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SECTION I
INTRODUCTION: THE RECORDING OF EYE MOVEMENTS

The descriptions of eye movements found in
standard works are practically all based on the work
of R, Dodge and C, H, Judd which was carried out with
the photographic equipment available during the first
decade of this century,.

Dodge (1901, 1903, 1907) worked with & method
which enabled him to secure good reéolution in the time
dimension but he did not achieve any noteworthy preci- |
sion in recording the positioh of the eye, This lack -
of precision is fatal to any”convincing analysis of the
data directed toward uncovering the muscular mechanisms
subserving these movements, Yet his paper (1903) ig
classical and many of his findings are corroborated in
this report.

Judd's data (1905, 1907) are unfortunately quite
unacceptable as a guidé to the temporal sequence of
events during eye moveménts, Most of his records were
obtained photographically ﬁith exposures lasting often
as long as 100 milliseconds.w

' In order to be able to draw correct conclusions
concerning the nérvous and muscular mechanisms subserve
ing eye movements it seemed in order to investigate

1



again the time relation of the change in position of
the eyes in the orbits during various eye movements,

Several methods of studying eye movements are
available [Duke-Elder (1942), Carmichael and Dearborn
(1947), Taylor (1937), Stewart (2951)7 . :

The first quanti%ative hethod was a subjective
one [Helmholtz (1925), Vol. III, p. 153] and was used
successfully by, among others, Lamansky (1869) and
Brﬁckner (1902), During the eye movements the eye is
intermittently exposedvto a bright point source and the
retinal separations of the after-images produced by theﬁ
source give iInformation about the average velocity of ‘
the eye during thé intervals between successlive flashes,

‘- Neither the subjiective nature nor the discéntin-
uity of the registration is by itself enough to coﬁﬁemn
the method since subjectiQe Judgmenﬁ and discrebeéness
of interval enter into tﬁe analysis of even the most
continuous objective recofd.

Leaving aside the mechanical methods [Duke-Elder
(1942)] , which by their nafure require some 1nterfer-
ence with the normal physiological processes, there
remain ﬁhe electricaL‘and photographic methods, A good
discussion of the electrical method has been given by
Marg (1951) recently. Perhaps the outstanding disadvan=-
tage of the method is the limitation of its precision;
it is estimated that with it the position of the eye
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within the orbit cannotvbe determinéd with an accuracy ‘
of more than about one degree.

J The photographic method has been widely and vari-
ously used and in its most recent forms has been .extend~
ed to yleld continuous records of horizontal and
vertical eye movements with a high degree of accuracy.
This approach has, however, been applied only to the
small movements of the eyes during "steady" fixation and
has‘apparently never been extended‘fé the 1lnvestigation
of the grosser types of eye movements,

The method which provided the data upon which
this dissertation is based, avpears optional for the
purposs. It has been'possible, where needed, to secure
continuous photogravhic records of the horizontal méye-
ment of both eyes., The resolving power in the time
4imension is about one millisecond and the position of
the eye 1ls reglstered with a precision of five to ten
minutes of arec,

The apparatus(figuragjconsists of an American
Optical Company "Ophthalmogféph" eye movement camera on

which the following modifications were made,

t
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(1) The film was moved‘by a sprocket wheel driven by

an assembly designed to keep the motion at a uniform
rate and free from chatter, The assembly was driven

by an electric motor geared down by a series of pulleys
to keep the film moving at the desired speed.

(2) A narrow (less than 1/10 mm) horizontal slit was
positioned in front of the film,

(3) The lenses in the camera were replaced by a pair

of coated achromats of 26mm aperture and 90mm focal
length which were combined with a pair of 1.5D cylinders
oriented sd that a point object was imaged as a vertical
streak in the plane of the film, \
(4) The 1lluminating system éonsisted of a ?air 6f
streak filament bulbs. The images of the streaks,
oriented vertically, were focused a little ﬁehind tﬁe

center of curvature of the cornea.

The combined effect of modifications (3) and (&)
is to produce in the plane of the film a vertlical streak
image of the corneal reflex, (In this dissertation the
term corneal reflex refers té the reflection of a lum-
inous object in the cornea,) A narrow part of this
vertical streak is intercepted by the horizontal slit
thus isolating purely the horizontal component of the
movement of the streak across the slit,

During most parts of thne experimentation the film

speed was 87mm per second, The resolution and steadil~
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ness in the time direction are illustrated in figure 2a
which shows a section of film which was intermittently
1lluminated by a Strobotac flashing 250 times ver second.

~ In order to test for steadiness in the direction
of eye movements, a contact lens was clamped to the
subject's bite bar and é record obtained in the ordine-
ary manner, A section of it i1s shown in figure 2b.
Figure 2c shows the trace of both corneal images
of a subject during binocular steady fixation of a light
spot 10 minutes of arc in diameter situated in the med-
ian line 150cm in front of the observer, It will be
seen that the width of the trace is equlvalent tbaan
eye movement of about 1/40 and that variations 1n‘posi-
tion of the trace of about a half of its own width are
clearly discernible and possibly capable of measuremént.
It is estimated from this that the resolving power in
the laféral direction, 1.é., at right angles to the
fime direction, of the apparatus as used is of the erder
of five minutes of arc, i,e., changes in eye position
of about five minutes can béirecognized on the reeord,
Comparison of figures 2b and 2c¢ shows the un~
steadiness of the trace during 'steady' fixation,
This may correspond to the eye movements during steady.
fixation which have been so abundantly demonstrated |
[Adlef and Fliegelﬁan (1934), Lord and Wright (1948),
Ratliff and Riggs (1950), Ditchburn and Ginsborg (1953),
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Fig, 2. Performance of modified "Ophthalmograph!

a. Jtrobotac fiashing 250 times per second,
b, Contact lens clamped to subject's bite bar,

c. Trace of corneal reflections from both eyes
during 'steady' fixation.,



Barlow (1952)]. Not too much attention 1s being piaced ‘
on this point 1h the present dissertation, however, since
these phenomena are just about at the threshold of the
resoiving power of %the apparatus and since one cannot

be certain that lateral or rotatioumal headpovemenﬁs of
this order are being combletély eliminated by using
merely a bite bar with a wax impression of the subject*s
teeth,.

Ratliff and Riggs, and Ditchburn and Ginsborg
used a contact lens method of recording eye movements
which ensures that the record is not contaminated by
translational movements of the eye in the orbit as
opposed to purely rotational movements. A contact lens
probébly follows accurately the small 1nvolgntary mové-
ments during fixation. A contact lens will not, hoﬁ~
ever, follow the eye precisely in its larger excursions.

