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PREFACE

What does a pilot look at on the ground when coming
in to land ? What does a pilot loox at when flying
low and fast ? There are as yet no answers to these
questions. Many cues are cited as belng important
but none so proven. The questions are legion and
the answers inconsistant.

We learn to fly by exampnle and turn example into
skill of varying degrec. Whatever visual cues are
used in that skill there is one factor which affects
them all; tuhese cues have movement and the detail in
these cues must be discriminated to permit recognition.
High speed flight particularly at low level imparts to
all objects seen from the aircraft a movement relative
to the observer. Visual acuity under these conditions
implies that the detail is seen while the eyes are
moving.

It is acuity under these conditions which has been
examined to determine man's ability, to determine the
physiological mechanisms involved, and to apply the
results to the practical problems of flying.

The experiments described were designed and carried



out by me. The requirements of the epraratus and its
general form were made by me and the mechanical and
electronic detail by members of the staff of the
Institute. The work described on the effect of
vieWihg time on ability to discriminate detail in
moving targets, the ability when head and eyes are
co~-ordinated, the co-ordination of head and eye move-
ments in pursuit of a fast moving target, the nature
of eye movements during such pursuits, the activation
of neck muscle fibres during such pursuits, the contrib-
ution to the problem of the function of proprioception
in eye muscles, the proving that the second saccadic
movement during visual pursuit is a corrective phase,
and the description of the moment of perception during
pursuit eye movements are believed to be entirely
original.

The examination of position error tolerance has
frequently been carried out under the description of
Peripheral Visual Acuity.

Velocity error tolerance which is the ability to
discriminate detail in an image moving across the retina
is also considered to be original.

The high speed low level flights were carried out

as part of my functions as a medical pilot.
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Visual Acuity and Moving Objects

Definition of Title

Visual acuity is the term used to describe the ability
to discriminate detail in an object. In this thesis the

objects viewed have had an angular velocity relative to

the observer.



LIST OF FilGUKES
Fig. No.
1 Aircraft speeds and altitudes 1925-1370
2 The cornea-retinal potential
5 Eye movement record ~ cornea retinal potential
b The interpretation of the records of change in
cornea-retinal potential during eye movements
5 Diagram of a longitudinal section of the eyeball
6 Central fovea of the adult human eye (Polyak)
7 The subdivisions of the retina into regions
e} Retinal regions 1l-5 and cone population
9 Schemwe of the structure of the primate retina
(Polyak)
10 Lxtrinsic mnuscles of the eye from above
(Duke XElder)
11 Bxtrinsic muscles of the eye from the lateral
side (Duke Elder)
12 The oblique muscle viewed from in front
15 The oculo-motor nuclei
14 Diagrammatic scheme of tiie third nucleus and
its associated cell group (Duke Elder)
45 Diagram of the visual system in primate (Polyak)
16 The human centrifuce with the mounted Landolt
C target
17 Diagrammatic layout of centrifuye chamber system
18 The view restrictor
19 The ability of Subject l. Target size
l.5 min. of are
20 The ability of Subject 2. Target size

1.5 min. of arec

27

L2
42
42

b4l

il
46

50

51

5%



Figo 1‘000
2l

22

AN
I_J

(8]
o

33

34

L
(© AN

The ability of Subjects 3 & 4. Target
size 1 min. of arc

The ability of Subject 5. Target size
2.5 min, of arc

The ability of Subject 6. Target size

3¢5 min., of arc

Eye movements with and without Znd saccades
Variation in latency with area of the retina
initially stimulated

Incidence of Znd saccades related to target
velocity

nelation of occurrence of 2Znd saccades with
varying fixation points

The biphasic movement of the eye showing

absence of intersaccadic interval

The decrement in =2bility with inecreasing target

velocity. Subjects 1 & 2

Tke decrement in ability with increasing target

velocity. Subjects 2 & 3

Subject average ability on all runs (head static)

Success rate based on the assumption that the

corrective phase is not completed

Discriminatison abhility. Eyeese onlv moving and
J Y 3 g

increasing pursuit time
Discriminetion ability. Fyes and head
movement and increazsing pursuit time
Comparison of ability of eyes alone and head
and eyes movement combined
The retinal areas stimulated: by wariously

moving targets
-~

6l

Hh



Fi{.' l:‘o. Pa:_

o

Q

Ability with target entry varied from 0-15" of

Un
~J

arc preceeding the fixation point 35
ble The variation in eye movement patterns with
change nf initial stimulation site on the retina 36

39 Maximum ability by two trained and two

untrained subjects (eyes and head free to move) 37

40 Eye movements with and without sccond saccades 1
41 Lye movements showing multiple saccades 92
42-45 TLatencies of pursuit eye movements 9%
46-47 Normalisation of latency distribution 93
4o The incidence of 2nd saccades 98

Lg Eye movements showing short intersaccadic
intervals 100
50-51 Intersaccadic interval durations (subjects 1-&) 100
52 Intersaccadic interval distribution - a combined
histogram of subjects 1-4 100
) Eye and head movement traces showing lack of
relationship between 2Z2nd saccade and head
movement 101
54  Histograms of normalising 2nd eye movement 101
55-58 Cteady state durations during eye movements
(Subjects 1-4) at varying target velocities 104
59-60 Histograms of steady state durations for
subjects 1-4 104
6l The duration of the steady state during eye n
movements for all subjects at all target

velocities 105



"\

i*". I':O .

i)

62A-D

06
67
63
69
70
71

72

(&

Potential schemes of the oculomotor system

A. Ludvigh scheme
B. Modified Ludvigh scheme
C. Scheme involving occipital cortex only
D. A subcortical schene

Diagram of a simple servo mechanism

The oculo-motor system analogy

Diagram of a position error and a velocity
error (Brown and Campbell)

Diagram of transient and steady state errors
(after Brown and Campbell)

Variation in peripheral visual acuities

Head movement recording apparatus

The head movement recording system in the
centrifuge chamber

A recording of head and eye movement with vector
diagram of head movement

Position error of head during visual eye and
hegd pursuit movements

Position and velocity errors of the head during
eye-head visual pursuit movements

Electromyographic activity in neck muscle during
head ani eye visual pursuit movements

Histograms of initial electromyograpnic responses
from sternomastoid muscle relative to eye
movement

Order of presentation of targets

The moment of perception - eye movement recordings

The incidence of the perception of detail during

the phases of pursuit eye movements

127

159

139

14e

142

150

162

163

164

166

166

173

175

160

167

1838



Fig. No. Page

77 Angular velocities of objects seen from an

aircrait flying at various speeds 194
768 Angular velocities of objects seen from an

aLrcraft at various altitudes 195
79 Angular velocities of objects seen at varying

distznces off traci: from an aircraft 190

ApoendiXx
1 General scheme of apparatus
2 lotor thyrotron unit
> Switching unit
4A & B Recordings of cornea retinal potential changes
and presentation recording
Photocell trigger unit
Time of presentation calibration

Shutter trigger unit

o 3 O U

Disecriminator and delay unit

O

Discriminator and delay calibration
10 Discriminator and delay calibration

11  Lemote delay control unit



Table

10

1 i

12

LIST OF TABLES

Sites of initial stimulation in relation to
target entry points and latencies in msec.
The advantages, disadvantages and missed
opportunities in biphasic eye movements

The percentage success for four subjects with
short, medium and long latencies at 75, 100
and 125°/sec. target velocities

The occurrence of errors in series of constant
velocity target presentations

Mean latencies of eye movements at varying
velocity on different days

The duration of the initial saccadic movement
in msec. at various target velocities

The mean velocities of eye movements in
degrees/sec. at various target velocities

Mean durations and significant differences of
the duration of tihe intersaccadic interval
Mean latencies of pursuit eye movements with
varying initial retinal stimulation area

ilean durations and significant difierences of
the durations of the steady state with
varying target velocities

Comparison of latency of eye movement in the
directions right to left and left to right

Errors in the determination of the horizontal

Velocity error tolerance

o2

a7

100

103

105
136



Table Page

14  Perception ability with combined velocity and

position error 158
15 Correlation of factors for Subjects 1 - & 160
16 Latencies of eye movement and head movement

and the eye-head interval 165
17 The latencies of eye and head movement 174
138 The latencies of eye, head and EMG activity 174

19 The latencies of head, eye and BMG with various
velocities and Spearman rank correlation f iy 5]

20 Head position errors 18l



PART 1

Section 1
Introduction

Aviation has opened many fields of required research in
physiology and has involved all the various systems in the
body. Not least has been its c¢ffect on the visual system
which is mope critically involved in flight than in any other
form of transportation. Vision has always been the dominating
sense in aircraft control and visually presented information
is received from inside the cockpit and from the outside world.
The piiot's attention has to be paid both to the coded inform-
ation on the instruments in the cockpit and the natural terrain
outside, when this is visible.

Modern developments in automatic flight systems have done
much to ease the stress involved in flying but there is still
a need for the pilot to monitor the automatics by visual
reference. Take off and landing are still in the hands of
the pilot and will be for some considerable time. The least
stressful flight conditions are tunese in which good visibility
of the outside world is available, the most stressful is flight
manoevre when this world is not visible, as in cloud flying,
and the pilot has to accept coded information and lntegrate it
into an appreciation of what the aircraft is curreatly doing.

To the problems of ¥light classical vision physiology
contributed much of practical value. For example, the effects

of brightness, size, colour, contrast and light and dark
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adaptation on visual acuity were 1immediately apovlicable to the
instrument displays and to the external terrain.

The new fields of research opened by the necessity to fly
in reasonable safety and carry out flight tasks with efficiency
generally received their origins, and tne relevant research
its impetus, during the second world war 1939-45. Hitherto,
in aviation, vision was considered only in terms of visual
acuity and depth perception.

