittency
operator is here.

Behavioral Evidence.

Eye-tracking movements. We have already rather fully reviewed the
evidence that the eye-tracking movements are the responses of a sampled

data control system. This is true for both the position and velocity con-
trol elements and we have shown that there is no acceleration or higher

derivdtive feedbacks. This is true, of course, only for unpredictable
movements because as has been shown by Stark, Young and Vossius (16), the
control system for eye tracking movements has an excellent prediction oper-
ator which serves to mask the basic intermittent operation of the system
in response to unpredictable inputs.
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Flgure 2.14

Block Diagram for Motor Control.
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Optokinetic nystagmus movements. Optokinetic nystagmus movements are
an example of a visual input different from a voluntarily tracked target.
Here the subject is directed to gaze ahead and to ignore the scene upon which
he gazes. This scene is a constrained series of stripes traveling across a
television screen at a rate and a direction determined by the experimenter.
The slow phase of the optokinetic nystagmus represents a ''sticking'" of the
retina on the striped target. The fast phase represents, most probably, an
attempt by the fixation or the position-correction system to keep the eye
approximately in .the direction of forward gaze. Figure 2.15 shows a number
of experiments on optokinetic nystagmus of this type. The insets in the
upper right hand corner of the figure show ordinary optokinetic nystagmus
going in either direction. The inset in the upper left hand corner shows a
period of slow decline of optokinetic nystagmus and then again an increase
in velocity of the slow phase. Why this alernation in slow phase velocity
occurred is not known. The main traces show eye rate and eye position as
a function of time when the target consists of two sets of stripes moving
in opposite directions on the same television screen. Here we see there is
an alternation between movement in one direction and movement in the other
direction with periods of very slow moving slow phase in between. The essen-
tial point to be noted is that there is an intermittency in this optokinetic
nystagmus in that the fast phases do not come closer together than 0.2 sec-
onds apart., This is evidence that even in this reflex eye movement the in-
termittency operator is active. Thus we would expect to look for the inter-
mittency operator in some portion of the eye movement control system common
to both the voluntary and reflex response to image input.

Vestibular nystagmus. Vestibular nystagmus can be caused by stimulating
the vestibular system either by rotating the subject in which case one pro-
duces primary vestibular nystagmus, or by stopping the subject after he has
been rotated in which case one produces a post-rotatory vestibular nystagmus.
Other methods of stimulating the vestibular organs or semi-circular canals
are by means of hot or cold caloric stimuli or by means of DC electrical cur-
rents. 1t has been shown that the semi-circular canals respond to accelera-
tion either indirectly by accelerating the head as in normal vestibular
stimuli or in rotatory or post-rotatory vestibular nystammus, or directly
by producing forced acceleration of the fluid in the semi-circular canals
by means of the caloric stimuli. The Galvanic or electrical stimulation
situation presumably stimulates the sensory cells or the nerve endings
directly. Figure 2.16 taken from an article by Wendt (19), illustrates the
slow and fast phase of vestibular nystamus. Of interest in this diagram is
first, the lack of an initial delay time or response time, and second, the
intermittency in the vestibular nystagmus which seems to occur at approxi-
mately 0.2 second intervals. The lack of delay time probably has to do with

the input of vestibular nystagmus circumventing the higher centers and going
directly through the vestibular nuclei and the accessofy vestibular nuclei

to the eye motor nuclei, eye motor nerve fibers and thence to the eye muscles.
It has been shown above that the dynamics of eye muscles and eyeball are not
limiting in the response of the eye or only very slightly so and thus one
might expect that if the main delays are in the higher centers that vestibular
nystagmus might not show these delays. Most importantly, however, is the

fact that the intermittency appears to be very similar to that seen in the
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Figure 2.15 Optokinetic nystagmus. (Work in progress
at M,I.T. on optokinetic nystagmus)
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Figure 2.16 Vestibular nystagmus.
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tracking movements and in the optokinetic nystagmus. This suggests
that the intermittency operator might be present in some common part of °
the pathway. The only common parts of the pathway now remaining for
both the visual inputs and vestibular inputs are the accessory vestibular
nuclei, the eye muscle nuclei and the eye muscle and eyeball.

Convergence eye movements, Convergence eye movements were reviewed
in the previous chapter and it was shown that this is a clear cut continuous
system. The convergence eye movements must at least utilize the eye motor
nuclei and eye muscles and eyeball. Thus we have definite evidence that
the intermittency operator does not exist in the eye motor nuclei or
in the eye muscles and eyeball itself.

Compensatory eve movements. Compensatory eye movements occur to passive
rotation of the head. These are very primitive reflexes and can be shown
in humans easily only in pathological cases. For example, if a subject
has suffered severe brain disease and is unable to voluntarily follow
a moving target he may still be able to maintain fixation of his eyes in a
particular direction and further maintain this fixation by means of
compensatory movements acting against disturbances produced by passive
rotation of his head. This is a well-known phenomenon in clinical neurology
although no evidence with recordings seems to exist in the published
literature of this phenomenon. It might be possible also to demonstrate
this phenomenon in subjects whose vestibular system is saturated by means
of ongoing stimuli and responses, by superimposing compensatory eye movements
as described here upon this active vestibular response. It might also be
possible by means of drugs to eliminate the intermittency operator. There
is evidence that barbiturates, although they do not affect the intermittency
operatOr, seem to prevent the pursuit phase of eye tracking movements and
the slow phase of optokinetic nystagmus., It might be that some drug would
act to knock out the intermittency operator and still permit the compensatory
eye movements to occur. Figure 2.17 shows a response of a normal subject
making compensating eye movements to passive rotation of the head. It can
be seen that no intermittency effects appear in this experiment. Again
as in the case of the convergence signals the compensatory signals must
pass through the eye motor nuclei, the eye muscles and eyeball. Thus
the intermittency operator should be located above the eye motor nuclei.