The correlation between extent of lateral excur-
sion (rotation) of the eyeball and the distance through
which the trace moved laterally across the film was
established experimentally .for each subject, It was
found that over a median 25°, i,e., 12 1/2° on either
side of the primary position, this relation is linear
(figure 3) but falls off sharply from linearity as the
extent of the movement increases., Care was taken to ﬁse
for the purpose of analysis only those parts of the

trace falling within this linearlrangeo
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SECTION II
PROCEDURE AND RESULTS

A. Step Stimuli.

Two neon dulbs Ny and Ny were mounted so’thap
they could be mecred Tto any position on a horizontalzarc
of 150cm radius centered on the midpoint of the base
line comnecting the centers of rotatlon of the subject's
eyes. They were connected by an electric circult
(figure 4) in such a manner that when the microswitch K
was pressed, bulb N,, would light up ahd bulb No would
be extinguished, and the rsverse would occur on releas-
ing the microswitch, A light soufce 3 was positiohed 50
that the lens L and the two mirrors M; and M, would image
1t on the film plahe a little to the side of the trace
of the corneal reflex and, like the latter, was inter-
cepted by D, the dianhregm‘with the narrow slit, ;

Mirror Ml}was attazhed to-an electromagnet which
instaneously (1.e, witkin about one or two milliseconds)
assumed different positicns on pressing and releasing
the microswitch and in this way the signai line was
displaced synchronously with the change-over from one
bulb to' the other. The bulbs, incidentally, also 1lit
up and became extinguished instantaneously. |

10
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An episcotister disc driven by a synchronous motdr
was placed at E intercepting thevlight rays constituting
the signal line once every ore hundredth of a second and
in this manner a time scale was established on the re-
cord itself, ) ”

aAfter securing the calibration record for every
subjJect as illustrated in figure 3, the response of the
eye to a step stimulus was obtained in the following
manner, The subject was 1nstructedyﬁb fixate the neon
bulb which was 1lit up and which was the only target
visible in the otherwise dark room and was told to
change fixation to the other target immediately it be-
came visible. Both neon lights presented a narrow
recténgularn filament to the subject measuring apprdxi—
mately 2mm in the horizontal direction and aporoximately
8mm in the vertical direct}on. They had a »pinkish glow
when current was passed through them and their luminance
Was matched by adjusting the variable resistance R,.

Responses were obtainea for symmetrical position-
ing of the two targets on either side of the median
plane and for angular separatibns,at the nodal point of
the eye: of 2,4,6,8,10,12,14,16,18,20,25, and 30 degrees,
A typlcal response to a 20° step stimulus is shown in

figure 5,
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It exhibits certain characteristics some of which
have not @0 far Teecn Sescrihel.

There is & reacvion t.we which varies between

i

120 and 380 milligezonds. The smaller of these vglues

is somewhat less than previously reported. An analysis
of the relation between the extent of the separation of
the two bulbs and the reaction time has not been attempt-
ed, It would require a randomization of the presenta-

tion of the stimull which was not carried out during

.. the experimentation.

Some of the other features to be noted in figure
5 are: |
(a) The high degree of simultaneity of onset of
the movement in the two eyes.
(b) The rapid acceleration to a velocity which
1s maintained over a large part of the movement,
(¢) The overshoot and small oscillatiors around
the final position., This overshoot is to be
distinguished from the overshoot described by
previous writers. If the first fixation was
beyond the correct point and after another.re-
action time.é further movement was made to a more
accurate positién, this was often referred to as

an overshbot of fixation,
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A discussion of the theoretical implications of
these findings will be given in Section III,

Figure 6 Shows the change in velocity and acceler-
ation of the eye during the course of a typlcal saccadic
eye movement bf 20°, The implication of this graph,S
teg, will be discussed in Beetion III. In this eone
neetion 1t is of interest €0 note that the maximum
acceleration of the eyeball showed no significant 4if-
ferences for saccadic movements ranging‘from 15° to 50°,

In figure 7 the maximum velocity during a sac-
cadic movement has been plotted against the extent of
the movement, It wiil be seen that the maximum velo-
city increases as the extent of the movement increases,
but that the relation falls off sharply from linearity"
for more extensive movements. |

When an attempt was made to obtain a similar
curve for subject L.C. 1t was found that the maximum
velocity was consistently lower when the movement was
in the ieft directien, There was practically no over=
lapping of the data and figuréys 1s a good representa-
tion of the two average cufves.‘v | |

This finding is not unique. There are a number
of references in the literature to differences in maxi-

mum velocity of saccadic movements depending on the
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direction of movement, or whether the movement is to~
wards the center oraway from it and so on (see Techermak
(1931) for a review of the literature and Brockhurst
and Lion (1951) for a recent such determination.).

In order to ascertain whether there 1s any sys-
tematic difference in the maximum velocity of a 10°
horizontal saccadlic eye movement depending on its
direction and 1ts relation to the primary position of
the eye and the median plane of the body, the following
experiment was performed on three young adults with
normal vision and with no significant refractive error
or oculo-motor imbalance, '> -

One of the two neon bulbs was placed in the
median plane and the other 10° lateral to it, first to
the right and then to the left. The maximum velocity of
saccadic movements from the center bulb to the lateral
one was measured for four consecﬁtive mdvements, hoth
towards and away from the center bulb, and for both
lateral positions. The-measprement was obtained for
each eye and the results for L,C. are set out in table I.

’It will be seen that the measurements e&a be
groupediin four classifications each‘containing two
categories:

(2) In and Out (with respect to the primary
position of each eye) L
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(b) Nasal and Temporal (with respect to the
median plane of the body)

(e¢) Looking to the right and to the left
(d) Right eye and left eye

The analysis of such data is not a simple matter
and it was attempted by setting up a tridimensional
analysis of variance for three of the categories. The
intragroup variénce was uéed as the denominator for the
F ratlios. A separate P ratio was theh determined for
the sum of squares of the remaining category, This is
a legitimate procedure since it separately expresses a
relation implicit in the interaction terms oflthe main
analysis of variance, Table II shows the analysis of
variance of the data of table I, ’ |

Under the data in table I the result of the
analysis of‘variance has been summar1zed. It is seen
that in the caée.of subject L,C,-the maximum velocity
differs significantly (at the ,1% level) depending
whether the movement is to the. right or to the left.
The present manner of analyzing the data makes this
a definite conclusion qulite independent of variations
in maximum velocity with one or more of the other

varlables.



Table I

MAXINMUM VELOCITIESvOF 10° LATERAL SACCADIC EYE MOVEMENTS
Dégrees'per Second

Subject: L.C.

* : Right Eye Left Eye
. Looking B Leoking L : Looking R Looking L
. Tempor, Nasal " Nasal Tempor. .
out 337 in 380 out 407 in 395
395 366 L66 352
Center-Right 337 - 352 - 4o7 366
v}366 337 407 352
in 380  out 407 in 428 out 380
Loy il b7 L28
Center-Left Ly Lo? L66 366
Lo7 337 . Ls7 . 314

AVERAGE: Right Eye 382 Left Eye 404 Difference significant at 5% level
Looking B 414 Looking L 37¢ Difference significant at ,1% level -
Nasal 409 Temporal, 377 Difference significant at 1% level
In : 398 Out 388 Difference not signifilcant

12
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The experiment was repeated with the other two
subjects and the data for these is presented in
tables II¥ and IV, A4n analysis of variance for each
of these sets of data was carried out and the results
given under the tahles, |

The over-all resuits of this group of experiments
are summarized in the tahle V, It will he seen that,
while the ratios differ at various levels of signifi-
cance, no consistent pattern can be found bo charac-
terize the variations in maximum velocity with one or
other of the categories mentioned. This result is in
direct contradiction with the findings of Brockhurst
and Lion (1951).who used an electrical method of meas-
uring'eyé movements,

On the whole the results of the present experi¥
ment would support the view that consider-=ble 1ndivid-
ual variation occurs in this tyve of data and this
would explain the contradictory claims made by.the
rrevious investigators.

No ready theory can be édvanced for the occure
ance of these variations. In the case of subject L.C,
whenathe:difference between the right and left direct-
lons is so highly slgnificant the cause must be placed
in a center higher thén the motor nuclei, In general

however, it is proposed to leave the question of these
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consistent variations in the maximum velocity of sac~
cadlc movements in abeyance until a more definite under-
standing of the mechanics of rapid eye movements hgs

been achieved,



, Table II . : ‘
ANALYSIS OF VARIANCE OF MAXIMUM VELOCITIES
OF 10° LATERAL SACCADIC EYE MOVEMENTS (SUBJECT L.C.) .