Aeronautical achievements and the increasing demand for
better performance aircraft for the air forces has made the
search for solutions to problems encountered in flight a
continuing task.

The effect of supplying oxygen to aircrew at altitudes in
excess of 10,000 feet by day and 4,000 feet by night on visual
capability was probably the most aramatic achievement and the
explanation of 'blacking out' of pilots when accedrerations of
4 or 5 times the normal gravitational pull was achieved in
aircraft manoevres, the most dramatic finding. The latter,
however, had no cure but an improvement in tolerance was
obtained by applying methods, endogenous and exogenous, to
retain an adequate supply of blood, and therefore oxygen, to
the light sensitive cells of the retina.

As night flying became more common the problems of obtaining
and maintaining dark adaptation to enable the take off run to
be seen, the varying targets to be found, and a landing to be

made were met and countered by the wearing of red goggles



before the flight while in brightly 1lit briefing rooms and
providing instrument lighting within the aircraft which minimally
affected the degree of dark adaptation achieved. The knowledge
that in the dark adapted state the most sensitive retinal area
was not the central one, the fovea, but some 15-200 away from it,
was applied by aircrew in their never ending search for hostile
activity when on bombing missions, or on a night fighter uaefensive
sortie.

Lesser known, but equally important to the safety of aircraft,
are the indirect effects of transparencies on visual acuity.
Canopies and windscreens have to be carefully designed to ensure
that too much light is not lost by the thickness of the material
used, that the effect of inclining the windscreen does not further
diminish light transmission, and that distortiens in the material
do not cause embarrassment to the pilot on viewing external
objects. The fielus of view required, particularly for landing,
have been and still are under investigation. As aircraft
become faster, indirect visual systeus of periscopic type or
closed circuit television may become escential if adequate views
of the outside world are to be achieved without seriously affecting
aircraft performance and actual safety by virtue of failure of

transparent material due to the effects of pressure and kinetic

heating.
Man is an exceptionally visual animal. (Granit). It might
also be said that he is an exceptionally mobile animal. These

two qualities are particularly and necessarily interrelated when

it is appreciated that when man moves a relative angular velocity
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is imparted to all objects in his visual field. If one moving
object in the field is to be regarded it is necessary that the
angular velocity of the eye and the object should be reasonably
similar.

Research in visual physiology has paid scant heed to this
important primary biological factor.

The speed at which man can move from one place to another
was doubled by the use of the horse, now in 1959 we have aircraft
which exceed man's natural speed of movement by 30 to 50 times,
and there are signs that 500 to 1000 times this velocity will be
only too readily achieved in the future.

High altitude has been shown to adversely affect visual acuity
(Whiteside, 1957). High speed per se has also an adverse effect.
The generally accepted reaction time of man to a stimulus, under
laboratory conditions, is about 200 milliseconds. Mans reaction
time to a visual stimulus when flying an aircraft may be ten
times as long because the stimulus must withdraw the pilot's
attention from his present flight state which in itself is
demanding of attention and his responses to the stimulus must be
controlled in rate, force and duration. An uncontrolled response
may be as dangerous as no response. At a velocity of Mach 1,

200 feet in distance is covered during the laboratory reaction
time. Increasing speed of movement is rendering man's reaction
time dangerously slow.

To the eyes of pilot or crew of an aircraft, and to the
passenger, all objects external to the aircraft have a relative

angular velocity by virtue of the movement of the aircraft. From



high altitude or when the external panorama viewed 1s distant
this angular velocity may be at the threshold of movement
discrimination. From low altitude particularly, and during the
approach to land, these angular velocities may become so great
that detail is lost and is replaced by a blurred impression of
things moving.

The more general current visual problems in flight are still
concerned with lack of oxygen, accederation, vioration, dark
adaptation and orientation. Many other problems are of a more
psychological nature, O0f these the readability and interpret-
ation of displayed information within the aircraft, the
appreciation of the ever changing external panorama, and the
interpretation of these cnanges are of the greatest importance.
Failure to interpret accurately the visual clues presented whether
inside the aircraft or outside can produce equally disastrous
results as can the lack of oxygen or excessive accelleration.
The general visual problems have been outlined by many authors
either in sections of peneral treatises of Aviation lledicine or
as reviews. The most comprehensive coverage is aiforded by
Armstrong (1952), Macfarland (1953) and Wulfeck et al (1953).
Reviews of more specific natures can be found in the literature
of the more aviation minded countries; of these only a few are
cited. Tney are Benchimal and Sebas (1y5<Z), Duke Elder and
Neely (1953), Berens and Sheppard (1353), Kaffka (1955), Rios
Sasiain (1955) and Araner (1957).

With the exception of a limited amount of information presented

aurally the pilot of an aircraft is entirely reliant on visual
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perception, a perception which can be erroneous because of tine
adverse environments met in flight.

The purpose of this study is to examine tne ability of man
to discriminate detail in moving objects and to investipate the
functioning of the visual system when presented with moving
objects which require to be identified.

Routine examination of pilots in relation to visual acuity
is related to static objects. In the Royal Air Force and the
Ministry of Transport and Uivil Aviation the standard Snellen
test letters are used and a normal visual acuity or acuity
correctable to normal is required. The aircrew are examined
by a static method for a task which is essentially the apprec-

iation of movement and detail in moving objects.

The Aircraft Performance

There is shown (Fig. 1) a graptical appreciation of the past,
present and potential future performance of aircraft. Thé data
on which the curves of performance in speed and altitude are
based is ‘taken from the performance characteristics of civil,
military and research aircraft as described in Janes (1957) and
other public sources. The future trend has been ob%ained in
conversations with leading aeronautical research personnel and
aircraft designers in Britain, Burope and America.

The general cruising speed of advanced aircraft varies
considerably, the approach to land speéd iLowever, irrespective
of the type, varies by a smaller amount, the general range

being 100-180 mepeb. It is during this phase of landing,



during low level flight, and when other aircraft are in the same
airspace tnat the angular velocities of objects seen tend to be
high. It is during such phases that the majority of catastrophic
accidents occur. Though these accidents cannot be ascribed to
diminution of visual acuity per se it may be a contributory
factor.

It is not only in aeronautics that high relative angular
velocities of objects viewed are encountercd, Any form of
locomotion will produce the same situation, high speed flight,

however, has made this investigation necessary.

Limitations of Xesearch into the Perception of loveument

The research into the perception of movement forms a very
small proportion of the investigations of the functioning of the
human eyes. With the exception of relatively recent studies
by Low (1947,, Ludvigh, Ludvigh and Miller, Miller, liller and
Ludvign (1947 - 1957), Bhatia (1957) these investigations have
entirely ignored the apility to discriminate detail in objects
which have angular velocities relative to the observer. The
ability to move is a dominant feature of all but the lowest
forms of life, and therefore not only is discrimination of
movement important, but, so slso is the discrimination of the
detail in the moving object if tne object seen is to be meaning-
ful.

The human eyes (Part £) with their relatively narrow field
of view have ueveloped as or ans which have relatively low

thresholds for movement perception in all parts of tue field

of view and fine discriminatory ability only in the central



area. It is to this central area tnat the stimulus image is
brought by eye movement. The presentation to man and animals
of sudden peripheral light sources or moving objects will result
in involuntary reactions which vary with the phylogenetic state
of development of the animal. The nhigher the species of
animal the more logical and intelligent is the reaction to the
stimulus. This can be noted in the reactions of immediate
flight of some animals and the turning towards the stimulus by
other animals. Man is in the latter group and his adversive
reaction is not merely confined to the eyes but may affect the
whole body orientation. He does, however, still retain the
baser reactions of flight or avoidance when the threat is suff-

iciently stimulating or menacing.



Section 2

Histor

The Perception of lMovement

This may be appreciated in one of two ways. With very slow
movement the idea of motion is conveyed by the object viewed
having aeveloped a new orientation in relation to another object
after an expired interval of time. With fast moving objects
there is an immediate impression of actual movement. Duke
Elder (1944a) has reviewed the investigations carried oat in
this field.

1the earliest studies reported of movement were made by
Tzermak (1857), Exner (1&75) and Fleishel (13c2). Their studies
were conderned with perception of motion and they showed
respectively that movement in the periphery of the visual field
is phenominally slower than movement in the central area, that
an object could create an indirect perception of moveument by
change of position, and that a moving object seen while fixating
a stationary point moves subjectively faster than when observed
during the pursuit movement of the eyes. Aubert (13587)
calculated the threshold for movement in homogeneous fields
both when seen centrally and peripherally. -The Aubert-Fleishel
paradox relates to the difference in phenominal velocity as
conditioned by the mode of observing; an object having constant

physical velocity appears subjectively faster when viewed with

pursuit eye movements against a heterogeneous background than



when viewed against a homogenous background. Tne explanation
of this paradox was considered by Filhene (quoted by Bartley
1941) to be caused by the apparent movement of the background
in the opposite direction to that of eye movement. Bartley
(1941) also refers to others studies in the 1lyth century by
letzger who showed that a continuous stream of figures appeared
faster than only 5 figures and Dembitz' findings that apparent
velocity showed little correspondence with the velocity of the
image over the retina. This was also noted by Granit.

lore recent studies by Basler (1906) showed that threshold
velocity varied with object angular dimensions, the illumination,
and the background contrast, =znd Salaman (1929) detailed the
variations in threshobds of movements in the different parts
of the retina.