Location of the Intermittency Operator by means of the Multi-Input
Analysis Technique

We now see that by means of at least five different inputs to the
eye muscle system we have been able to suggest a location for the
intermittency operator at about the level of the accessory vestibular
nuclei. Later reports will indicate neuroanatomical evidence which is
consistent with this point of view. However, we can now tentatively
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eliminate both the sensory end and the motor end in this system as candidates
for the locus of the intermittency operator. It will be remembered that
there was no direct evidence concerning the eye muscles and the location of
the intermittency operator at the motor end. This was merely an argument by
analogy with the control system for hand movement.

Evidence for the presence of the intermittency operator at the sensory
end was, however, quite interesting, although also indirect, and it may pay
us to review this evidence at the level of the accessory vestibular nuclei.
However, we will postpone these speculatlons until the last section of this
report.

Summary

In this section we have attempted to illustrate the usefulness of multi-
input analysis by reviewing the behavioral evidence in the light of a simpli-
fied block diagram for the eye movement control system. We have been able
tentatively to locate the intermittency operator at the level of the acces-
sory vestibular nuclei and we have been able apparently to exclude all regions
closer to the sensory or motor end of this system.

SUGGESTIONS FOR FUTURE EXPERIMENTS

Motor Experiments

It is suggested from the review of the behavioral experiments in the
preceding section that evidence exists in the literature to locate the in-
termittency operator at the level of the accessory vestibular nuclei.
However, much of this evidence was obtained with varying degress of accur-
acy of recording instrumentation and in different laboratories without the
intention of comparing results or having the results come out in similar
form for easy and valid comparison. The first experiment that should be
done in conjunction with the above hypothesis for the locus of the inter-
mittency operator is to repeat all of these motor experiments on the same
set of subjects under the same conditions and to show eye tracking movements,
optokinetic nystagmus, vestibular nystagmus, convergence movements, compen-
satory eye movements, all done at the same time under similar conditions
for comparative purposes. Although one can roughly outline and sketch, as
we have done in the preceding gection, what the results of these experiments
will be, it is not clear that in detail the results can be predicted from
evidence now available in the literature.
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Visual Suppression Experiments

We have seen in the second section of this report how the visual suppres-
sion experiments were shown to correlate with eye movements. We now know that
they are probably not the source of the intermittency operation; however, they
are clearly linked with the intermittency operator. In Figure 2.18 which is
a more complex block diagram of the control system for eye movements, there
is a dashed line leading from the accessory vestibular nuclei to the higher
centers. This is postulated to be a feedback path for visual suppression from
the locus of the intermittency operator to the higher centers. Thus, we are
reversing the relationship initially suggested. That is, instead of the visual
suppression being the mechanism for producing intermittency, we now are looking
at the intermittency as a primary operator and searching for pathways by which
it may control the visual suppression mechanism.

A series of experiments should be performed whereby the various movements,

such as vestibular nystagmus and optokinetic nystagmus (although optokinetic
‘nystagmus is of less importance) are shown to produce or not to produce the
visual suppression phenomenon that occurs in correlation with the voluntary
saccadic movements. Of primary importance would be the demonstration that
vestibular saccades do produce visual suppression. This is an important and
crucial experiment and we understand that the Systems Biology Laboratory at
M.I.T. is undertaking these experiments.

Although a centrifugal pathway from higher centers to retina is sketched
in, it is not believed that such a pathway exists in humans or at least there
is as yet no clear-cut evidence that such a pathway exists. An experiment of
interest would be to compare the electroretinogram, ERG, and the evoked poten-
tial from the visual cortex, EyP, with visual sensitivity as a function of the
temporal relationship of visual stimulus and saccadic eye movement. If EP
and visual sensitivity showed corresponding suppression during a saccade then
this would be a nice objective correlate of the visual suppression. Next,one
could look at the ERG, If this showed the suppression during a saccade it
would be important evidence for centrifugal fibers from the eye movement
control centers back to the retina.

The lack of present evidence for such centrifugal fiber feedback is most
astonishing since one would expect in any present day engineering system a
great deal of feedback would exist to a complex peripheral computing center
receiving sensory information. Perhaps some new principle of control systems
whereby such feedback would be disadvantageous from a higher level point of
view should be explored.

It would also be of interest to show that convergence and compensatory
movements do not produce visual suppression since they do not activate the
intermittency operator.

The well-known phenomenon that the saccadic movement of an eye has no
effect on the person's spatial orientation since the predicted change in
position of the retina has already been allowed for in terms of the general
spatial orientation of the individual, may have a bearing in this connection.
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Figdre 2.18 Block Diagram for Motor Control and for Feedback
Pathways feor Visual Suppression and Allowance for
Effect of Eye Movement on Spatial Orientation.
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Might not the same feedback path from intermittency operator to visual
suppression at the higher centers also be the pathway whereby the pre-computed
eye movement is allowed for in terms of spatial orientation. Since the eye
muscles operate with large forces on a fixed small load most pre-computations
of expected eyeball position would be accurate and there is no need for
proprioceptor feedback to check this as in the case of the hand where varying
loads are always present. Thus between samples the eye movement system is
essentially operating open-loop and this is, teleologically speaking, a wise
thing to do. It may lead to some confusion if there is a paralysis of a
muscle in that the expected movement of the eye does not occur and the pre-
computation causes the spatial orientation system to make an error and to
visualize the world as moving when neither the eye nor the world moved.