SUM OF

SOURCE DEGR. OF | ESTIM, o
e . SQUARES | FREEDOM | VARIANCE| F |SIGNIF.|
In/Out 611 1 611 68 | --
Right Eye/ Left Eye 4928 1 4028 4.52 5%
Looking R./Looking L. 11339 1 11339  12.73 | 1%
In/Out - Right E./Left E. 375 ' 375 42 | --
, . Interaction _ ‘ ' 1
In/Out - Look R./Look.L. | 9177 1 9177 |10.30 | 1%
o . Interaction . , .
R.E./L.E. - Look.R./Look.L. 8517 1 8517 9.56 1%
’ .- Interaction , ‘ o :
Triple Interaction 3886 1 3886 | 4.36 | 5%
37933 -7 >
Intrﬁgroup 21 392 24 891
159325 31 1914 o
| Nasal/Temyporal 8416 1 8416 | 9.45 | 1%

Ei3



Table III

MAXIMUM VELOCITIES OF 100 LATERAL SACCADIC EYE MOVEMENTS

Degree per Second

Subject: D,D,
Right Eye Left Eye
Looking R Looking L Lobking k Looking L

Tempor. Nasal : Nasal Tempor.

out 349 in 362 out Lo4 In 375

» 362 389 k20 389

Center-Right 349 389 375 389

387 Lok Lok 389

in 420 out 437 in 437 out 375

375 Lok 389 362

Center-Left 375 420 Lok 375

Lok 389 Lok 349
AVERAGE: Right Eye 385 [Left Eye 390 Difference not significant
- Looking B 388 Looking L' 387 Difference not significant
Nasal Loz Temporal 373 Difference significant at

: .1% Level -
In 392 Out 382 Difference significant :t

Lo 5% level

52
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MAXIMUM VELOCITIES OF 10° LATERAL SACCADIC

EYE MOVEMENTS

Degrees per Second

Subject F,M,

Right Eye

"y

Left Eye
Looking Looking  Looking Looking L
R Tempor, L Nasal R Nasal Temporal
out 416 in 416 out 416 in 434
399 - 416 L34 L3k
Center - 399 383 399 383
Right 369 h16 369 383
in 416 out 399 in 369 out 399
383 T b16 399 - 383 .
Center - 369 L16 342 399
Left 369 416 330 399
AVERAGE: Right Eye 400 Left Eye 392 Difference Not
= Significant
Looking B L06 Looking L 386 Difference sig-
nificant at 1
level
Nasal 396 Temporal 396 Difference not
significant
In 390 Out Lo2 Difference not

significant
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Table V

RATIO OF AVERAGE MAXIMUM VELOCITIES OF
10° LATERAL SACCADIC EYE MOVEMENTS

Subject
D,D, L.C. F.M,

- Bight Eye/Left Eye 299 ~95% 1.02
Looking R/ Looking L 1.00 1, 11w 1,05%%
Nasal / Temporal 1,08%%%  1_,08%% 1,00
In / Out ' 1,03% 1.02 .97
#* - Ratio differs from 1.00 at 5% level of

silgnificance x
#*%  « Ratio differs from 1.00 at 1% level of
significance :

st ~ Ratio differs from 1,00 at .1% level of
' significance.
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B. Pulse Stimuli,

By depressing the microswitch for only a brief
period, pulse stimull were produced in which neon bulb
N, was 1lit up for short periods while bulb Nj was off,
Before and after, the reverse held, It was possible in
this way to produce pulse stimuli of duration of as low
as 40 milliseconds, and the response was studied for
pulse stimuli between 40 and 500 milliseconds in dur-
ation. ‘

| The response consists of é-saccadic movement
bringing the eyes fully over to the position correspond-
ing to the position of neon bulb Ny, The reaction time =
for this movement‘is of the order of 120--140 milli~
geconds. A return sweep occurs either 200--250 m111i-
seconds after the eye has reached the new pdsition Ep
120 milliseconds or so after the return of the stimulus
to its original position, whichever is the later,

This 1s illustrated schematically in figure 9.
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C. Step Velocity Stimuli.

In order to generate visual stimull moving
with constant angular velocity across the visual field,
the - following apparatus was constructed.

‘Light from a projector was reflected by a
fixed mirror lnto a movable mirror‘and from there onto
a large cylindrical screen of 150cm radius, at the center
of curvature of wnlch was situated the subject’s head.
This ensured that the stimulus light was at all times
equidistant from the subject's eyes,

The movable mirror was mounted on a base which
rotated around a vertical axis. A 12" lever with a |
roller at its end was attachéd to the base énd the lever
was held with a spring so that the roller moved alqng
the edge of a cam. which was rotated at a cbnstant épeed
for a given run, For different runs, rotation of the
cam could be set at various speeds by adjusting the
-setting of a varliable speed:tofque converter interposed
between the cam shaft and a constant speed electric
motor, The cam was constructed so that in one of its
rotations the mirror was rotated in such a way as to
cause the stimulus to move 30° back and forth across the

screen with constantVVelocity throughout each excursion,
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As the mirror rotated, a drum mounted on the
mirror shaft gave off or took up inextensible string
whigh.was wrapped around a rotatable metal cylinder and
was held tight by having a weight attached to it, Rota-
tion of the mirror was thus communicated with aﬁ.ex- '
tremely high degree of fidelity to the metal cylinder,
on whiéh was mounted a small thick piece cf glass in the
path of light ravs emanating from a small streak fila-
ment lamp Operated‘on a 1.5 Volt baétery and brought to
a focus in the planse of the film of the camera by a lens
and a mirror. By proper choice of the size of the drum -
and cylinder, the. thickness of the glass plate and the
axis of its rotation it was possible to generate on the
film a curve which precisely represents the movement
that the eyes would have to make in following perfectly
and syndronously the movement of the target across the
screen, A time gcale was established on the film either
by interrupting the stimulus beam every 1/100 second
by a sector disc driven by a synhronous motor, or by
recording the movement of only one eye and using the
other eYe tube to focus the 1image of a Strobotéc flash~-
ing at the rate of 100 per second. In general it was

not necesgsary, however, to place a time scale explicitly
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on the film, since the apparatus was designed and has
been repeatedly demonstrated to.be highly reliable in the
time dimension. |

A manually operated mechaniqal shutter was provi-
ded which when raised exposed simultaneously theylight
stimulus to the screen and the signal beam to the fllm
and when lowered intercepted both beams,

The subject's eye movements were recorded when the
subject was instructed to look at the blank (dark) screen
and suddenly a light spot apreared somewhere in the cen-
tral region and moving horizontally with a steady vel-
ocity. The 3potJWas rectangulaf of 10' horizontal width
andvzo' In the vertical direction, Care was taken to
randomize both the velocity of the spot and its position
when it first appeared,

Typical records obtained are shown in figures (11)
and (12). General conclusions concerning the response
to this particuiar type of stimulus in three subjects are
the following: |

(1) There is a reaction time of 150-250 milli-
seconds'ﬁefore any response appears, The reaction time
seems ‘to he longer when the velocity was slower, No

attempt was made t0 gstudy the relation between reaction
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L%

Fig.. 11,. Eye movements in response to

a target moving with a constant velocity

of 2° per second

Heavy trace ~-- stimulus
Light trace -~ corneal reflex

Vertical lines =-- time in 10 milliseconds

Fig..12,. The same, Target velocity 5° pPer sece.-
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time and difference hetween the position of the eye and
of - the spot when it first appeared,

(2) Wnen the velocity is below 259-30° per second
there is usually a saccadic movement at the end of the

reaction time which brings the eyes onto the target

© . after which the eyes start to move immediately with a

'velocity exactly that of the target. During the course
of following the target there are often small saccadic
movements of 1° or sometimes mopz back and forth around
the target without any subsequent change in the velo-
city of the eye movements. The movement of the eyes
is extremely smooth and oonstént in veloclity in both
eyes down to the resolving power of the instrument both
in the time and position dimension,

When the velocity of the target 15 more than
about 259-30° per second, following movements are ob-
served, but they are usﬁally-substantially slower than
that of the target and more frequently interspersed
with saccadic movements,

(3) When the targetzdisappears due to lowering
of the shutter, the eyes usually continue the follow-
ing movement for lOO‘— 200 milliseconds. In the

periods between trials, i,e., when the screen 1is
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completely dark and structureless, eyemovements are
usually executed that contained both saccadlc and
smooth veloclity components.