There is a current misconception that the periphery of the

eye is the most sensitive area for motion detection. That
this is not so was clearly shown by Basler (1Y06). The fovea
has the lowest threshold to moveument. The minimum angular

velocity detectable is 1l-Z2 minutes of arc per second when
stationary objects are also present but this threshold is very
much raised, 10-20 times, when no stationary objects are present.
The minimum angular displacement perceptible is reported to be
6-20 seconds of arc (Stratton, 1900). Bourdon (1ly(¢2) showed
that for a lOo arc the limiting exposure time to permit per-
ception of movement varied from 79-27 milliseconds wiich

corresponds to angular velocities of 140-3%50 degrees per second.



At higher velocities there was instantaneous appearance of the
stimulus throughout the 10° arc. The literature is quite
voluminous on perception of movements.

Dimmick and Scahill (1925) reported on the inability of
subjects to differentiate between actual movement of a light
and the presentation of two lights successively illuminated
under particular experimental conditions of time and distance.
In a report with Saunders (Dimmick and Saunders 192Y) the
former showed that brightness was not a factor except when
time is correlated, an increase in time of movement with
associated increase of brigntness improving perception of
movement. The thresholds of illumination for the visual
discrimination of direction of movement was further examined
by Graham and Hunter (Llu31).

A major contribution was made by Brown (1Y3la, b & c) who
found six factors of note in the perception of moveuwent.

=)V As distance from tie observer to the object increases
from 1 to 20 metres the phenominal velocity can be
maintained by increasing physicul velocity by a ratio
L s 1:56%

2). In a homogeneous field - the greater or smaller the
field the greater or smaller the physical velocity to
maintain subjective velocity.

3)» The less homogeneous the field the greater the subjective

velocity.



L. Decreasing either width or length of the f{ield increases

apparent velocity.

5 1 Increase in size decreases apparent velocity.

6. Objects orientated in line with motion appear to move

faster than non-orientated objects.

Neff (19Y36) has reviewed the previous psychological papers on
perception of movement and critically examined the findings which,
because of marked variations in methods of examination, demonstrated
that few factors were thoroughly explored and not much agreement
appeared to exist. Brown (1937) and Brown ana Voth (193%7)
introduced the concept of a vector field, a hypothesis based on
size, brightness, velocity, time of and direction of movement
which attempted to correlate real and agparent movement. Some
yvears later Hartridge (1950) expressed the view that any explan-
ation of perception of movement must encompacss these two types of
movement if it were to be acceptable. However, Saucer (1954)
postulates two systems to explain real and apparent movement, the
former being primitive and the latter isomorphic to detail.

Warren and 3rown (1944) amd Warren (1946) examined motion acuity
at low levels of illumination and in scotopic conditions &and found
that beyond 10° there is a decrement in aculty which increases
linearly with angular distance from the fovea. They noted a
considerable variation among subjects.

Brown and Conklen (1954%) examined further the effect of exposure

times varied from Q.51 sec. to 16.00 sec. and velocities of 1.61 min.



of arc/sec. to 27.3%7 min. of arc/sec. The most marked rate of
improvement was shown to occur up to 4 sec. exposure; an
improvement of some 15 times compared to 0.5 secs. exposure.

Smith and Gulick (1956) in studies of perception of movement
concluded that withiﬁ the limits of their particular apparatus
the contours of a moving stimulus can be perceived provided time
of exposure increases linearly with the velocity of movement.

Gibson (1958) in a general survey has shown errors in all
the earlier work caused by having static visible edges to the
fields of view used, a situation which is unreal and which
actually increases ability to discern the different types of
movement examined.

More recent studies by Gemelli (19Y53) on the visual perception
of movement have indicated that objects moving from the left to
the right appear faster than right to left, that downward
movements appear faster than upward, that vertical movements
appear faster than horizontal, and that darts or aircraft shapes
appear faster than discs or polygons.

De Silva (1929) in investigations of real and apparent
movement noted that at Bo/sec. the object had distinct contour,
at 10°%/sec. it was slightly blurred, at 14-20°/sec. it had an
after-glow, at 21-560/sec. an impression of light rolling up at
the end was noted, at 58-ll6o/sec. the object filled thne whole

field with a vibratory movement, and at lléo/sec, toe object

appeared stationary. He was not studying visual acuity but the



nature of phenominal movement.

Low (1947b) investigated simple form acuity with a perimeter
which moved test objects towards or away Irom the line of sight
at a rate of ljo/sec. and found that the movement halved acuity
in the regions 30-450 from the fovea and at 45-60° acuity was
unmeasurable in 720/0 of his subjects. fle also reported on
peripheral visual acuity under photopic conditions (1343%) under
scotopic conditions (1946 a, b, ¢) and the effects of training

(1946), and flash presentation (1947).

The Experiments on Dynamic Visual Acuity.

The research programme carried out by Ludvigh (1947-57) is
the only lar, e scale investigation of the effects of movement
of the object viewed on the ability to discriminate detail
within that object. He has suown that there is a progressive
decrease in visual acuity as target velocity increases. Using
large numbers of suojects Ludvign and Miller have also demon-
strated that the possession of normal visual acuity as measured
by the Snellen method or other static display methods gives. no
indication of the ability of the subject to discriminate detail
in moving objects. There was found to be very large differ-
ences in the amount of deterioration experienced by different
individuals as target angular velocity increased.

In the earlier experiments tue subjects viewed tie objects
through rotating prisms of various strengths thus producing

apparent movement of the object in a circular vath in the



vertical plane, the orientation of the test object remaining
constant. Later experiments were conducted by monocularly
viewing via a front silvered rotating mirror a test object for
0.4 secs. Visual acuity with movements of the object in the
horizontal plane and also to a smaller extent in the vertical
plane was examined.

The authors have used the term Dynamic Visual Acuity to
describe this human visual capability and have extablished a
formula to describe this; Y = a + be, where 'Y' is the minimum
resolvable detail, 'a' is a parameter of 'static' visual acuity
in minutes of arc with 0.2 seconds available for attaining
fixation and 0.2 seconds for further observation, 'b' is a
measure of this 'dynamic' acuity and 'x' is the angular velocity
of the object. Tre visual acuity decrement in his experiments
has been shown to be related most accurately to the cube of the
angular velocity. Learning plays an important part in tuese
experiments and was found to be substantial at high angular
velocities and relatively slight at low angular velocities. The
variations found among subjects 1s thought to be related to tue
efficiency of the visual and oculomotor system in that foveal
vision is not attained and there umay also be a movement of the
image of the object across the retina. The diminution in
acuity with increasing angular velocity is greater than would
be expected from extra foveal perception alone. The improvement

shown by increasing the illumination far beyond the 30 foot



candles, which gives 900/0 optimum acuity extra-foveally for
static targets, to %60 foot candles to give 900/0 optimum
acuity for moving targets does indicate that image mavement is
taking place.

A recent study by Van der Brink (1957) on retinal summation
and the visibility of moving objects with specific reference to
the possibility of discriminating detail when the image of the
object is moving over the retina is particularly relevant to
the hypothesis of retinal i1mage movement and its blurred
perception.

The only other data pertinent to the visibility of moving
objects located has been an article by Langmuir (193d) who as
a result of a statement in the Illustrated London llews (l.1l.3%0)
that the deer botfly could fly at 610 miles per hour showed
that a speed of 135 m.p.h. was more probable if the insect was
to be seen as an insect and that at 20 m.p.h. it was a mere

blur.

Criticism of the dynamic visual acuity studies

The history of research into discrimination of detail in
moving objects is in practice aonfined to tihie programme of
Ludvigh and his associate. Tnis large scale experimental
study, of an important aspect of the physiology of vision has
shown three important features. The first is the marked
deterioration in visual acuity as tne velocity of thne object

viewed increases, secondly it has shown that subjects who all
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have a visual acuity standard of 6/6 Snellen, or better, vary
markedly in their ability to resolve detail in moving targets,
and thirdly that an improvement in ability can frequently be
produced by training.

Unreserved acceptance of these three factors would necess=-
itate a more searching appraisal of medical examination, air-
craft flight path parameters, and methods of selecting and
training aircrew. The application to motor car driving and
sporting activities is also potentially important. Such
acceptance is not possible in view of the nature of the
experiments.

The following description of the experimental apparatus and
procedure is taken from Ludvigh, 1953%a.

"The subject with head erect in a head rest and chin in

a chin rest monocularly views a Landolt ring test object

via a front surface mirror. The optical distance of the

test object from the observer's eye is four meters and the
illumination on the test object is approximately twenty-
five foot-candles (iacbetn). An ample white cardboard
background for the test object, one foot wide by two feet
high, 1s provided. The reflection factor of the cardboard
is approximately Obo/o. Tne mirror is rotated, left to
right, about a vertical axis by means of a specially
constructed wheel and disc type of variable-speed drive

which is designed to supply sufficient torque while main-



taining constant angular velocities. Flexible opaque

material can be inserted in the mirror frame so as to cover

all of the mirror except a selected vertical strip., By
adjustment of this opaque material the duration of the
exposure of the test object can be held constant while the
rpm of the mirror and, therefore, the apparent angular
velocity of the target is wvaried. A partially etched

cover glass was mounted on one half of the anterior surface

of the mirror nearest the observer. This substantially

blurred the break in the test ring and at the same time did

not completely obscure the target area.

"In the experiments the total duration of the observation
was O.4 seconds for all angular velocities. The test
objects employed were Landolt rings of various sizes providing
so-called "eritical detail" at the nodal point of the tested
eye. Each size Landolt ring could be rotated into any one
of the usual eight positions."

On a basis of the total time of exposure to the moving target
of 400 milliseconds Ludvigh has claimed to deprive the oculo-
motor system of its ability to ensure accurate fixation by
exteroceptive feedback from the retina. It was assumed that
the initial delay in moving the eyes subsequent to target entry
into the field of view is 200 milliseconds and that a second
movement of the eyes would reguire a subsequent 200 milliseconds

(Ludvigh, 19553). Thus a corrective phase would not be
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accomplished during the target presentation period.