There have been clinical reports of patients without vestibular function,
due to streptomycin toxicity, who report "dancing movements'" of the world.
Evidently without vestibular compensation the neck proprioceptors have to
perform compensatory eye movements. Since these are continuous movements no
intermittency operator with its associated visual suppression and spatial-
precomputation operators acts. Thus, these reflex compensatory eye movements
without spatial-precomputation may produce 'dancing movements'" of the world.
It would be interesting to see if accommodative-convergence-eye-movements
activate the spatial-precomputation operator.

Pupillary Experiments

Also shown in Figure 2.18 are the pupillary pathways: the pupillary
fibers of the optic fibers of the optic tract lead to the pre-tectal nucleus,
then to the Edinger-Westphal nucleus in the third nerve nucleus complex, and
thence to the iris muscles to control pupil area. The higher centers and
accessory vestibular centers do not seem to be directly involved in the
pupillary pathways. We thus would expect and, indeed, find no intermittency
operator, as shown in the first section where the pupil was shown to be a continuous
system. We further expect no visual suppression mechanism and we thus expect
to see no elevation of threshold in terms of pupillary sensitivity. This is
an experiment that could be done with equipment present in the Systems Biology
Laboratory of M,I.T. 1In fact, its execution is presently being planned. Here
a voluntary saccadic eye movement will occur, a flash of light will produce a
pupillary response which will be measured when the eye is in its final position
in the pupillometer at the end of the saccadic movement. Parallel graphs of
elevation of visual threshold and non-elevation of retinal threshold as is
measured by pupillary sensitivity will be plotted. This is the expected
result, but this again is a crucial and important experiment.

Summary

DeMorgan in his "Budget of Paradoxes' has stated that the wrong hypothesis
rightly worked is more fruitful than chaos. We hope that our analysis of the
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location of the intermittency operator using the block diagram above and the
multi-input, servoanalytic, and neurophysiological techniques discussed in
this report will enable a number of experiments to be performed and their
results interpreted. If the hypothesis and theories are incorrect they will
be able to be quickly and cleanly eliminated. 1If they still stand after the
suggested experiments have been performed then it will be a tribute to the
application of engineering analysis to a complex biological system.
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CHAPTER III

CONTROL OF EYE MOVEMENTS: NEUROANATOMICAL CONSIDERATIONS

INTRODUCTION

Although there is an extensive literature on the anatomy of the
control of eye movements in all animal species including primates and
man, the data has been gathered by many different techniques during the
last one hundred years. Much of the data is in conflict depending upon
the particular technique used, the animal species used, as well as the
approach of the experimenter. Perhaps it would be best to begin this
discussion with a survey of the techniques available for the study of

the anatomy of the central nervous system. The particular assets and

ligbilities of each technique will be discussed.

Anatomical Techniques

Histologic stains. The central nervous system comprising the
brain and the spinal chord, consists of groups of nerve cells, the
neurons, which are organized into nuclei. The extensions of these
neurons, the axons, can be as short as 0.050 mm or as long as several
centimeters. The axons end on other neurons, the connection being via
a synapse. In addition, there is an extensive network of other cellular
elements, the glial cells, which are thought to have some secondary effect
on nervous activity by affecting the metabolism of the neurons. However,
at the present time, nerve impulses appear to pass from one neuron along
its axon across a synaptic cleft to the next neuron. The vast majority
of axons are covered ywith a fatty sheath of myelin, which acts as an
insulating material for the axon. One can selectively stain the Nissl
granules in the cell bodies of the neurons by using cresyl violet,
and the myelin sheath by using an appropriate hematoxylin stain
(Weigart or Loyez stain). 1In this manner, the various nuclei can be
defined on the basis of their cresyl violet staining, and the fiber
tracts of the axons ensheathed in myelin can be delineated. However,

since there are many millions of cells and nerve fibers in the central
nervous system, it is impossible to determine how one cell is connected

with another using this technique exclusively. Consequently, additional
experimental maneuvers are necessary.

Neuron and axon degeneration. If a small surgical lesion is made
in a particular nerve pathway of the central nervous system, the axon
and its myelin covering distal to this lesion, will degenerate. This is




called Wallerian degeneration. On the other hand, the proximal portion
of the nerve fiber with its cell body of origin may or may not degenerate.
Very often there will be changes seen in the cell body of the neuron,
noted with cresyl violet stains. This change consists of a difference
in the pattern of the Nissl granules of the cell body and is referred

to as chromatolysis. If these changes are particularly severe, the

cell body may actually degenerate and disappear. This process is called
retrograde degeneration. Wallerian degeneration can be detected by
staining the degenerating myelin sheath using the Marchi stain and

one can trace the course of the axon. This had been the most popular
technique until approximately ten years ago. Although it did give an
accurate picture of the course of the axon by its myelin degeneration, it
was quite difficult to determine where any particular axon ended.

More recently this has been accomplished by the use of the Nauta stain.
With this stain, the degenerating axon and its endings stain, and these
endings can be seen to terminate on a particular neuron. It would be
desirable for the fiber tracts previously described by the Marchi method
to be reinvestigated using the Nauta technique. This is not possible
from the practical point of view. In selective cases, however, the
picture determined by the Nauta stain has been much clearer than that
determined previously by the Marchi technique. When retrograde de-
generation results in a loss of cell bodies in a nucleus, it can be
determined by the loss of staining with cresyl violet.