(4) During the course of following a constantly
moving stimulus there are usually no changes in the
velocity of the following movements., Even 1f the
latter are too slow, the movements continue on at the
same speed but are frequently int@brupted by saccadic
movements to reduce the posgition error. Occasionally
there are changes in the velocity of the smooth move-
ments but they are not always in the direction of |
reducing the vélocity errof.ﬂ |

Similar results were obtained when the stimulus
was stationary and then suddenly starteddfo move‘with

a constant velocity,

D. Continuously Varvihg Velocity Stimuli

In order to record the eye movement response to
other than constant velocity visual stimuli, a cam
was constructed which produced continuous variations
of the velocity of the spot moving across the screen,
The variations afe‘unpfedictable to the subject and
contain a number of reversals in direction, The res-

ponse was recorded for the first few presentations
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of the cam in three young observers without any visﬁél
defects. The results as outlined below were identical
in éll three subj)ects and seemed to show no changes
even after zo:repetitions. -

Egsentially thg response was charactariééd by
these features:

{1) The tracking movemen®ts consist of comstant
velocity following movenents interspcrsed with saccadic
movements, ‘

(2) Chanees in velocity of tne smooth following
movements are always discrete ana occurred at inter-
vals of not less than 100 milliseconds and usually
fm&fg{i These changes are usually associated with small
saccadic movements. Occasionally small sections of
records look as though smooth and rather slow changes
in velocity of’followipg movements had occurred, On
careful analysis it 1s invariably possible to observe
stretches of movement of constant velocity separated
by "knees", i,e., short periods of the order of 20
milliseconds during which a change had occurred from
one Velooity to another.

(3) The lag between prominent changes in the

stimulus velocity and the concomitant changes in the
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¥Fig. 13. Rinocular eye movement

record during visual tracking of a spot
moving in an unkhown manner. Length of
record one second. Separation of target
and corneal reflex traces at beginning of
record corresponds to accurate binocular

fixation of target.
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eye movement response, is usually of the order of 100~
150 milliseconds,

Figure 13, a typical example of eye movements
‘during tracking of an unknown visual stimulus, clearly
illustrates the above points. |

It was possible to produce a horizontal sine
motion of the target across the screen by attaching an
arm linked to the mirror turntable eccentrically‘on a
‘rotating disc.

Orn first following such sine motions, the eye
movements show all the characteristics enumerated above.
However, records obtained after repeating a sine cycle
about 12-15 timzs show thal a considerable amount of
learning had taken place, There are then definite
stretches of the record during which smooth and slow
acceleration or deceleration of the eye movements can
be seen and the lag bétween,the stimulus and the res-
ponse 1is around zero, sometimes even negative, This
is conformity with findings of workers in the U, S,
Navy Electronics Laborat@fy in San Diz2zo (8+ill un-

published),



Fig. 14

Eye movements induced by diéontinuously

exposed moving stimulus. Stimulus line
corresponds to movement which the target would
have made had it been continuocusly exposed,
Actually it was exposed for 10 milliseconds

every 120 millisamnds.: Stimulus line interrupted
eVery 10 milliseconds. Note smooth following
movements after target had been moving only

about 300 milliseconds,. i.e., after at most three
short flashed in spatial separation corresponding
to movement had been presented. Note also that
following movement does not correspond in speed
to that of target, Separation of target and
corneal reflex traces at beginning of record
corresponds to accurate binocular fixation of

target.
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E, Discontinuously Expogsed Moving Stimuli.

The experiment describhed in the previous section
was repeated with ah episcotister placed between the
‘stimulusvprojector and the screen, In this manner it
was possible to present the moving stimull of various

kinds expcsed for only 10 milliseconds every 120 and
240, milliseconds. At the usual tavget speeds the 10
millisecond exposure was so brief that no movement of
| the target could be observed during the exposure time,
One may describe the stimulus situation as that of
10-millisecond light flashes at intervals of 120 and
240 milliseconds each sepafated from the preceg¢ding one
by the distance dictated by the type n. and speed of
movement,

Figure 14 illustrates that this stimulus situa-
tion can give rise to snmnoth fci10w1ng movements Jjust
as if the target Weré actualivy moving. It iz to be
noted that much more use is made of sascedic movements
to redune the position‘error than ir the situatioa
wnere the stimulus is continuovsly pressnt, The re-
sults throw further light on the meohanism inducing
following movements, They, too, open up a wide field

for further investigation.
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It would be of interest, for example to know
whether the adjustments in velocity and position occur
with fregquencies clustered around the interval between
-suocessive exposures of the stimulus or multiples
thereof, Another profitable line of enquirywcould
concern itself withnthe study of the effect of changes
in rate of interruption of the stimulus on the move-

ment response of the eyes,



Secfioh ITI
DISCUSSION AND THEORETICAL FORMULATION

A} Introduction.

The records of eye movement responses to visual
stimuli which have been described in Section II show
the combined effects of all factors contributing to
these movements., With some degree of arbitrariness
we may classify these under two broad headings: first,
all factorsi@%ﬁﬁﬁﬁﬁgand contributing to the change Iin
tension of the eye muscles and, second, the mechanical
factors of inertia, friction, and elasticity of the
orbital tissues which govern the changes in position of
the eyeball in response to change.in extra-ocular
muscle tension,

There are a number of advantages to this approach.
To begin with, we have available a nuhber of physical
concepts - inertia, friction, elasticity and so on <),
capable at best of actual experimental veriication
and at least of feasible numerical expresslcon from
known data of other investigations. It is possible
to factor out with some precision these purely mechan-
lcal aspects of an éye movement, allowing us to draw

definite conclusions concerning the oculo-motor reac-
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tion pattern of the central nervoug system to visual
stimull., In such a view it is neoeséary to lump the
phenomena of muscular contraction in with the central
nervous ones, This is not a serious objection since
the eye muscles are singularly well ccntrolled anq cap-
able of very delicate adjustment and since in anyvcase
we are concerned with the changes in muscle tension and
not the manner in which these are brought about,

An illusfration of our mode of approach is given.
in figure 15, taken from Brown and Cémpbell (1948),
which shows schematically the response of a hypotheti-
cal system to a command. Let us regard the eye move-
ment as the "outpﬁt" and let"command" refer to the
changes~in muscle tension., Our attempt will be tdk
define a system equation relating the two, and thiéa
will be done by showing that for a saccadic movement
there is good physiological evidence for the postulation
of a rather abrupt, or nealy step change in muscle
tension, A step input hapvens to he one i.ujzut which,
when related to the corresponding output, allows the
rather ready formulation of a system equation. Once
this has been achieved, one can, on the #ghe~ hand,

deducé, on the basis of this equation, the stimulus
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Comparison between command and output
for a hypothetical system with chér—
acteristics similar to those postulated
to exist in the .orbit (after Brown and

Campbell).
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for a given recorded response and, on the other, pre-
dict a response to a given command,

We are then left with the kernel of the problem
of this dissertation: the study of the relation of
the visuval stimulus and the resulting command td’the

extra-ocular muscles,

B, The Contribution of Orbital Mechanical Factors to

Observed Eye Movement Characteristics.