Such temporal aspects do not accord with the findings in
the experiments reported here in which eye latency has a range
of 150-3%00 msec. and a mean of about 200 msec. The second or
corrective eye movement during pursuit of the target, if
required, occurs at varying interyals after the initiation of
the first eye movement. These intervals are generally shorter
than the latencies of lhe initial movement no doubt due to
complete lack of conscious effort on the subject's part in this
fixation reflex. Corrective eye movements can and do occur
when exposure tigpe is 400 msec. though such movements more often
occur at after 400 msec. It will be shown that the incidence
of corrective eye movement increases with increasing target
velocity indicating that the initial saccadic movement of the
eye is failing in accuracy to a greater extent as the demand
for very rapid eye movement occurs. Ginsborg (1953) has shown
that the accuracy of the first saccadic eye moveuwent even
between stationary points varies considerably in its accuracy as
scparation of the stationary points is increased. e has also
shown the occurrence of corrective movements after a typical
intersaccadic interval of time. (120-140msec.)

The results obtained by the American authors are considered
to indicate the increasing failure of the initial eye movement
Lo achieve foveal fixation on moving targets and not tne ability

of man to discriminate detail in moving objects.



The method of observation used, monocular, with the head
steady in a chin rest, viewing via a rotating mirror a target
which moves over an arc ranging from 8° to 68° appears to
neglect the normal adversive moveument combination by eyes,
head and trunik of the human. This normal behaviour is
exemplified in the head and eye movements of spectators at
tennis matches. The very presence of areas in the cortex
adjacent to tne frontal and occipital areas concerned with
vision which when stimulated produce such adversive movements
indicate the basic nature of such behaviour.

It is not clear in the description of tue rotating mirror
apoaratus wnhether the eye is expected to move from the central
resting position or whether the eye is fixating tue target
entry point and deviated in the horizontal plane towards that
entry point. If the eye is at a central location then the
demand at the higher target velocities for eye movements in the
horizontal plane during pursuit would require to exceed the
field of fixation of the eye which only extends to 300 in either
direction on the average.

If on the other hand the eye is deviated towards the point
of target entry equal to 500/0 of the arc through which the
target will travel there is an unnatural demand put upon eye
muscles. Their reaction to target movement will be complicated
with regard to the abrupt reversal of synergistic actions.

It will be shown that the use of the head-eye movement



complex improves significantly the ability of subjects to
discriminate detail in moving objects. This pursuit movement
which is considered by most writers to be a voluntary action
has factors which indicate that its nature may well be reflex
or at present in the intangible stratum between reflex and
voluntary response.

An investigation of tne probable relative velocilies of
objects which when recognised provide useful or usable inform-
ation to pilots and other aircrew uembers shows that it is not
reco;nition of detail in moving objects that is the requirement
but recognition of one target or complex mavigation pinpoint
complex from other relatively similar complexes of natural or
man made terrestrial features. These features do not exhibit
either linear angular velocities or true horizontal movements
but are non linear and generally have downward oblique movement.
The extrapolation from the above experiments to the inflight
environment is not entirely acceptable.

The term Dynamic Visual Acuity implies that when the eye is
regarding a static polint the situation is non-dynamic. The
repearch on eye movements while the eye fixates a static object
have shown the dynamic nature of such fixations and reason for
such wminor movements. Specifically these movements have been
shown by Adler and Fleigelman (1934), Riggs and katliff.. (1951),
Ditchburn and Ginsborg (1952), Retliff, . Riggs, Cornsweet and
Cornsweet (1953). The absence of such movements results in
diminution of ability to see the object (Ditchburn 1952, Riggs

1958).



Section %

Qutline of the problems ana the experimental approach

In the visual tracking of moving oojects, if recognition is
to be achieved or discrimination of detail attained it is
evident that certain conditions wmust be fulfilled. The
angular velocity of the object relative to the eye must be to
some critical extent the same as the rotational velocity of the
eyeball. The image of the object, if the critical detail
is small, must be on or near tie fovea of the retina. The
image of the object must be on this foveal or parafoveal area
for a sufficient duration of time.

Failure to achieve discrimination can therefore be the result
of a differential velocity existing between the target wovement
and eye movement which will be called a velocity error (Part 7).
Secondly, it can be the result of an extrafoveal fixation with
no velocity error which will be termed position error (Part 7).
Thirdly, it can ve the result of insufiicient exposure time and
the concurrent lack of light energy to produce a differentiated
image. Fourthly and finally, failure may be due to a combin-
ation of these factors.

Whatever the immediate cause of the failure to achieve
satisfactory fixation on a moving object there is the greater
problem of deciding which part of the visual system (Part 2)

was lnadequate in the voluntary or reflex task. There has to

be considered the adequacy of the retinal organisation and its



receptor fields, the transmission to the cortex from the retina,
interpretation of afferent nervous discharges from the retina,
the formation of efferent nervous discharges to the muscles,

and finally the adequacy of eye muscle response to the efferent
volleys.

The whole problem is further complicated by the findings of
Ludvigh and Ludvigh and Miller, confirmed in this study, that
the possession of a normal visual acuity standard of 6/6 Snellen
and freedom from obvious visual or oculomotor defects in no way
indicates a subject's ability. The variation among subjects
is significant. Three possibilities exist, 1). Some subjects
are capable of tolerating greater velocity or position errors
than others, 2). The oculomotor system is more efficient in some
than others, 3). The relevant muscular system is more adequate
in some subjects than it is in others.

Experimentally it was feasible to determine the position
errors (Part 8) which can be tolerated without loss of visual
acuity and also to determine the degree of loss sustained as
the image is displaced froum central fovea into the parafovea
and near periphery. It was possible to compare the responses
of subjects whose ability in discriminating detail was better
than others.

It was also possible to examine the velocity error (Part &)
tolerated by subjects and associate velocity error tolerance

with the ability to discriminate detail in moving targets. The



simultaneous presentation of position error and velocity error
was finally examined and relevant associations made.

The exposure time to view satisfactorily a static obgect,
presented at the fixation point, with no position or wvelocity
error was examined and was found to be adequate with exposure
times of 1 msec., the minimum available.

These four experiments indicated the great accuracy demanded
of eye movements if object recognition was to be achieved.

'hey showed only minor variations among subjects. These minor
variations were not considered adeguate to explain the marked
difference in individual subjects' ability to discriminate
detail in moving objects.

Variations within the retinae of the subjects and in the
receptive fields are not readily amenable to experimental
procedures. However, it seemed possible that by varying the
target euntry point while retaining the fixation point, the
receptive fields (Part 2 and 5) of varying dimensions which
exist in the human eye ana which enlarge as the aistance from
the fovea increases, could be serially stimulated in differing
patterns. Thus, by having the target enter the field of view
at the fixation point, at 50, lOo and 150 of arc preceding the
fixation point the stimulation would vary, during the period
before the eyes moved. at 0° it would change from theoretically
optimum at the fovea to poor in the periphery, from poor via

optimum to poor at 150 and with intervening grades at 50 and
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107, It seems reasonable to suppose where the greatest number

of smaller receptive fields are stimulated the response in terums
of eye movement pattern should be potentially more accurate.
This accuracy would be shown by the results in terms of discrim-
inatory ability and should occur at 50 and 10° fixation points.

Variations in the neurophysiological network subserving the
oculomotor system are also resistant to investigation (Part 5).
Time for compietion of the afferent-eiferent loop measured frou
stimulus to eye movement reflects some of the activity. Eye
movements recordings permitted these to be measured. The types
of eye movement could also be noted but only relatively crude
methods can be used when large eye moveinents are to be examined.
The eye movement recordings yielded little to &id differentiation
between subjects but gave positive and original information on
the adequacy of tire initial eye movement and gave some entirely
new information on the fixation reflex.

Muscular response to efferent volleys from the eye muscle
motor system may also be examined indirectly by observing the
adeguacy of initial eye movements at the previously described
0, 5, 10 and 15° target entry points (Part 5). At 0° the
target enters at tue fixation point and moves away. The eye
movement has to have an overtaking action which 1s shown by
the extremely rapid and powerful displacement of the eyeball.

At lbo a gentle movement to attain target velocity only is

required. As extrafoveal initial stimulation is the more



normal event in our visual world it would not be suurising if
performance was improved.

The effect of increasing the visual pursuit time was examined
(Part &). Increasing the viewing time would permit the eyes to
carry out one or more corrective movements to attain a satis-
factory fixation ana recognition oI Lhe gap in tne Landolt ring
targets.

in viewing moving objects, to use the head and body as part
of the oculomotor system in the human is natural. The inte-
gration of hnead and eye movement and the activity in muscle in
the neck responsible for head movements were examined (Part 9).
The combined eifort was expected to aad furtuer to man's ability
to discriminate aetail in moving objects (Part 4).

In adudition to the horizontal eye movements studied some
investigations were carried out of eye movement in the vertical
plane. Owing to apparatus limitations the subjects had to lie
down on their side. Only limitea studies of ability were made
owing to an illusion produced by conflict between retinal and
proprioceptive position sense organs. Thne illusion is described
(Part 6).

Some observations were made on the presence or absence of
position sense of the eyes.

Finally an experiment was conducted to ascertain the moment
of perception and its relationship to the eye movement patterns

produced during the visual pursuits (Part 11).
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Flights were conducted at high speed and low level to assess

the practical significance of the programme (Part 12).

The cornea-retinal potential and eye movements

All eye movement recording was carried out by this method
in this series of experiments.

There exists between the cornea and the retina a potential
difference of several millivolts. To achieve pick=-up of this
potential difference surface electrodes can be positioned at
either side of the eye or eyes to record changes caused by eye
movements in the horizontal plane and can be placed above and
below the eye to record eye movements in the vertical plane.