Transneuronal degeneration. In some tract systems such as the optic
nerve, Wallerian degeneration proceeds distally from the eye and does not
stop at the next cell connection but proceeds across the synapse and
results in atrophy of the next neuron. This atrophy which proceeds
across the synapse is called transneuronal degeneration. Using this
technique, the projection of the retina on the lateral geniculate nucleus
one synapse removed from the optic nerve, has been mapped (1).

All the above techniques can be applied to the experimental animal
quite successfully. These techniques can often be applied to clinical
cases coming to autopsy, as mentioned below in the section on clinico-
pathological correlations.

Physiological Techniques

Ablation. In experimental animals, a lesion of a nucleus or a nerve
tract has been produced surgically or by placement of microelectrodes in the
brain. TFollowing such lesions in which the tissue is destroyed, one can
observe the change in behavior of the experimental animal, along with the
pattern of eye movements. The observation of behavior can be done immediate-
1y following the acute production of the lesions or at some later time in the
chronic animal.
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Electrical stimulation. Instead of removal of brain tissue, nuclei or
tracts of the central nervous system can be stimulated electrically. During
or following such stimulation, the behavior and eye movements of the animal
may be observed immediately or sometime following the positioning of chroni-
cally implanted microelectrodes into the brain. If the stimulation is con-
fined to a very small area of the brain, presumably certain neurons and nervous
pathways will be brought into activity; these pathways would be correlated with
the particular behavior observed.

Physiological stimulation. It is generally assumed that electrical
stimulation as outlined in the above section is quite artificial. The behavior
resulting from such stimulation may have no bearing on the behavior of the
ambient animal. Consequently more physiological stimuli are used such as
flashes of light to test the visual system.

Stimulation of a nucleus, tract or particular sensory system while
recording electrical activity elsewhere in the brain. This technique has
gained much importance recently. If one wishes to follow the course of
the response to a stimulus, for example, that to a flash of light along the
sensory pathways in the brain, it is possible to place recording electrodes
in the appropriate sites and record the electrical activity secondary to the
light stimulus. 1In this manner one could trace the course of the nervous
impulse set off by the light flash. This technique can often be combined
with ablation experiments.

Split-brain preparation. A more recent development of neurophysiologi-
cal technique has made use of the fact that the brain consists of two cere-
bral hemispheres with similar if not identical properties, at least in sub-
human species. The hemispheres are interconnected with each other via a
series of fiber tracts, the largest being the corpus callosum. If the con-
nections are severed surgically, one can isolate activity in one cerebral
hemisphere from activity in the other. TIf all optic nerve fibers which cross
in the optic chiasm are surgically cut, all information seen by the right eye
will enter the right cerebral hemisphere. All information seen with the left
eye will only enter the left cerebral hemisphere. Consequently an animal can
learn one task using the right eye with the left eye covered and another
using the left eye with the right eye covered. Ablation experiments in one
cerebral hemisphere or the other will allow a comparison between the normal
hemisphere with the hemisphere containing the particular lesion. Such ex-
periments are more reliable as to the repeatability of the data.

In general only those experiments having the site of lesion verified
anatomically will be discussed in this paper. Most desirable is an anatomi-
cal-physiological correlation. 1If one stimulates a nucleus, it must be
required that a lesion be made in this nucleus which can be determined ana-
tomically at the conclusion of the experiment. Correspondingly if a nerve
fiber tract is seen to degenerate following an ablation, one should be able
to record the absence of nervous activity along this tract using electro-
physiological techniques.
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Clinico-pathological Correlations

Many of the experiments noted above occur spontaneously in man through
the occurence of disease of the central nervous system. There are defects
produced in nuclei or nerve tracts by tumors or other lesions as well as
pathological stimulation of nuclei and nerve tracts as in cases of epilepsy.
On the basis of clinical experience with such cases, certain correlations
have been made relating the clinical symptoms and the site of the particu-
lar lesion. Such empirical correlation is the basis upon which the practice
of neurology and neurosurgery rests. There has not been, however, as fre-
quent pathological verification of the actual site of lesion as one might
wish. Consequently neither the extent of the actual lesion nor the presence
of other lesions in addition to those considered clinically can always be
determined. Nevertheless, in some selective studies, there has been excel-
lent pathological verification of clinical disease. From such data, valu-
able contributions have been made to the anatomy and function of the central
nervous system. Such contributions are few.

PURPOSE OF THIS REPORT

Material Used

Two sources of experimental material with some exceptions, will form
the basis of this report. Material based upon primate anatomy and physiology
of the central nervous system will be used provided there is agreement be-
tween the physiological and anatomical data. 1In addition, clinical data from
human material will be used provided there is good pathological confirmation.
Due to wide species variations, information from the cat, rabbit and other
mammals will not be considered in this discussion.

Specific Objectives

There are two objectives in this report. The first is to define those
neural pathways for the control of eye movements for which there is mno major
disagreement concerning the experimental data. Secondly, the possibilities
for localizing the intermittency operator will be discussed.