The available literature does'not contain any
records of either the chenge in nerve impulses to the
extra-ocular muscles or the change in tension in these -
muscles during a saccadic movement,

Labyrinthine stimulation, and particularly the
fast phase of nystagmus, produces eye movements whiph
resemble saécadic movements very closely, Filgure 15
shows the fast phase of the nystagmus of a patient
- with congenital nystagmus and, for comparison, a sacca=
dic movement of egual extent in a normzl oibject, The
two movements show very much the same characteristics,

Accurate records were obtained by Lorente de No
(1935) of the changes in muscle tension during nystag-
mus, The fast phase is characterized by a very rapid

rise in tension of the agonist, maximum tension being
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Fig. 16

Comparison of eye movements of subject with
congenital nystagmus (lower record) with a
saccadic movement of équal extent in a normal
subject (upper record - time line interrﬁpted

every 10 milliseconds).
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achieved in 25 to 30 milliseconds; There is a con-
comitant relaxation of the antagonist, but the two
effects are not always in strict synchrony.

A Szentagothai (1952), in a recently published mono-
graph, shows records of the contracticn Hf the eye
muscles induced bty stimﬁlation of the labyrinth, The
reaction time is only 10 milllseconds and the maximum

vcontraction

is reached in 20-25 milliseconds. During a vetanic
block (250 stimuli per second) appliéd to the III nerve
nucleus the eye muscle very quickly reaches its peak
tension which is held during the whole period of stimu-
lation., The peak contracfion is reached without over-
ghoot. Cooper and Eccles (1930) in their classical
papef showed that the contraction time of an extra-,
ocular muscle for an isolated twitch is only about 7
milliseconds, by far the shortest of.any muscle in the
body., |

MeIntyre (1939) studied the action potentiai of
the nerve serving the extra-ocular muscis «nd the ten-
sion of the muscle during caloric nystagmus, recording
the two simultaneously, He finds, as did Lorente de No,
a rapid contractioﬁ of the lateral rectus muscle dur-

ing the fast phase and a gradual relaxation of the
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tension in this muscle during the slow phase, if the
nystagmus 1s in a nasal direction for this eye. Similar
changes, mutatis mutande, were seen if the nystagmus
waé in the oprosite direction. Evidence from several
directiong thus indicates that durirng the fast phase
of nysisgrug trere 1s an antive contraction of the one
muscle reaching a high leval of cortraction quickly
and retaining tvhis level until it is gredually reduced
dufing the slow phase, Meanwhile the opposing muscle
is relaxed during the fast phase and gradually in-~
creases 1ts tension during the slow phase, Earlier
work on the eye muscles during nystagmus (McCouch and
Adler (1932)) and Lorente de No (1934) have indicated
thié and Sherrington had originally demonstrated 1t for
skeletal muscle, ‘ |

It is important to‘clarify this point since the
acceleration curve in filgure 6 lends i1tself to other
interpretations which have occasionally been put for-
ward - [Stetson (1905)3. In such views the pogitive part
of the acceleration curve is‘due to active contraction
of the agonist during the movement. Later during the
movement the agonist ceases to contract and after a

variable time, depending on the extent of the movement
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the antagonist, by active contraction stops the move-
ment, This is often called a ballistic movement. All
avallahle evidence 1s opposed to such an interpreta=-
tion, Making the assumption that saccadic movements
and the fast phase of nystagmus are alike, or eveh
restricting the discussion for a moment to the fast
phase of nystagmus, all records show a relaxation of
the opposing muscle during the fast}phase and a very
gradual increase in tension in this muscle during the
slow phase, At the same time there is a rapid increase
to presumably a steady high level of contraction in the
agonist and this is graduélly reduced during‘the slow
phase, Such a view represents a full Jjustification of
the concept of reciprocal innervation.

Applying this to saccadic movements one can then
say with a considerable degree of Justification that
they are brought about merely by a change in torque
which the extra ocular muscles are applying to the eye=-
ball, the latter coming to rest in a position represent-
ing an eguilibrium of the forces applied. It is help-
ful to think, and almost certainly correct, that the
movements are triggered off as a unit in the central

nervous system and that the change in torque takes place
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very quickly, the eye coming to rest in a position
determined by the forces opposing the motion,

A motion such as the one illustrated in figure 5
can be described, with some degree of generality, by

an equationof the form

i

£(t)

.Al'e' + F(9) + K(8)

which states that if a forcing function f£(t), a func-
tion of time, is applied to the eye, it is opposed by
the inertia of the system, a frictioﬁ term which is

a function of the velocity and a spring term, which
is a function of the displacement 6.

The simplest linear system of this kind is one
in which the friction is proportional to the velocity
and the spring force provortional to the displacement
from a given position. This brings the left hand side
of the equation into the following form

A8+ M8+ A (0 - 08)

It is not difficult to assign physical meaning
to the constants Ap, A1, and Ay

A2 is the moment of inertia of the eyeball, Aj
is the coefficient of friction which the eyeball en-

counters in the course of its movement in the orbit, .
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Ao is in a large measure an expression of the force
with which the relaxed muscle opposes the extension
which the other muscle brings about in moving the eye-
ball to the new position.

In the solution of this equation we make a fﬁrther
assumption, this time about the muscular forcing func~
tion, While all the references cited seem to agree
- that a movement llke a saccadic movement 1is brought
about by a quick change in nsion of the muscles, it
is unlikely that this change is completely instantan-
eous. In fact it is quite likely to take 20-30 milli-
seconds before the peak contraction is reached, This
is still only a fraction of the duration of the whole
movement which may last 60 milliseconds or more,

In making the assumption that the change in
torque 1is instantaneous we will arrivé at physical con-
gtants which will overestimate the contrihbution that
these mechanical factors of inertia, friction and
elasticity will make to the movement, It will be shown
that even then they are small enough not to contaminate
our records too much and that we may regard praotically
all phenomena whichvour eye movement records demon-

strate as genuine changes in innervation and hence
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accurately reflecting the centfal nervous response to
our stimuli,

We can then write down the following equation

A8 + 418 + A® = K (1)
K being a constant, The problem 1is to evaluate the
constants &5, A;, and A5 from curves such as the one
shown in figure 5,

It 1s of value to introduce the following parame-

tic form of equation (1) (Trimmer 1950)

6 L 2005 3
Bhll —— — ; = < )
w,} T Wik * ( : ({ “

e
where Wa = v A/A,
4 - /‘\/ /2 V"r/"‘nc Atz

The solution of (1la) consists of two parts, the comple=-

i

mentary fdmaction, which is the solution to the equatian

6., 159 Lo .y (2
W, W

and the particular integral which takes into account
the particular type of forcing fwhction f£(t).
The solution of (2) is 7 LA

B= e (0 cos ol + 2 Hiaiat) B

and expresses the manner In which the steady state

of response to the forcing fwvhction is reached, ;

and éi are the values of ) gnd & when t =0,
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The constants Wn andg’characterize the system
and approximate numerical golution [Trimmer. (19502]
of a number of curves of the type of figure 5 have
ylelded approximate values as follows:

L = .7

7

W, = 120

A description of the significance and use of
these parameters is glven in modern discussions of servo-
mechanism { Fitts (1951), James, et, -al, (194?)3;

It must be fully understood that the assumption
underlying the use of equation (3) is that we are, in
fact, dealing with a linear system. Unfortunately
there is évidence that the oculo-motor system does not
in fact fit +this description, In a linear system the
relation between maximum velocitles in the responses\
to step stimuli of different extents should be linearly
related to the stimulus., Figures 7 and 8 show that this
is not so in the system under discussion here,

For the time belng the nature of the non-linearity
remains obscure, It is probasble that, for saccadlc
movements of short extent, lack of instantaneity of on-
get of phanged torque produces a high degree of "guild-
ing" over a considerable proportion of the whole move-

ment.
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A very likely cause of the non—linearity would
be a friction term proportional to the sguare of the
velocity rather than the velocity itself [Stoker (19502]
a formulation often used when dealing with friction
within a fluid, It would, for instance, explain the
fall-off from linearity of the maximum velocity curves
of figures 7 and 8 since the friction increases with
. the square of the velocity and thus progressively
mitigates against the attainment of high velocities,
Guth (1947) shows a tension versus extension curve of
muscle which is exponential, It might well be, there-
fore, that the specification of a spring constant is
too simpie an assumption; the tension to be overcome
in extending a muscle by a given amount woul@ then
vary with the initial extension, Since the percentége
extension produced by even a large eye movement 1is quite
small, this 1is probably not an important consideration.