In practice, the changes in the potential recorded at the

outer canthi are about 20 microvolts per degree of eye movenment,
the usual range being 10-350 microvolts. These potentials are
amplified and are used to drive conventional pen recorders.

The changes recorded at the outer canthi can be measured and
information thereby obtained of total deilection, eye velocity,
changes in eye velocity ana general patterns of eye movement.
Fig. 2 is a diagrammatic representation of the system and its
basic principles.

The main difficulty experienced is the elimination of other
potentials picked jp by the subject or by leads to the amplifier.
These stray potentials are secn as 'noise' on the recordings

which precluded scoring of the recordings obtained. Elimination



of this 'noise' was frequently obtained by 'earthing' the
subject, but on many occasions the experiment planned had to
be abandoned because of failure to locate or eliminate the
source of the 'noise', Most of the 'noise'! was of 50 c.p.s.
which undoubtedly had its origin 1ﬁ the general electrical
installations taroughout the laboratory.

Eye movement recoraing has been carried out by various
means since the original paotograpnic methods of Dodge (1903)
and Barnes (1905). The two principal methods are limited,
some in extent and some in accuracy.

These methods which involve photopraphy of the eye, of a
corneal reflection, of corneal lens, of variously introduced
foreign bodies on to the conjunctiva at the cornea scleral
junction, of blood vessels of the eye, are all limited to
small movements of the eye. The cornea-retinal potential
method is unlimited in extent but is limited in accuracy
and care has to be taken to ensure that such occurances as
blinks are not misinterpretea as eye movements. All the
methods have been reviewed by Duke Hlder (1944b),Hartridge
and Thomson (194%) and Carmichael ana Dearborn {(1v4¢), the
reliability of photographic methods by Burich (1953) and
Stromberg (1942), the electrical (cornea-retinal potential)
method has been reviewed by Marg (1lu51). A comparison of
the methods has been carried out by Hoffman et al (193%9).

The general trend is now to use photographic and reflection
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methods for small movements and the investigation of the inevit-
able minute movements of tue cyes during steady fixation (Ginsberg
195%, Ditchburn and Ginsborg:lv52, 1953 Ratliff 2953, .
Westheimer 195hb). The cornea-retinal potential is used for
examining general trends in eye movement patterns and in this
field it is a simple and inexpensive tool which can operate with
conventional pen recording apparatus. The type of recording

obtainable and its interpretation are shown in Figs % and 4.



DI1AGRAM OF A LONGITUDINAL SECTION OF THE

EYEBALL.
a. Angle of  anterior O.N. Optic nerve.
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Anatomy and ysiology

Section 1

The anatomy of the eye

The optical ap aratus composing the human eye consists of
four major parts, the cornea, the iris, the lens, and a dark
chamber (Fig. 5). Its function is to produce a detailed image
on the light sensitive nervous layer called the retina. From
this structure nervous impulses pass centrally to the cerebral
calcarine cortex and thence to consciousness for integration
into the concept of space and spatial orientation.

The eyeball is not spherical out is an oblate spheroid being
somewhat flattened from above down. Its average diameter is
24.15 mm. in sagittal section, 24.13 mm. in traverse, and
25.45 mm., in vertical section. In circumference it is about
7% mm. Its weight is about 7 grammes and its volume is 6.5 cc.

The eye is surrounded by a fibrous tunic, the anterior 1/6th
of which is transparent and is called the cornea and the
posterior 5/6th which is white and opaque is called the sclera.
The cornea has a greater curvature than the sclera and & shallow
groove 1is present at the cornea-sceleral junction. The optic
nerve emerges Irom a point > mm. nasal to and about 1 mm. below
the posterior pole oif the eyeball. Internal to the sclera is
a nutrient or vascular layer, which anteriorly forms the greater

portion of the iris. Inside the vacscular layer is the nervous



layer or tunic which in the posterior part of the eye forms the
retina and in the anterior part of it lines the iris and ciliary
body.

The fibrous tunics and vascular tunics are united anteriorly
at the junction of the cornea and sclera and posteriorly at the
exit of the optic nerve. Anteriorly the space between them
forms the anterior chamber and elsewhere it is occupied by the
nerves and by the vascular system. The pupil is the rounded
opening in the iris and is of changeable diameter while retaining
its circular form. Less anteriorly the nutrient layer forms
the ciliary body which in addition to its nutrient function in
supplying intra-ocular fluid has umuscles which adjust the lens.

The lens is supported by a suspension ligament, the Zonule,
which is found immediately behind the iris. There is a small
space between iris and zonule called the posterior chamber.
Anterior and posterior chambers are filled with a clear fluid
called the agueus humour. The rest of the cavity of the eyeball
behind the lens is filleu with a transparent gel, the vitreous
body.

The eyeballs are contained in tihe oony orbits of the skull
where the extrinsic eye muscles and tne periorbital fat form
controlling and supporting structures.

The sentient layer of tne human eye is the retina. It is an
outlying part of the central nervous syste:i. This structure

has a photosensitive layer of cells, and light from the world
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Central fovea of the adult numan eye.

Upper sketch shows, semidiagrammatically, changes in the relative thickress and position of the retinal
lavers brought about by the foveai excavation. It also shows peculiar topical functicnal relationships of
the photoreceptor layer (2) and the deeper layers (4-9) caused by the latters’ displacement owing to the
formation of the fovea: the broken lines encompass the rodless territory of the bacillary layer and the por-
tion of the foveal pit functionally related o it; the solid lines mark the territory of the thickened portion
of the bacillary layer, the “outer fovea,” and the extent of the inner layers functionally related to it; white
dots in layer g indicate rod nuclei; (Ck) portion of the chorioid membrane.

Middle drawing represents the outer fovea filled with the thin, elongated cones. The most centrally lo-
cated rods, in the bacillary layer, correspond with the most central rod nuclei in the outer nuclear layer
(shaded). Note the thinning of the mentioned layer and the practical disappearance of the remaining inner
layers in the foveal center. Miiller’s nuclei in the inner nuclear layer given in black.

Lower sketch represents samples from feur localities showing relative size and number of cones (inner
segments). beginning from the left: center of the cuter fovea, slope of the same, edge of the same, and
periphery of the central area, or region f/1.

Upper sketch reproduced at 8o X, mi-idle at 250 X, lower at 700 X magnification. The actual sizes

given in pu on the accompany .ng scales.
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around is focussed upon it by the optical system. Walls (1943)
has likened the retina to a 'transparent carpet lying upside
down on the floor of a well lighted room. The visual cell
population then compares with the pile of the carpef. Just as
the base cloth of the carpet exists only to support the pile so
also the maze of the nerve fibres waking up the body of the
retina exist only to mediate between the visual cells and the
cable to the brain, the optic nerve'.

The complexity of the retina is described in great detail by
Polyak (1941) in his massive and elaborate étudy. The basic
features for descriptive purposes have largely been taken from
that study.

The cellular structure varies from the central area, the
fovea and foveola, to the extreme periphery. The structure
varying in such a way that it demonstrates the anatomical basis
for the physiological requirement to bring objects of interest
to the foveal area where visual cells are the most abundant and
fine, and where transmitted light meets tne least structural
adsorption before reacring the photosensitive cells (Fig. 6).

There are two photosensitive cell systems in the retina, the
rod and the cone. They are entirely separate in tne rod free
foveaolar area but are potentially synaptically related in the
other regions and undoubtedly share common ganglion cells and
therefore optic nerve fibres. The generally accepted hypothesis

that the cone system is specialised for use in photopic



\ L=

M
iy e

34LN3D VIXY WOXd4 S3334030

oL ©09 Os Oy ot 0oz ol 0 Ol 02 Ot Oy 0Os ©O9 OL 08
' 1 B Al 1 1 T 1 T T ] T ' e { & Al 1 \ I I . T T ] | | T \ T 1 g
ETeR (@7314 IYDILY3A) SNOILYLINIT  NOILVXIS B

- (@314 WINOZINOH) SNOWVLIAN NOILVXId ————wf

IVdOdNG L

&= SNOI93y IVYNIL3Y

&)

AY3HdI¥3d NV3IW
-« ——— AN3HdI¥3d 58_5
—— AY3IHdIN3d ¥V -
s AYVHdIY3d 3W33LX3 .




conditions and the rods in scotopic only is not clear. There
is no proof yet that the rods are inactive in photopic conditions.
Histological differences within the retina from the central
foveolar region to the extreme periphery, the ora serrata,
make it possible to subdivide this lignt sensitive structure
into seven concentric areas (Fig. 7). Nith the exception of
the axial centre, where definite margins or boundaries are
noted, there are no suaden or abrupt changes from one area to
another but rather a gradual change in histological structures.
These subdivisions are :
L. Central ['ovea
2. Parafoveal Region

Se Perifoveal Region

4, lNlear Periphery
5. Middle Periphery
6. Far Periphery

7o Extreme Periphery

The first three form the central area and measure some six
millimetres across. The remaining four areas form the extra
areal periphery.

The central fovea is a small pit shaped depression on the
vitreal surface of the retina. The width from the edge to
edge is 1500 /u corresponding to o 50' of arc on either side
of the central point. The floor of the depression, the

foveola, measures 400/u in diameter and corresponds to 1° 20!
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or 40' arc on each side of the central point. It is in this
region that tne cone photoreceptors find not only their densest
population, 50 cones for lOO/u in line, but are also the longest,
up to 70/u, and finest, l/u at the tip and 1.5/u at their base.
It is the area where least obstruction to light stimulus occurs.
(Fig. 6). This foveola is rod phnotoreceptors free. The cone
population of this foveolar area is estimated at 25,000. In

the central part of this foveolar area there is an area lOO/u

in diameter corresponding to 20' of arc in which there are
estimated to be 2,500 of the finest cones.