THE VISUAL SYSTEM

Sensory Input - Visual

Retina. The retina is part of the central rather than the peripheral
nervous system, being an outgrowth of the primary neural tube. The layers
of the retina are differentiated from the neuroectoderm. There are three
distinct cell layers with interconnections as follows (2): a- The layer
of rods and cones represent the percipient elements and contain the photo-
pigments which react to light falling on the retina and presumably initiate
the electrical impulse. The rods and cones respond only to changes in the
amount of light and to the color (wavelength) of the light. The cell bodies
of the rods and cones constitute the first or outermost layer of cells and
are connected with the second layer of cells called bipolar cells.

b- The bipolar cells receive input from either small numbers of cones

in the fovea (the area of highest light sensitivity and visual acuity in
the retina), or from large numbers of rods and/or cones in other areas

of the retina. They in turn relay the electrical impulse to the third
layer of cells, the ganglion cells. The ganglion cells make up the most
internal layer of cells of the retina, being close to the vitreous
cavity. It may be noted that light entering the eye anteriorly passes
through the ganglion cell layer, the bipolar cell layer, the layer of
cell bodies of the rods and cones, to reach the photopigments in the
outer segment of the rods and cones. This inverted retina is characteristic
of all vertebrates. The ganglion cell receives input from a relatively
large number of rods and/or cones. Its axon extends from the retina

to the lateral geniculate nucleus in the thalamus of the brain. 1In the
first portion of this course, the axon of the ganglion cell is referred
to as the optic nerve. At the chiasma, those ganglion cells nasal to the
fovea have axons which cross to the opposite side of the brain. Those
ganglion cells which are temporal to the fovea, remain uncrossed. After
the chiasma the axon is referred to as the optic tract until it reaches
the lateral geniculate nucleus. Electrical recording has not been
possible from either the cell bodies of the rods and cones or the bipolar
cells, The first data available are recordings from the ganglion cell.

It appears that the ganglion cell can be excited or inhibited in its
electrical activity by light falling on a discrete area in the visual
field of the experimental animal. This area in the visual field subtends
a specific number of degrees of visual arc and involves a number of rods
and/or cones. That portion of the visual field which, when stimulated by
a spot of light, will cause the ganglion cell to be excited or inhibited
is called the receptive field of the ganglion cell. The receptive field
is divided into two concentric areas with either a central area causing
excitation of the ganglion cell and the peripheral doughnut shape area
causing inhibition, or vice versa. (For further discussion of the organi-
zation of receptor field, consult reference 3.) In primates and man, it
appears that all the optic nerve fibers are myelinated. There do not seem
to be any efferent nerves, i.e. nerve fibers comming from the cortex to
the retina. However, it must be stated that optic nerve from primates
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or man has not been examined with the electron microscope to determine whether
very thin non-medullated nerve fibers do exist.

The lateral geniculate nucleus. In primates and man, all optic nerve
fibers subserving vision appear to synapse with a neuron of the lateral
geniculate nucleus. There does not seem to be any other afferent input to
the lateral geniculate nucleus. Neither are there any afferent fibers
from higher visual centers. The projection of the retina in the lateral
geniculate nucleus has been determined for monkey and man on the basis of
transneuronal atrophy studies. There is a definite retinotopic representation
of the retina on the lateral geniculate nucleus with the fovea being repre-
sented at the caudal pole of the nucleus, and the peripheral portions of the
retina represented as one moves rostrally in the nucleus. The exact connection
between optic nerve fiber and geniculate neurons has not yet been examined.
Although there are about one million optic nerve fibers and one million geni-
culate neurons, one cannot state that each optic nerve fiber ends on only one
geniculate neuron. However, there is good evidence to indicate that small
retinal lesions of one eye will produce a transneuronal atrophy in three of
the six lamina of each lateral geniculate nucleus. Each nucleus consists
of six laminae, numbered 1 through 6 from ventral to dorsal surface. Laminae
1, 4 and 6 of each nucleus receive optic nerve fibers from the nasal retina
of the contralateral eye while laminae 2, 3 and 5 receive fibers from the
ipsilateral temporal retina. Again, receptive fields of the geniculate
neurons can be mapped (4).

Visual cortex - area 17. The neurons of the lateral geniculate nucleus
send their axons to area 17 of the visual cortex. Apparently all axons from
the geniculate nucleus enter the visual cortex. From area 17, there are
additional fibers which can be traced to adjacent areas 18 and from there,
to area 19 of the visual cortex. These are considered association areas.
From this point onward, no definite evidence for the course of fibers in the
visual system is available. The visual cortex has a functional architecture
and its neurons have receptive fields which are much more selective in terms
of the type of stimulus necessary to evoke a reaction. (For further infor-
mation see reference 5.)

In summary, it would be of interest to compare the arrangement of the
afferent portion of the visual system with the afferent portion of the samato-
sensory system which subserves touch. Figure 3.1 diagramatically illustrates
an older concept of some comparable way stations from the sensory input to
the representation in the cortex.

Sensory Input - Pupil

When light falls upon the retina, not only is there a visual (sensory)
impression, but an additional (motor) system is stimulated, the pupillary
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Figure 3.1 A comparison between the visual system
and somatosensory system.
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system. This system controls the size of the pupil which regulates the total
luminous flux entering the eye. It is not known whether the optic nerve
fibers subserving pupillary changes are identical with those subserving
visual function. 1In either case, the rods and cones, bipolar cells, and
ganglion cells are all present in the afferent portion of the pupillary con-
trol system. The pupillary afferent fibers, either separate fibers or col-
laterals of the visual fibers, leave the optic tract just before the visual
fibers enter the lateral geniculate nucleus. The pupillary afferent tract
swings medially and ends on the pretectal nucleus. This nucleus is lo-
cated close to the superior colliculus. In the monkey, some of the pupil-
lary fibers from the periphery of the retina end in the superior colliculus .
but for all practical purposes, the pupillary afferent projection which is
most dense from the macula, ends in the pretectal nucleus (6).