A full analysis of these possible causes of non-
linearity, while feasible, has not been attempted 1in
this dissertation.

The derivation of numerical values for the para-
meterslwn and{ , while admittedly based on many assump-

tions of only approximate validity, is, however, of
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some use, The nature of the central assumption, viz.,
of a gtep increase in torque, implies that numerical
values arrived by its use will always exaggerate the
purély mechanical factors of inertia, friction and
elasticity,

In those cases in which the forcing function is
a constant or constant rate of charge, i.e., in the
case of a step or step velocity forcing function, equa-
tion (3) is an expression of the deviations of the
system from the pogltion which the functiQn would com-
pel 1t to assume in the absence of these mechanical
opposing forces,

The formulation presented here would glve the
maximum error due to these mechanical factors andrif we
make this allowance for these we can deduce with a
fair degree of certainty the nature‘of such forcing
functions from the eye mévement records.

Equation 3 represents a periodic function and
if 4w, is positive and real it has an amplitude de-
creasing with time.

Substituting the approximate values for {and Wy
obtained earlier and applying equation 3 to the case of

a forcing function applied to the eye which will, when
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"Fig. 17, Respcnse of a hypothetical system to a
step velocity forcing function (after Brown
and Campbell{o ‘ ‘
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Fig. 18. Onsst of steady constant velocity movement

in eye., 180 milliseconds before arrow
a constant velocity target (heavy trace)
appeareg on screen. Note gradual assumption,
with oscillatory changes, of a constant :
velocity which is reached about 60 millisecs.
before saccadic movement.,

Vertical lines =-- time in 10 millisecs.
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the transients have subsided, cause the eyes to move
with a'velocity of 20° per second, we find that the
transients are small, Within 35 milliseconds of the
onset, the transients will have an amplitude of 2! and
within 55 milliseconds they will have an amplitude of
36", This means that thé maximum error at these times
as counted from the onset of the forcing function will
not exceed the values given,

| The exact shape of the response curve can be de-
duced from an analysis of the equation, Schematically
it would look like figure 17, reprcduced from Brown
and Campbell (1948), Comparison may be made with figure
18, which is taken from an actual record in which a
steadily moving stimulus was presented to the eye about
180 milliseconds before the arrow, ﬁ

The trace of the corncal reflex of the eye clear-
ly shows the transition period between zero velocity and a
steady velocity which is maintained for about 60 milli-
seconds before the steady state error, including a
difference in zero position, ls comvensated for by a

saccadic movement.
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The transient period in the record is character-
ized by oscillabtory changes and the constant velocity
is reached somewhat more slowly than this formulation
would predict for a step velocity input. One is pro-
bably entitled to coneclude that the latter assumption
is too idealized,

In general, fhen, we may conclude that for a
reasonably slowly changing forcing function the eye
follows the forecing function with considerable fidelity.
In particular we may conclude that the discrete changes
in eye veloclity exhihited during visual tracking of
an unknown task are in fact expressions of a discretely

changing‘motor input,

C. The Mechanism of Saccadic Eye Movements.

It is of interest to compare the actual positién,
velocity and acceleration»characteristics of a saccadic:
movement with that to bhe expected on the basis of the
assumption of a ballistic movement, The left: hond
side of figure 19 gives in a schematic way these curves
based on the assumption that a movement is started and
stopped by sudden and individuval bursts of contraction
of the'agonists and antagonists respectively., The

right hand side shows the ocurves actually obtained. The
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movement is obviously not stopped in this manner since
the negative acceleration comes on relatively early in
its course,.

Considerable variations exist in the details of
the acceleration curve of various movements even of the
same extent in one individual, However in general
features they are guite alike and almost all of them
show a second burst of positive acceleration,

It is likely that this doubling of the positive
part of the acceleration curve is due to a possible
asynchrony in the onset of the contractlion in the
agonigt and the relaxation in the antagonist. Thils was
found by Lorente de No (1934) in the fast phase of nys-
tagmus. The evidence adduced in the previous suhscction
seems to show that without a doubt a saccadic movemént
is a single changé:tension occuring more or less simul-
tancously and in opposite directions in the two muscles
concerned,

Such a view leads also to a most parsimonious
explanation of all eye movement phenomena, It may be
postulated that a biunique felation exlists between ine-
nervation sets to the eye muséles angd positions of the

eye in the orbit, A saccadic movement would then be no



6/

atiam i ovame e o - me e e =y

BALLISTIC MOVEMENT

SACCADIC EYE MOVEMENT

/S

-

POSITION

VELOCITY

t[._L,U it LY\ e

Time —-a

Time - - |

Fige 19
Schematic diagram of ﬁosition, velocity and
acceleration changes during a hypothetical
ballistic movement (left) and a typical

saccadic eye movement {right).
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more than a pradétically instantaneous change-over from
one immervation set (one positioh) to another one.
This would occur as a unitary phenomenon in which in-
structions for all necesgsary change in muscle tension
are lssued and effected practically 1nstantaneou§iy
and the eyeball comes to a stop in the equilibrium posi-
tion dictated by the new forces, A discussion of the
implications of this view from the standpoint of the
mechanics of the orbit was presented-in the previous
subsection.

Problems such as to the manner in which the
vertically acting muscles are re-aligned during a sac-
cadlc mbvement, golve themselves in such a formulation:
the‘innervation corresponding to the new pogition"\
reaches them just as the more immediately concerned
muscles, |

Such an explanatioﬁ would have the advantage of
‘eliminating the necessity of the careful timing of the
contraction of the opposing muscle to stop the muscle
that is inherent in the hypothesis of a ballistic
movement and, moreover, it has all the physiblogical
evidence on 1its side.

This unitary concept of a saccadic movement is
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rarticularly appealing since it identifies eye position
with a narticular set of innervationsand fits in with
a new rational view of fhe oft-discussed problem of
propfioception in the extra-ocular muscles, This‘will
be further elaboratecd 1hasubsequent suhsedtion.