Outside this foveolar region, tne retina rapidly thickens,
the cones become larger, 1-3/9 at the tips and d.B/u at their
bases, and the cone population diminishes to some 35 per lOO/u
in line. At 50' of arc from the central point rods begin to
appear. The foveal area is often inaccurately described as
the rod free area, only the foveolar area is rod free. (Fig. 8).

The parafovea region II extends to l£50/u from the central
point, an arc of approximately ¥ The cone population
aiminishes to 15 per loo/u and the cones measure in their inner
segments 4—5/u and at their bases 1.5 - a/u. On the average
there is one rod between any two cones. (Fig. 0).

The parafovea region III extends. to 5759/“ distant from
foveal centre, an arc of approximately 90. The cone population

has diminished to 12 per lOO/u and each cone is separated from

any other by an average of 2 rods. (Fig. 9).




The near periphery Region IV extends to 4250/u from the
foveal central point, an arc of some 140, this region is about
lSOO/u broad. The cones are becoming larger, more dispersed
with 2 or % rods between cones. The cone population diminishes
to 9-10 per 100/u. The rods also show enlargement compared
to the more central regions, enlarging to l.2 - a/u in diameter
from 1.5/u.

In the three remaining peripheral regions structure coarsening
continues, cones become less numerous, the number of rods
between cones increases to three or more.

In addition to having areal divisions the retina proper can
be, when regarded in vertical sections, divided into ten layers.
The cones and rods are found in the second layer and extend

downwards to layer four where the cell bodies are found. The
efferent fibres from the cell bodies pass through layer five

to form synapses with bipolar and horizontal cells in layer six.
In this layer a great variety of bipolar cells are found which
subserve varying numbers of rods and cones. HEorizontal cells
and amacrine cells are also fouhd in layer six and freely
communicate with one another to permit a lateral spread of
nervous activity in the retina. The expansions of thnese bipolar,
horizontal and amacrine cells pass through layer seven in which
is found the dendritic processes of the ganglion cells of layer
eight. Tne ganglion cells, arborise with a varying number of

bipolar and other cells and further reduce the number of channels



through which afiferent impulses from the rods ana cones may
travel. The axons of the ganglion cells converge and form
the optic nerve.

Any message originating in the rods and cones is thus twice
elaborated, firstly by the bipolar cell system and secondly by
the ganglion cell system. The foveal area which apparently
can tpansmit through to the optic nerve in a one to one basis
of cone, bipolar cell, ganglion cell system is still, however,
capable of being affected by adjacent cells at the level of
layer six.

The coarsening of retinal structure from fovea to periphery,
the diminution in the number of bipolar cells, and the dimin-
ution in tie number of ganglion cells explains known deterior-
ation of visual acuity in the periphery.

In the periphery the wore extensive commumication fromn
photoreceptors via bipolar and horizontal cells to greatly
enlarged ganglion cells permit more ready summation of weak
stimuli. They function well in movement perceptiomn. Movenent
perception in this area is attention demanding and is function-
ally a warning device of visual events occuring cutside the
field of discrete viewing.

In the preceding descriptions of retinal regions and retinal
layers the following cell types have been noted. Cones, rods
horizontal, bipolars, amacrine, ganglion and those of Muller.

There is a considerable synaptical relationsnip withim the
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Scheme of the structures of the primate retina as revealed by the method of Golgi.

The designation of the layers and the zones: (1) pigment laver; (2-a) outer zone; (2-b) inner zone of the
rod and cone iayer; (3) outer limiting membrane; (4-a) outer zon#; (4-b) inner zone of the outer nuclear
layer; (5-a) outer zone; (5-b) middle zone; (5-¢) inner zone of the outer plexiform layer; (6) inner nuclear
laver with its four zones; (7) inner plexiform layer; (8) layer of the ganglion cells; (9) layer of the optic
nerve fibers; (70) inner limiting membrane.

The designation of the nerve cells: (a) rods; (b) cones; (¢) horizontal cells; /4, e, [, h) Lipolar cells;
(i. 1) so-called “‘amacrine cells”; (m, n, o, p, s) ganglion cells; («) “radial fibers” of Miiller.

In this scheme the nervous elements are reduced to their essentials, with, however, the characteristic
features of each varicty preserved—ihe location of the bodies, the size, the shape, and the spreading of
the dendrites and of the axis cvlinders —and with the synaptical contacts presented accurately. (Cf. Figs,
37 and ¢6.)
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retina which involves cones and rods and which varies in
differing areas of the retina and within the different retinal
layers.

This arrangement of great complexity, which is as yet not
fully understood is seen in Fig. 9 from Polyak's work.

The human retina is rod dominated histologically, the cones
accounting for approximately 50/0 of all the light sensitive
cells. The total number of cones is between 0.% and 6.0 million
and the number of rods approximately 110-125 million. As the
optic nerve contains an estimated ©00,000 - 1,100,000 fibres
there must be on average about 100 receptors, rods or cones,

subserved by each fibre.

Receptor [lields

Each area containing all the receptors subserved by an optic
nerve fibre is called a receptor field. These areas vary in
size from the fovea to the retinal periphery, being smallest
in the foveolar area. These receptor fielas overlap, thgs any
one rod or cone can be contained within two or more fields. The
presence of these fields accounts for the great diminution in
the number of optic nerve fibres cowpared to the number of
photosensitive cells. Thus few or many cones or rods may have
their discharges modified and subsequently amalgamated into
one optic nerve fibre. This, however, does not imply gross
degradation in the output because of the overlapping of such

fields.




Adrian (1931) was the first in association with Hoagland
and Cattell, to define receptor fields in the skin of tne frog
and as a result of subseqguent research it is now clear, as was
realised by Adrian, that tinls overlapping feature is an essential
and integral factor in thne mechanism of discrimination by sensory
systems whether they are touch sensitive, thermal sensitive or
photo-sensitive. Visual perception is not a process analogous
to photographic reproduction which is reliant upon fineness of
grain in the photographic emulsion and the perfection of the
lens system. Visual perception is a dynamic act, the dynamics
of which are readily demonstrable by the continuous freguency
variation in electrical discharge in the optic nerve fibres and
by movements of the eye even during steady fixation. However,
where fine discrimination is required the receptor fields in the
foveal area are to some extent comparable to photograpunic
emulsion grain fineness in that receptor fields are found with
a cone to ganglion ratio of one to one.

T'hat tnese fields have mutual interaction has been shown by
Barlow (135% a & b), in investigations of receptor fields in
the frog's retina. He showed that a ring of inhibition existed
around receptor fields and that illumination of this inhibited
area, which itself does not respond by discharge, inhibits the
response from tie central area of the field. He suggests that
this has a part to play in simultanecus contrast znd exemplifies

this suggestion by recalling that a white area looks brighter



when surrounded by a black area than when surrounded by grey.
The stimulation by the grey inhibiting to an extent, the response
to the white centre.

The size of receptor fields has been investigated in various
animals, the conger eel in which fields of the order of 1 am. in
diameter were found by Adrian and Matthews (1927 a & b}, . )
the frog retina in which similar field sizes were found by
Hartline (1940 a & c¢) and in the rabbit by Thomson (1553).
Kuffler (1952) has found fields of up to four millimetres in
diameter in the retina of the cat as have also Wirth and
Zietterstrom (19Y54) when the search is undertaken in dark ambient
illumination. Hartline (quoted by Granit 1955) has found both
large and small receptor fields in the frog's ewe and has shown
a decrease by a factor of two in the size of these fields when
stimulus intensities 100 to 1000 times threshold were used.

Kuffler (1952) also reports that receptor fields shrink with
increasing light adaptation which accords with Craik and Vernon's
(1941) findings that areas of summation shrink with light adapt-
ation.

Studies of the discharges in optic nerve fibres - the axons
of retinal _janglion cells have snown that the electrical
discharges from receptor cells modified by the superimposed
bipolars and ganglion cells are of three main varieties. There
are those which respond to onset of illumination, those which

respond to cessation of illumination and those which respond to



onset and cessation of illumination. They are known as on,
off, and on-off fibres. On-off fibres are most numerous and
there has been snown to be mutual antagonism between on and off
elements.

The receptor fields of the retina thus contain two antagon-
istic systems which discharge, one to one set of illumination
the other to cessation. The first point of confluence of on
and off discharges is the bipolar cell and it is probably at tnat
site (Granit 1955, that the antagonism is resolved before
passing on to the ganglion layer. Kuffler (1952 and 1953)
has shown the cat's retinal receptor fields to consist of an
inner area which is'on' in response, an intermediate zone which
is'on-off'in function and an outer zone which is'offl He also
found the converse, receptor fields with 'off' in tne central
area, 'on-off' in tuie midale area, and 'on' in the outer area.
By simultaneous stimulation of the 'on' and 'off' areas in the
receptor field Kufiler stowed that the stronger response will
suppress the weaker, but that this stronger response will have
been itself veakened. 'hen both areas are equally strongly
stimulated both 'on' and 'off' responses are weaxened. It haé
also veen reported by Kuffler and Barlow, guoted by Granit (1955),
that with dark adaptation of the cat's eye, the whole receptive
area is given over to the central response and that the field is
no longer one of turee zones as descriped zbove.

Barlow (1953b) found that 'off' units summate throughout the




field and are unaffected by light outside the field. In hkis
discussion he points out that the 'off' response in the frog's
retinal receptor fields probably supply the necessary sensory
input to permit apprecliation of the movement and position of the
frog's prey, i.e. a moving fly, by leaving a trail of 'off!

responses as the fly's image moves across the retina.