Sensory Input - Vestibular System

There is some anatomical information from studies in monkeys on the
connections between the labyrinth and the extraocular muscles (7, 8). The
sensory receptor cells of the labyrinth and its cell body (primary vestibu-
lar neuron) synapse with the secondary neuron in the vestibular nuclei, of
which there are four - namely the medial (triangular nucleus), the superior
(Bechterew), the lateral (Deiter), and the inferior nucleus (spinal nucleus
of Roller). 1In man there are no important accessory vestibular nuclei al-
though some cells are scattered along the inferior nucleus and are considered
of importence in some mammals. Stimulation of the cristae in the labyrinth
by endolymph currents artificially evoked in individual semicircular canals
has indicated that the posterior ampulla is connected with the ipsilateral
superior oblique and contralateral anterior rectus muscles, the superior
ampulla with the ipsilateral superior rectus and contralateral inferior
oblique muscles, and the horizontal ampulla with the ipsilateral medial
and contralateral lateral rectus muscles (Figure 3.2). These connections
may occur via the medial longitudinal fasciculus. However there is some
suggestion that these connections may proceed by pathways other than this
fiber bundle. As noted in Figure 3.2, lesions in the vestibular nucleus
result in degeneration of terminal synaptic endings of the axon from the
vestibular nucleus in the posterior third and medial portion of the third
nerve nucleus. This is determined using the Nauta method. In addition
there are other pathways, first described by Lorente de No (9), which
traverse the reticular formation and are unaffected by transection of the
medigl longitudinal fasciculus. Just as there are two sensory inputs to
the vestibular nuclei, there are two types of nerve endings on the neurons
in the oculomotor nucleus. The large type A synaptic terminals are thought
to belong to the secondary vestibular neurons coming directly from the ves-
tibular nuclei, while the finer type B synaptic terminals appear to come
from those fibers traversing the reticular formation. In addition, there
may be an indirect pathway from the vestibular nucleus via the medial
longitudinal fasciculus and the interstitial nucleus of Cajal. Some fibers
of the vestibular nerve do not enter the vestibular nuclei, but bypass the
nuclei and go directly to the cerebellum, to the region of the solitary
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Figure 3.2 Illustrative pathways from ampullae of
semicircular canals to oculomotor nucleus.
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tract and its nucleus, to the dorsal motor nucleus of the vagus, and to
the dorsal lateral region of the medullary reticular formation (Fig. 3.3).
No primary vestibular fibers enter the medial longitudinal fasciculus.

In addition, there is a large afferent inflow, which is thought to be

of an inhibitory type, into the vestibular nuclei from the cerebellum.

It is of interest that the reticular formation provides an internuncial
"relay" not only for the conduction of vestibuloocular impulses but

also impulses from auditory and somatic sensory structures.

Sensory Input - Optokinetic Nystagmus

The normal optokinetic nystagmus cycle is a very complex process.
Since fixation is necessary for optokinetic nystagmus, some if not all
of the afferent visual tracts must be intact.

Sensory Input - Convergence

Convergence occurs when the optic axes of the two eyes are aligned
on some relatively near point. Contraction of both medial rectus muscles
brings about this movement. However, the movement upon convergence differs
somewhat from adduction of either eye. Not only is the adductive
amplitude less for convergence than for conjugate movements, but
convergence induces an associated intortion whereas conjugate movements
cause an extortion of the adducting eye. In addition, convergence
usually occurs in conjunction with accommodation and pupillary constriction
("'the near point triad'"). However, these components are mutually indepen-
dent to the extent that if for any reason, one component is prevented
from acting, the others act independently. Since convergence depends
upon aligning the optic axes of the two eyes on some relatively near
point, the afferent limb is apparently identical to that for vision.

Sensory Input - Compensatory Eye Movements

Compensatory eye movements can best be demonstrated in the normal
subject by tilting the head to one shoulder. During this maneuver, there
is a partially compensatory rolling of the eyes which does not occur

if the labyrinth is first destroyed. There is no voluntary control
of this compensating eye movement. The effect of the labyrinthine

stimuli on maintaining the position of the eyes can also be demonstrated
in man under certain pathological conditions in which volitional and
fixational reflexes are abolished. Under these conditions, the eyes

turn downward when the head is rotated backward and upward when it is
rotated forward, an action which has been likened to that of a mechanical
doll's eye (10). The sensory input for this is from the labyrinth to
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Figure 3.3 Bulbar cross-section at level of VIII N .
Note abundant vestibulo-reticular connections.
MRF - medial reticular formation
LRF - lateral reticular formation
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the vestibular nerve. Whether the sensory pathway is identical with
that of the slow component of vestibular nystagmus is not known.

Sensory Input - Proprioception

It is now generally accepted that the extraocular muscles have a
well-developed proprioceptive stretch reflex system including muscle
spindles with large sized afferent nerves running in the third, fourth
and sixth cranial nerves to the brain stem (11, 12). The afferent
fibers leave the oculomotor nerves and enter the ophthalmic branch of
the fifth cranial nerve, ending in the region of the mesencephalic nucleus
of the fifth cranial nerve. The sensory input has not been traced past
this point. It may be worthwhile to state at this point that the
arguments concerning lack of position sense on the part of the eye have
no bearing on the presence of a proprioceptive stretch reflex system in
eye muscles. Position sense is mediated through joint receptors and is
represented in the cerebrum. Proprioceptive impulses are represented
only as high as the thalamus and do not reach the cerebrum. They are
not appreciated consciously. The eye has no joint receptors, and there is
no conscious position sense (for review of this problem, see ref. 13).