In-". connection with the mathematical formulation
presented in the previous subsection it is of interest
" to point out that the root means square error of the
respbnse of the system to a step stimulus would be
Just about minimized with a system of the characteristics
we have found it to possess. This means that the mech-.
anical system of the orbit works in such a way as to
raeduce the total error involved during the process‘in
shifﬁing from one position into another to a_minimum,

While the evidence points to an independent
initiation and elaboration of saccadié movements, the
question arises whether a:sequence of saccadic move=
ﬁents can be carried out in intevals shorter than that
of visual reaction times, Figure 9 shows that the
return sweep in the response to a pulse stimulus seems
to be visually induced, i.e., its delayed onset sug-
gests'that the detectlon of the absence of thé original

target (in the case of short pulse stimuli) or the
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cegsation of the return sweep, This is a definite con=-
clusion here, but it 1s in contradiction to experiments
carried out by Cobb who showed that a sequence of sac-
cadic movements can be organized beforehand and that
such saccadic movements are separated in time by ih-
tervals shorter than a visuval reaction time, That the
latter situation can exist is not denied. In fact, a
- sequence of small saccadic movements during apparently
steady fixation was observed in subject L.C. and 1s
reproduced in figure 20, It will be observed that the
pauses between the movements are only about 50 milli-
seconds -~ far shorter than any observed visual reaction
time, Océasionally during tracking there are sequences
of saccadic movements separated by intervalé#iess than
100 milliseconds, 4n example of this can be seen in:
figure 14,

From this we may draw the conclusion that although
saccadic movements are indivisible innervational units
and are usually brought into operation by specific vis=
nal stimuii, they can be elaborated in sequences at
intervals shorter than a visual reaction time. Appar-
ently such a sequenée is nqt induced by a pulse stimulus

as described in Section 2B, and this raiscs a number
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Fig. 20
Sequehce of small saccadic movements during
apparently steady fixation, Intervals between
movements are only about 50 milliseconds, less
than half the shortest reaction time to a

visual stimulus.
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of points about the manner of visually responding to
more complex pulse stimull consisting of several com=
ponents, Yet the thesls of the unitary and indepen-
dent initiation of a saccadic movement seems fully

Justified,

D. Ihe Mechanism of Visual Iracking.

The interpretation of the data of subsectionsC,
D, and E of Section II allows us to sét up a clear cut
formulation of the mechanism by which eye movements are
induced by horizontally moving visuval stimuli,

It s to be pointed out explicitly that the stimulus .
situation was designed thoughout to study the mechanism
of tracking when the subjeét had no clues with which
the predict the movement. Care was taken to keep the
subject unaware of the tyne of movemant to be preseﬁted
and the speed and starting position of the target which
he was to track,

On three occasions a deliberate attempt was made
to determine the effect of repetition of the stimulus
on the response, In one case a regular "soguare wave'
of stimulation was presented, i,e,, the stimulus ef-
fectively Jumped back and forth from one position to

another at regular intervals which were varied from two
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per second to one every three seconds, In the second
Instance the target moved across the screen back and
forth horizontally with the velocity changes dictated
by a sine motion,

In both cases it was found that within a very few
presentations, half a dozen or so, the subject was no
longer tracking the target, i.e,, following 1it, but was
actually anticlipating the movement with the result that
the lag between the stimulus and the.response was re-
duced to a value of about zero and sometimes the res-
ponse actually preceded = the stimulus, It 1s clear
that anticipatlion plays a major role in the visuval re-
gponse and all was done in this experiment to eliminate
it, for our interest lies in the mechanism with which
pﬁrely visual stimuli per se prdduce movement respbnses.

The third case of repetition was that of the "pro-
blem" cam which contained unpredictable velocity and
‘acceleration changes, No learning was demonstrated in
its case in as many as 20 presentations.

Movement of the target across the retina or the
illusion of movement as produced by short bursts of
retinal stimulatioh‘in the temporal and spatial sequence
of a typical movement stimulus but separated by reason-

ably short time intervals, induces a regular constant(
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Fig, 21

Eye movements 1in response To a
brief (200 milliseconds) constant

velocity stimulus
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velocity movement in both eyes. The velocity of this
movement is generally but by no means always closely
related to the speed of:the target and within a reason-
able span of velocitiesjthe eyes start moving with the
correct velocity after a rcaction time of often less
than 200 milliseconds, After the stimulus has ceased
to move or has disappeared from view, the eyes continue
to move for 100 milliseconds or more, '

This 1s well illustrated in figure 21, which shows
the rcsponse to a brief constant velocity stimulus which
has already disappeared before the eyeg started respond-~
ing., There is a saccadic movement to a position which
the target would have occupied had it not been with~
drawn from view, The smooth following movement induced
is of the correct velocity and persists for.nearly 200
milliseconds before it is checked, Several hunting
saccadic movements follow,

During tracking, adjustments to errors are carried
out by discrete changes in the velocity of the following
movements and by saccadic movements., A great deal of
the adjustment of errors due to an incorrect veloclty
?gligﬁiﬁgnﬁgsgﬁeﬁﬁiOggt%e11 as the adjustment of all
position errors takes place by means of saccadic movementy

It has been shown in a previous subsection that
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an ophthalmograph record of a smooth .constant velocity
following movement may in fact be regarded as an ex-
pression of an immervation to this end, mechanical
artefactns being of a smaller ovder of magnitude,

This means that innervatlon to produce a sméoth
following mofement can be induced as a unit as a re-
sult of the perception of movement and that these movew
ments are not always fully correlated in velocitvaith
that of the stimulus, One pictures the mechanism of
tracking then as a perception of movement, the putting
into operation of a well-integrated train of impulses
designed to impart to thé eyes a constant velocity move- ‘
ment, the correction of position errors by saccadlc
movements and the modification of the speed of the fol—
lowing movements in discrete steps as the need may arise.
The corrections lag behind the stimuius by an interval
of the order of a reactioﬁ time,
| This may perhaps be called a closed loop circuit
in which errors are used to modify the performance,
but it is a closed loop circuilt of a higher order which
uses both Jjump responses and smooth followihg responses
all of which are uéed and modified discretely and at

intervals,
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In general the results give support to the view
of looking at the human tracking response as a closed
loop circuit reactfng discretely and further studies
seem in order, For example, 1t would undoubtedly be
of intcrest to investigate the magnitude of the errors
which induce certain responses and, in a more general
way, to cross correlate the stimulus with the eye move=-

- ment response.

E. The Components of the Reaction Time to Visual Stimuli.

There are several clearly distingulshable stages
in the response of the oculo-motor system to visual
stimuli: the sensory aspect 1nvdlving the_eye as a
sense organ and the optic nerve as a transmitting agent,
the central stage involving the various cerebral areas,
and the motor stage involving the pathways to the oculo-
motor nuclei and the transmission and putting into
effect of the motor impulses originating there,

It is of interest to assign approximate fractions
of thc total reaction time to a visual stimulus to the
threc stages involved, |

Szentagothal (1952) tound that the interval be-
tween the onset of a direct stimulation of the labyrinth

in cats and dogs and the onset of a reflex contraction
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of an eye muscle (which would produce vestibular nys-
tagmus) 1is about 10 milliseconds., This leads him to
vostulate a three neuron pathway betwecen the labyrinth
and the eye muscles, The delay introduced by the oculo-
motor nuclel is very small indeed, Lorente de No (1935)
found a synaptic delay in the third nerve nucleus of
.5 to .9 milliseconds, It is then reasonable to assume
that the interval between the sending out of the inner-
vatibn by the center immediately preceding the oculo-
motor nucleus and the beginning of the contraction in
the extra-ocular muscle is also of the order of 10
milliseconds,

There has been a number of estimates of the time
intefval'between the onset of a light stimulus and the
arrival in the visual cortex of stimuli induced by it.
Monnier (1952) reviewing his own work in man and mammals
as well as that of others:concludes that this interval
is of the order of 33 to 42 milliseconds,

The reaction time of eys movements to visual
stimuli is often as low as 120 milliseconds, Deducting
the upper estimates of 50 and.1l5 milliseconds for the
purely, sensory and the purely motor aspects respectively

of the response we are left with a minimum cortical
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integration time of the order of 60 milliseconds, If

we assume that each intervening neuron takes up as

much as three milliseconds in synaptic delay and trans-
mission time, we are left with an estimate of 20 or
more neurcens as intervening cortical and higher central
stages in the sequence of events commencing with the
light rays entering the eye and ending with a change in
state of contraction of the extra-ocular muscles., This
effectively removes the eye movement response studles
in this disscertation from the realm of simple reflexes
and helps to pave the way to a re~evaluation of the

concepts of voluntary and involuntary eye movements,

F. ZPropriocevtion and Eye Movements.

The argument on whether proprioceptive impulses
arising from the eye muscles play a part in the guilding
of eye movements has been protracted‘and not always de=~
‘cisive (seeLudvigh, (1952) for a review and recent
formulation), Most of the evidence tends to contradict
the view that proprioception plays a role in eye move-
ments, The work presented in this dissertation seems
to show fairly clearly that when visual stimuli operate
their manner of producing eye movements 1s definitdve

and can account by itself for all observed phenomena.
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This is not enough, however, to negate the existence
of proprloception since the possibility of it being
overridden by visual impulses cannot be overlooked.