-EXTRINSIC MUSCLES OF

THE KYE FROM ABOVE.
Superior rectus,
Levator palpebra: superioris,
Medial rectus.
LLateral rectus.
Superior obligue.
Reflected

(»l)li({!li‘.
Annulus of Zinn.
Optic nerve,
Ophthalmic artery.

tendon of  superior

From Duke Eld

®
de

: |
o
X

> N A
e INOe

Textbook of Ophthalmology



Tue ExTRINSIC MUSCLES OF THE EYE FROM THE LATERAIL SIDL.

I. Levator palpebrie superioris. 4. Inferior rectus.
2. Superior rectus, 5. Inferior oblique.
3. Lateral rectus. 6. Superior oblique.
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Section 2 ;

The extrinsic musculature of the eye

The muscles controlling eye movement are six in number. The
superior and inferior recti which control up and down movements
of the eye are innervated by the third cranial nerve. The
medial and lateral recti control side to side eyeball rotations,
the medial rectus being innervated by the third cranial nerve
and the lateral rectus by the sixth. The remaining two muscles
are the superior obligque and the inferior obligue innervated
respectively by the 4th and *rd cranial nerves. Figs. 10, 11, 1l2.

With the exception of the inferior oblique which originates
in the antero-medial corner of the floor of the orbit, all the
muscles arise from a common origin in an annular ring - the
annulus of Zinn at the apex of the orbit. Through this ring,
which encircles the optic foramen, passes the optic nerve and
the opthalmic artery. The muscles originating in this annulus
form a muscle cone as they extend to their insertions on the
sclera of the eyeball. Before its insertion the tendinous
extension of the superior obligue muscle passes through a
cartillaginous pulley called the trocnlea and at this point
sharply changes direction backwaras, downwards, and laterally.
It then runs beneath the superior rectus and is inserted on the
postero lateral aspect of the scleral surface of the eyeball.
Despite its origin and muscle position by its turning at the

pulley its contraction produces an oblique movement of the

eyeball.



These muscles are covered with facial sheaths which are
continuous with the fibro-elastic tissue of Tenon's capsule
which surrounds the eyeball from the cornea-scleral junction
anteriorly to the optic nerve posteriorly. Extensions of
these sheatus near their terminations spread out to form an
intermusculsr membrane round the eyeball. From these muscular
sheaths check ligaments containing some smooth (involuntary)
muscle fibres run to the orbital walls. The function of the
ligaments is the checxking of overaction of the various extra-
ocular muscles. The most fully developed check ligaments are
associated with tne medial and lateral rectus which are involved

in side to side rotations of the eyeball.

The nerve suopnly to the extraocular muscles

The nerve supply to and from these muscles is contained in
the 3rd, 4th, 5th and 6th cranial nerves. The actual distrib-
ution among the rd, 4th and bth has been detailed above with
respect to the muscles served. It has been shown by Stibbe
(1929), cited by Caoper (1951l/in an anatomical study that
definite connections exist betwecn trnese nerves and the 5S5th
nerve in man. It appears that motor impulses of central origin
travel to the muscles via thelr respective nerves and that
sensory impulses from the muscles travel, not only in these
nerves, but have another pathway via the 5th nerves to the brain.

The nuclei or origin of the 3rd and 4th nerves are found in

the central grey matter of the mid-brain and are anatomically



THE OCULO-MOTOR NUCLEIL

Mesial section of the left half of the brain showing the position of the nuclei
of nerves II1 and IV represented schematically by the row of black dots; and the
position of the nucleus of nerve VI lying within the loop formed by the fibres of
nerve VII. The nucleus of nerve VII 1s seen consisting of a main mass and a small
superior facial nucleus. The calcarine fissure i1s outlined in black (from Whitnall :
“ Anatomy of the Human Orbit 7).
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related in general to the aqueduct of Silvius and the 4th
ventricle as seen in Fig. 13. The nucleus of the O6th nerve is
found in the dorsal portion of the pons.

The third nerve nucleus is particularly complex as it sub-
serves in addition to four of the six extraocular muscles, the
muscle controlling the raising of the upper eye-lid and some
intra-ocular muscles (spnincter of iris and ciliary muscles).
It is possible to divide this nucleus into various segments
which have muscular control as shown in Fig. 1k4. The nucleus
of the 4th nerve is also shown in the diagrammatic display.
There is still considerable doubt as to the exact function of
each nucleus segment and also as to which nerve fibres are
crossed and which are uncrossed, the 3rd nerve is considered
to have both types as this is necessary in order that heteron-
ymous muscular actions should be possible despite the oculomotor
fibres to the cerebrum being completely crossed. The 4th
nerve 1s also consiuered to have crossed and direct fibres.

The 6th nerve is considered to be direct.

The central connections of the oculomotor system

These form a most complex system much of which is ill-defined.
The principal connections only need to be shown. They can be
divided into two main groups, the first, the connections in the
mid-brain and the second the connections with the cerebrum.

According to Duke Flder tnese connec¢tions are:



Group A
1. The three oculomotor nuclei with each other, especially the

nucleus of the 4th with the contra-lateral nucleus of the

Srd.
2 With the superior colliculus.
e VWith the Oth cranial nerve system.

L With the cerebellum.

Group B

1. From the cortical centres for eye movements in the fromtal
lobes.

s From the visual calcarine cortex.

ITn aduition to tuese there are other tracts whose functions
are not understood and also 'centres' have been hypothecated to
control the various eye movements.

The real complexity of tne nervous system in its organisation
of the control of eye movements is not yet fully unravelled.

The correlation and integration of anatomical and physiological
findings give an increasingly clear picture of the complex
inter-relationships involved when the eyes follow a moving
target with the intention of discriminating the detail presented
in that target.

Present knowledge, however, leaves many questions unanswerable
and inevitably has led to postulation of various 'centres'
which carry out the demanded functiohal integration. The

frontier between reflex or invodbuntary and willed or voluntary



Diagrani of the vistal system in Primates (Monkey, Ape, Man) drawn in the outline of the
human brain. Two-thirds natural size:

The infranuclear division is composed of the eves, or eveballs, cach inclosing the retina (r). of the optic
nerves (on), and of the optic tracts (ofr), connected by means of the optic chiasma (ck). This division
terminates in the subcortical visual centers, of which the principal one is the lateral geniculate nucleus,
or lateral geaiculate body (/gn), the others - the pregeniculate nucleus, or griscum pracgeniculatum (pgn),
and the supcrior colliculus of the midbrain (cols) - -heing subsidiary A fourth, and a less probable, sub-
cortical visual center is the pulvinar of the thalamus (pule).

The supranuclear division of the visual system is represented by the visual radiation (vis rad), a fiber
tract originating in the lateral geniculate nucleus of the midbrain (/gn) and terminating in a portion of
the superficial gray matter or cortex of the occipital lobes of the cerebrum, calied “striate area” (stra).
1a the chiasma (ch) the nasal or inner halves of the optic nerve fibers, originaung in the nasal halves of
the two retinae, intercross. In consequence, while cach optic nerve (en) represents the retina of its own
eve, in the visual pathway from the chiasma to the cortical visual centers (ofr, Ign, vis rad, stra)each side,
right and left, represents the ipsilateral -+ homonymous halves of both retinae.
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TaE VisuiAL NERVE PATHsS sHowIiNG LINES OF PROJECTION OF THE
FrxaTioN AREA AND THE BLinD Spot (from Traquair’s *° Clinical Perimetry ™).



responses has inexact demarcation. The use of the term
fixation 'reflex' is itself subject to criticism in that it is
not of the low order of couplexity involved in spinal reflexes
but has cortical associations and demands the presence of
consciousness for its very existence.

The pathways, centres, and cortical areas involved in the
experiments reported find their tangible stimulus origin at the
retina, their intangible pre-origin is in the will of thLe
motivated subject who voluntarily pursues the object to acguire
and describe what is seen. The response of the subject is,
therefore in some respects under his control and in other
respects is involuntary in that the subject's eye movements to
finally bring the object on to the fovea are out side his control.

This present concept of the pathways, centres and areas may
be traced in Figs 1A &.B. From the ganglion cells of tie retina
arise the third order neuroses, the first neuroses in the pathway
being being the rods or cones, and the second in the bipolar
cells within the retina.

The optic tract carries impulses to the lateral geniculate
body, the pretectal area and the superior colliculus (Barnes,
Ingram and rearson, 1lv35). During the course of these fibres
there is a partial decussation in the ogtic chiasma. Fig. 15 B.
By virtue of the decussation the fibres from tune lateral and
medial segments of the two retinae are associated, and in the

continuing tract fibres from both retinae are represented. By



this partial decussation a stimulus, moving or otherwise, in
the left half of the binocular visual field will be represented
in both optic tracts before the decussation, but only in the
right tract after decussation.

The main relay station for the tract fibres is the later
geniculate body through which all fibres to the occipital
striate cortex pass. They form the geniculocalcarine tract
and at the cerebral cortex tie contained impulses give rise to
visual sensation.

The optic tract contains nerve fibres of varying size. It is
now well known that the larger the fibre the  reater the rate
of conduction of impulses. Le Gros Clark (1944%) has pointed
out that the larger fibres in the optic nerve go to the
lateral geniculate body where tne impulses are relayed to the
cortex. Because of the difference in size of the various
fibres there would be time for wvisual impulses to reach the
cortex and return by cortico-tectal fibres to tine mid=-brain
before the impulses in the smaller and slower fibres reached
the mid-=-brain directly from the retina.

The pretectal repgion to which some fibres branch is considered

to be concerned oniy with the pupillary light reflex.