MOTOR OUTPUT FOR EYE MOVEMENTS

Although there is abundant clinical information unverified by
pathological verification, the oculomotor pathways will be interpreted
in this report only from anatomical and physiological experiments in monkeys
and the occasional clinical case with pathological verification. Electrical
stimulation over approximately 34% of the convexity of the cerebral
hemispheres results in the occurrence of eye and head movements. Approxi-
mately 38% of the cerebral hemispheres as shown by stimulation are related
to movements of hand, arm and shoulder. The frontal and occipital eye
fields do not appear to be as well delineated as previously considered (14).
On the contrary, eye movements appear to be diffusely represented in the
cerebral hemispheres. The rationale for this widespread representation
may be related to the fact that eye movements represent an integral part
of some sensory functions such as visual or auditory functions, in that
they provide a more efficient sensory input by directing the eyes and
head to the appropriate location. Eye movements often are directed
towards that portion of the extremity which is stimulated and appear to
play a role in other behavioral functions such as arousal to sensory
reaction and orientation reaction.

The outflow of fibers from the cerebral hemispheres to brain stem

appears to remain quite separate on tleway to the oculomotor nuclei. This
is demonstrated as follows: if a small lesion is made in the pontine
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reticular formation, there is an ipsilateral paresis of gaze. On
stimulating the contralateral arcuate cortex, the threshold for eye and
head movements is greatly increased. However, the threshold stimulation
in the contralateral occipital cortex nearby is increased to a smaller
extent. This would suggest that the separation of pathways from the

two cerebral areas to the brain stem are maintained quite caudally on
their way to the final common pathway (l4). From the effects of stimula-
tion and production of lesions, there is a large portion of the brain

that appears to be involved in the production of eye movements. Besides
the wide representation in the cortex and subcortex, the oculomotor
pathway can be found to pass the regions medial to the internal capsule
such as the fields of Forel, the zona inserta, and the median thalamus.
The pathways then converge at the level of the pretectum and become
concentrated in the tegmentum of the brain stem. 1In general, the oculo-
motor pathway is situated medially to the internal capsule except in

its most rostral portion where fibers from the frontal lobes are located.
In the pretectum the pathway is better defimed in the paramedian zones
which are first located laterally then ventrally to the medial longi-
tudinal fasciculus. At the level of the third to fourth nerve nuclei,

the pathway appears to decussate. After the decussation, which in all
probability is incomplete, the pathway can be traced down to the level

of the paramedian reticular formation on the pontine tegmentum. The
descending pathway is situated on both sides of the tegmentum, ventral to
the median longitudinal fasciculus. Although the oculomotor pathway does
not run through the vestibular nuclei, there is no doubt that a substantial
contribution from the vestibular nuclei is made to the principal oculomotor
pathways (15). Although the medial longitudinal fasciculus is involved

in movement of the eyes, it has no effect on conjugate eye movements. A
lesion in the medial longitudinal fasciculus only effects adduction of the
ipsilateral eye.

Motor Outflow - Visual

It is important to keep in mind that during tracking and saccadic move-
ments, the movement of eyes is being influenced not only by visual stimuli
but by other sensory information associated with the visual stimuli, such
as spacial and depth perception. Although there is no experimental evidence
bearing upon this, it is assumed that the occipital cortex is involved in
the movements of eyes induced by visual stimuli while following a moving
object and other reflex visual movements. These are referred to as pursuit
movements and appear smooth (16). It is of interest that at two to three
weeks of age, an infant turns its eyes to affix an object which attracts
its attention, but makes no smooth following movements until three to five
months of age, suggesting a separation of these functions.
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Motor Qutflow - Pupil

Motor fibers from the pretectal nuclei proceed with or without decus-
sation through the posterior commissure to the collection of cells marking
the Edinger-Westphal nucleus at the rostral end of the third nerve nucleus
complex. The axons leave this nucleus to synapse in the ciliary ganglion.
From this ganglion, a small number of fibers connect with the iris. Most
of the parasympathetic nerve fibers innervate the ciliary muscle.

Motor Qutflow - Vestibular System

Information on the anatomy of the vestibular system is limited to the
material mentioned in the vestibular input section . There is no anatomical
evidence to indicate specific pathways for the slow and fast phase of
vestibular nystagmus.

Motor Qutflow - Optokinetic Nystagmus

Optokinetic nystagmus appears to be served by a minimum of three neural
arcs. The fixation reflex necessitates the integrity of at least part of
the visual sensory input. The slow phase or following reflex, is thought
to involve the occipital cortex, while the corrective reflex, or fast phase
is thought to be related to voluntary gaze and hence would be mediated via
the frontal lobe. There is no experimental evidence to support any of these
assumptions. The oculomotor outflow probably follows the pathways as pre-
viously described. It is interesting to note that although optokinetic
nystagmus apparently can exist in the absence of vestibular nystagmus, there
is some suggestion that the fast phase of each share the same pathways.
Despite frequent literature references, the superior colliculus is not nec-
essary for normal optokinetic nystagmus in monkey, or, presumably in man.