Ludvigh (1952) ably reviews the problem and in
the light of all knowﬁ facts, including the existence
of sensory end organs in eye muscle tendons, the lack
of existence of a sensory pathway separate from a motor
pathway, and the many experimental verificationsof the
thesis that a proprioceptive sense does not exist for
the eyes, postulates a parametric feed back between
the eye muscles and the oculo-motor nuclei. Thus the
end=organs in the muscle tendons would send their im-
pulses by way of the motor nerves to the oculo-motor
nuclei and no further. The information whiqh they con=
vey would concern itself with the state of tonus, nﬁtri-
tion ete, of the muscle and this would be used to modify
the innervation sent out by the motor nuclei so that a
desired movement (as determined by the higher centers
and sent down as an innervation to the nuclei) would
in fact be carried out as such,

This formulation appears adequately to account
for all known facts, The function of the end organs

would then be merely to communicate with the motor

nuclel and not any higher centers and awareness of the
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position of the eyes through ﬁhis channel would not be
expected,

The view expressed in this dissertation that a
given set of innervationsnormally correspond$ to a
given eye position would fit in well with Ludvigh'é
thesis, The parametrﬁb feedback circuilt between muscle
and motor nuclei would then take care of minor varla-
tions in muscle tension anq no allowance is made by the
higher centers for any variations in normal tension,
The past-pointing of fresh paresis Dbears this out.

When viewed in this mammer, a change ln eye posi-
tion would corrcspond to a change over from one impulse
pattern to another and, if this involves the higher
centérs, a collateral impulse pattern is sent to the
space percelving centers, The informatlion thus'gained
by the latter is integrated with others for the purpose
of egocentric localization and would according to the
present view constitute the only source of avallable

information concerning eyc position in the orbit.

S —



Section IV
Summary and Conclusions

The experiments were designed to study the nervous
and muscular mechanisms that initiate and execute”eye
movements in response to visual stimull in the horizon-
tal plane, |

To achieve this there was developed a method of
photographically registering horlizontal eye movements
withka precision of about one millisecond in the time
dimension and about five to ten minutes of arc 1ln the
dimension of the eye movement, The stimulus throughout:
was a small light spot in an otherwlise structureless
surrounding, e¢xcept on one occasion when a palr of such
spots was used,

The response to a step stimulus, i.e,, the instant-
aneous displacement of the light spotAfrom one position
in the visual field to anofher onc in the same horizon-
ﬁal plane, consists of a saccadic movement, Such a
movement, when studied with the high magnification in
the time dimension which the resolving power of the
instrument permitted, shows certain characteristics not
previously described, There is a high degree of simul-

76
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taneity of onset of the movement in the two eyes; there
ig a rapid acceleration to a maximum velocity which is
a non-linear monotonically increasing function of the
extent of the movement; and the eyes come to a stop
after a significant overshoot and with minute oscil-
lations around the final position,

It is concluded from the present findings and In
~the light of physiological evidence from other sources
thatua saccadic movement is initiated. as a single,
unitary step by means of a single change in inner-
vation to each of the muscles involved. This produces
a change in the tension of the various muscles which
may be considered to be effected extremely rapidly.
The éyeball then assumes 1ts new position in the |
orbit as dictated by this torque produced by the
changes in muscle tenslon and the forces opposing it,
friction, inertia and elasticity, A mathematical
Atreatment of an idealized physical system of such
characteristics suggests that these purely mechanical
orbital factors play a relatively minor role in eye
movements particularly in the case of slow, smooth
following movementé which may be recgarded as clear

expressions of changes in innervation directed to
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produce such movements.
Many previous investigators have found dif-
ferences in maximum eye velocities during saccadic

movements ,depending on the direction of movement and

whether it was in or out with respect to the median
plane of the body or the primary position of the

eye., A detailed statistical study in three subjects
showed that such variations do indeed occur at sta-

. tistically significant levels but that these variations
do not present a consistent pattern from one individual
to another,

When the visual stimulus is moved horizontally
with a constant angular velocity, smooth following move-
ments are induced, There is a reaction time of nearly
200 milliseconds after which a saccadic movement occurs
which brings the eyes directly onto the stimulus andi
the eyes immediately commence to move with a constant
velocity., The latter is usually closely related to the
stimulus velocity particularly when this 1s small; for
high stimulus velocities the veloclty of the smooth
following movements lags considerably and the position
error thus introduced is reduced by saccadic movements,

Substantially similar results are obtained when the
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stimulus is only intermittently exposed. When as few
as four stimuli of 10 millisecond duraction each are
presented every second in the spatlal sequence dictated
by a target moving with a constant velocity, smooth
constant velocity following movements are 1nduced;fal-
though the latter are usually inaccurate in velocity
and frequently interrupted by saccadic movements,

When a moving target is following a course which
is uhknown and unpredictable to the observer, the visual
tracking mechanism makes use of only saccadic and smooth
constant velocity movements, The latter are modified
in discrete steps at intervals of not less than 100
milliseconds., Changes in position or velocity of the
stimﬁlus precede concomitant changes in response by an
interval egual to the reaction time to such visual rese
ponses,

The conclusion is dfawn that smooth constant velO-
bity movements constitute a basic response pattern and
that they may be 1nduced‘by the perception of movement,

When a relatively simpie movement pattern is
used, such as a stlm;lus moving horizontally‘with velo=
city changes correéponding to a sine wave, it 1s found

that the usuwal tracking mechanism operates for only a
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few cycles after which learning apd anticipation be-
comes evident: there is little or no time interval
between stimulus and response changes and smooth changes
in the velocity of following movements are observed for
the first time,

A dissection of the time interval between tﬁe on=-
get of a visual stimulus and the beginning of the eye
movement response into its various phases enables the
conclusion to be drawn that a minimum of 20 neurons
seenms to be Interposed betwaen the firét line of recelv-
ing neurons in the visual cortex and the oculo-motor
centers in the brain stem, Thils effectively removes
the eye movement responses studled here from the realm
of simple reflecxes. _

The concept of a biunique relation between in-
nervation sets to the eye muscles and eye positions in
the orbit may be viewed as fully in accord with modern
- theorles of proprioception and the eye muscles, Thus
any efferent impulses originating in they eye muscles
or their tendons would travel by way of the motor nerves
only as far as the oculo-motor nuclei and there exert
a regulating influence over the actual innervation sent

out by them to produce a given movement. The position
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of the eyes in the orbit would then be controlled by
an invariant impulse pattern from the higher centers
to the motor nuclel and this impulse pattern would in
the absence of visual stimull be the sole extent of
the higher centers source of information . !

of eye position,
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