There is evidence that the pathway mediating vestibular nystagmus may
in part be different from that mediating optokinetic nystagmus (17). The
evidence that optokinetic nystagmus is not mediated through the vestibular
nuclei depends upon the pathological observations that degeneration in peri-
pheral vestibular neurons and the vestibular nuclei in the brain stem sec-
ondary to severe streptomycin intoxication causes an absence of vestibular
nystagmus but permits a normal retention of optokinetic nystagmus. There
are other experimental conditions in which optokinetic nystagmus and vesti-
bular nystagmus are not associated., Following removal of the occipital
lobes bilaterally in monkeys, the optokinetic nystagmus is abolished. How-
ever, vestibular nystagmus in these animals, although not completely normal,
is present but in a somewhat lesser frequency and greater amplitude and
duration. It is interesting to note that vestibular nystagmus in the normal
monkey also shows these alterations when testing is performed in darkness.
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Motor Qutflows -~ Convergence

The oculomotor pathways discussed above probably mediate convergence,
the only qualification being that bilateral stimuli appear necessary.

Motor Qutflow - Compensatory Eye Movements

Compensatory eye movements are more clearly seen in rabbit than in
primate and man. The "doll's head movements" seen clinically appear to
represent the unmasking of compensatory eye movements in the presence of
lesions higher than the brain stem. With loss of voluntary gaze upwards
or downwards, passive extension or flexion of the head will result in the
eyes turning upward and downward involuntarily. The passive movement of
the head induces a vestibulogenic deviation of the eyes in the direction
opposite to that of intended gaze. These doll's head movements are absent
with involvement of the vestibular nuclei. The motor component has not
been investigated.

Motor Output - Proprioception

Experiments in goats have indicated that stimulation of muscle spindles
via the gamma efferent nerves increases the sensitivity of the eye muscles
to stretch sevenfold (18). Although the role of proprioception in eye
muscles seems to be redundant, the visual input being the main source of
sensory information concerning eye positions, for reasons previously stated,
proprioception is not concerned with position sense in eye muscle or peri-
pheral muscle. It is known that during foveal fixation in the human, there
is a continuous micronystagmus. If this micronystagmus is eliminated and
the image of regard stabilized upon the retina, the visual detail decreases,
rapidly resulting in a loss of contrast in the visual field and a marked
decrease in visual acuity after a few seconds. During fixation, the sensi-
tivity of the extraocular muscle to stretch is increased by stimulation of
the muscle spindles. This would permit reflex control of the fine movements
during fixation rather than providing information about the position 6f the
eyes in the head.

Sqmmarz

Visual tracking, vestibular nystagmus, optokinetic nystagmus, and con-
vergence all appear to be extremely complex systems involving many pathways
mediating the eye movements. . :
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Due to species differences, experimental data from subhuman species
should be regarded with caution when being applied to man. If alternate
white and black stripes are moved in front of many mammals, there is a res-
ponse to the movement. Even the common house fly will move in a direction
determined by the movement of the stripes. This might be considered a prim-
itive optokinetic nystagmus. Caution must be exercised in interpreting the
lack of effect of large ablations of occipital cerebral hemisphere on the
optokinetic nystagmus in monkeys. There is much clinical evidence to suggest
that there would be an effect in the case of the human.

Compensatory eye movements appear to be little-used in man, being phylo-
genetically an old system. It is possible that these eye movements do not

"make use of the same pathways shared by visual tracking, optokinetic nystag-

mus, or vestibular nystagmus. However, there is no evidence on this point.

Finally the pupillary system is quite separate from the previous sys-
‘tems discussed in as much as there is a synergy with convergence and accom-
modation. Proprioception has been discussed to raise once more the question
of its functional significance. Figure 3.4 summarizes the information.

LOCATION OF THE INTERMITTENCY OPERATOR

The intermittency operator has been described in visual tracking, ves-
tibular nystagmus, and optokinetic nystagmus. There are two levels in which
one can contemplate a site of integrative action to justify the presence of
an intermittency operator: the cerebral cortex and the brain stem. Although
the cortex does not appear essential for vestibular and optokinetic nystagmus
in monkey, this is not true for man. However, the cerebral hemispheres may
be ruled out on the basis of there being so many separate oculomotor pathways
coming from different areas of the cortex. There does not seem to be any
convergence of these pathways until they reach the brain stem. Within the
brain stem there appear two possibilities: the vestibular nuclei and the
reticular formation. The vestibular nuclei appear quite attractive as a
site for the .intermittency operator. There is no doubt that these nuclei
have a very important role in the control of eye movements. However, there
are two pieces of information which would suggest that the intermittency
operator is located elsewhere. Optokinetic nystagmus which does demonstrate
the presence of an intermittency operator daes not appear to be mediated
through the vestibular nuclei. On the other hand, compensatory eye move-
ments which are thought to be vestibulogenic in nature and presumably are
mediated through vestibular nuclei do not demonstrate the presence of an
intermittency operator.

It appears that there is a convergence of oculomotor pathways as one
reaches the pons especially in the paramedian zone through the pontine teg-
mentum. The intermittency operator has been described in responses (visual
tracking, vestibular nystagmus, and optokinetic nystagmus) which probably
use these pathways. One might also assume that convergent eye movements
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Figure 3.4 Anatomic scheme for oculomotor pathways
influencing eye movement.
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would use these same pathways. However there does not appear to be an inter-
mittency operator in the convergence mechanism.

Compensatory eye movements may be considered to be a less complex path-
way from the vestibular nuclei directly to oculomotor nuclei, perhaps through
the medial longitudinal fasciculus. It would be of interest to explore the
convergence mechanisms further and obtain additional data on whether the
intermittency operator is in fact absent under all experimental conditions.

The reticular formation has been implicated as an integrative portion
of the central nervous system in which auditory, somatosensory, visual and .

proprioceptive stimuli can come together. Experiments designed to investi-
gate these possibilities would be desirable.
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