The fixation reflex and the moving taryet

The accurate correlation of wvisual stimuli and subsequent
eye movement results in a visual fixation. By fixation is

meant the maintenance of the posture of tne eyes by tonic



contraction of tre extraocular muscles so that tie retinal
images of the object which is fixated falls on the two foveae.
rixation is partly reflex but requires tiie intervention of
consciousness. In this it is distinct from other reflexes
which can operate without consciousness being involved.
‘laintenance of fixation during target wmovement cannot be
accomplished by purely voluntary effort.

Anatomical and electrophysiological studies have sihown that
multiple sites in the brain stem, mid-brain and cortical regions
are invalved in fixating an object. Gordon Holmes (1938)
had formed the opinion that the occipital cortex was concerned
with the fixation reflex and the frontal cortex with voluntary
movement of the eyes. ne frontal cortex had also an inhib-
itory action and lesions within the area caused an exaggerated
fixation reflex to be operative., Exaggerated to ti.e extent
that fixation con an object could not be given up, or only
given up by extreme effort. Such pathological fixation
resulting from either frontal cortex damage or damage to the
pathways to and from the cortex, caused much distress to
patients.

Tie area of the precentral cortex has also been demonstrated
to have motor associations with the extraocular muscles.

There are therefore known to be in the cortex of man, two
distinect areas concerned with the visual system and its moveuent

control - occipital and the precentral motor cortex.



The idea that specific areas of the cortex have specific
functions is very old and early work by Fritsch and Hitzig (1570),
Ferrier (1886) and others laid down a foundation on which such
specifications were built. These foundations no longer support
our far from complete knowledge of cortical function, but it is
now clear that the nervous system functions as a whole (Lashley
1929, 1931, 1934), Voluntary muscular action may be influenced
by tnoughtful consideration of the desirability of such action,
and its conseguences. It may be influenced by many factors
which are comnonly described as reflex activities, involving
many so called centres and nervous pathways. All these various
factors will have an effect on the accuracy of control movements
of the eyes, or any other anatomical portion, whether they are
voluntary or reflex. This more modern concept does not deny
that specific areas have localisstion, indeed, research has
confirmed this, but what is of vital importance is the integrative
functions of intercortical areas and cortical subcortical areas,

which appear to subserve voluntary movement.






The Exploratory Experiments

The rotating arm of the human centrifuge at the Royal Air
Force Institute of Aviation Medicine, when viewed from the
observation rooms, Fig. 16, provided a means of imparting
movement to a simple visual acuity measuring device. This
rotating apparatus was available and required no modifications,
apart from afixing the system, its remote control and a method
of illuminating the device and its background. This apraratus
was considered to be adeguate for exploratory experimentis on
which could be based a more searching appraisal of the whole

problem of the discrimination of detail in moving objects.

The apparatus and methods

Targets were mounted on the end of the arm of the human
centrifuge and consisted of a series of various sized Landolt
rings capable of being rotated into the eight standard positions.
The rotation was electrically controlied by the observer from
an observation room in which the subject was seated, and the
subject was regquired to locate the position of the gap in the
Landolt rings, the gaps subtending angles varying from one
minute of arc to 24 minutes of arc at the subject's eye.

Movement of the target was from leit to right, and the distance

of the target from the subject was 70 ft. Fige. 16 shows the




OBSERVATION ROOM CONTROL ROOM

A —CENTRIFUGE CAR.
B - CENTRIFUGE ARM.
C —LANDOLT RING TARGET.

D —OBSERVATION ROOM.
E —WALL OF CENTRIFUGE CHAMBER MARKED IN DEGREES OF

ARC RELATIVE TO SUBJECT.
F —ARC USED IN EXPERIMENTS

DIAGRAMMATIC LAYOUT OF CENTRIFUGE
CHAMBER

Figo 17-







target arrangement and Fig. 17 the general layout of the
centrifuge. The vertical pillar in the centre of the centri-
fuge was subjectively unnoticeable during visual pursuit of the
Landolt ring.

The technique adopted by Ludvigh of apparently moving the
object via a front surfaced mirror was discarded due to our
inability to produce an image free from vibration. These very
minor vibrations produced by inconstancy of electrical motor
performance and gear system performance resulted in just
perceptible vibration of the mirror. With an optical lever of
magnitude 20, these very minor mechanical non-linearities trans-
mitted to the mirror were considered unacceptable. Recourse
was therefore made to tue rotatable equipment which was available
and which was found to provide vibration-free carriage of an
actual object.

The angular velocities of the targets relative to the subject
vere O - éﬁo/sec. with normal running of the centrifuge and
velocities up to 1200/sec. were obtained for short periods
when the cabins were not in position. The subject could see
the moving target with ¢ither or both eyes by manipulating a
view restrictor, Fig. 1lo. This view restrictor consisted of
5 shutters, two of which operated in the vertical plane and two
in the lateral plane. By separating the vertically operated
shutters the field of view in elevation coudbd be increased, and

by separating the lateral shutters variable widtii fields of



view could be obtained. The 5th shutter which extended from
the nose ana forelead of the subject and protruded beyond the
plane of the other four shutters ensured an equal field of view
to left and right eye and also to both eyes when used simultan-
eously. The field of view was therefore constant for any of
the three viewing methods. The distance from corneal surface
to the aperture was > inches.

The luminance of the backgrouna anu of tne shuiters restricting
the field was 18 millilamberts, (Holophane Lumeter). The
contrast factor between target and background was 65%/0. (The
subject was adapted to the li hting conditions used in the
experiment for 2-3% mins. by adopting the viewing position anad
regarding in general tne illuminated field.)

As the lignhting condition throughout was constant and the
fixation point and target almost equal distances from the subject
no change in accommodation or light adaptation was reguired
when the target appeared. The selected angular velocity of
the centrifuge targe. as seen from the oobservation point varied
by 20/0 from entry point mid-field, vpeing greater at the mid-
field posicion. The angular velocity of the target relative to
the eye in the seleccted 300 field was 477 /o of the actual angular
velocity of the target from the centrifuge pivot.

A constant size of field of view was selectied and with target

o . . 0 0 _
angular velocities varyin. from O /sec. to 65 /sec. the exposure



- o

time was diminished with each higher angular velocity. After

a learning period subjects attended six sessions of 40 minutes
during which the subject carried out 180 pursuit movements. Six
subjects took part in tne experiment, but only four completed
all sessions. However, as these experiments were primarily
designed to find subjects with differing performance for further
research experiments the loss of the two subjects was not
considered embarrassing.

The subject was seated with his chin in & chin rest and some
body stability was provided by forearm rests anterior to the
subject. A bite board was not used. Initially with a
stationary target in the centre of the field the subject
identified the position of the break in the Landolt ring. This
was done by clock coding, 12, 10.350, 9, 7.30 etc. The subject
responded by calling the various positions, the answers were
correct or incorrect.

For the pursuit experiment, a fixation cross at the left
periphery of the field of view coincided with the entry point of
the moving target. The subject was asked to follow the target
and identify the angular position of the break in the ring. A
warning period of 1l-2 secs. was given before the target appeared.
The unlit target passed across the permanently illuminated field
once or twice before each trial but was not followed by the
subject who maintained fixation on the cross provided. In

some experiments employing eye movement recording techniques
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this fixation could be checked.
The Landolt rings having very large (4-12 minute of arc) gaps
were not used as at maximum centrifuge speed the gaps were

easily distinguishable. (dio/sec. normal running).

kesults in ability to verceive

Subjects 1 ana 2 vieweud a 1.5 minute of arc target and Subject
1l demonstrated & better ability than Subject 2. These results
were not compared statistically as Subject 2 did not complete all
six sessions. Figs. 19, 20.

Subjects 3 and 4 viewed a 1 minute of arc target and their
results are shown in #ig. Z2l. Subject 4 performed better than
Subject 3 as scen in the graphs and this was confirmed statist-
ically (P= 0.001).

Fige 22 shows the performance of Subject 5 who viewed a 2.5
minute of arc target. The results show only a minor loss of
ability to discriminate the detail in the moving target.
Subjects 1 - 4 when presented with targets of this size demon-
strated an improvement in ability at all velocities compared
with their original smaller targets at similar velocities.

These improvements were obvious and were not scored.

Subject 6 failed to carry out all the tests required, and his
results were graphed only. Fig. 25.

In all subjects and in particular Subject 3, the responses

when presented graphically show a trend for binocular vision to
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be better than monocular. An analysis of the data showed

no significant difference to be present nor were there shown
significant aifferences between right and left eyes. The
number of errors by Subject 1 and % were sufficiently large to
permit examination of which positions were seen better than
others. The % o'clock and 9 o'clock positions were seen
better than any others. Subject 1 (P = 0.01) Subject 3

(P = 0.05)s Failure to recognise detail in the moving targets
occurred at angular velocities as low as boo/sec. and increased

with increasing target velocity.

Eye movements

Eye movements were then recorded in Subjects 1 and % who i
varied considerably in ability, to permit investigation of
aifferences in the eye movement patterns anu eye movement
latencies. Latency is defined as the time delay between
target appearance and initial eye movement. Despite tune
general limitations of the cornea-retinal method of recording
eye movements, the time constant in capacitance coupled amplifiers
and the 'noise' in the system it was possible to obtain the
initilal latency of eye movements and to note the occurence of
definite secondary eye movements during the pursuit phase,

Fig. 24 (record from later experiments).

Latency of eyve moveuments

There was a wide variation in tue initial latencies recorded
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the general dispersion being in the 150-250 millisecond band
with occasional very long ones.

The variation of eye movement latency with variations in
the zone of the retina initially stimulated is shown in

Fig. 25 and Table 1.

Table 1

Sites of Initial Stimulation in Relation to Target “ntry

Point and Latencies in Milliseconds with Stanuard Deviations

= =0 0O .0 Target
rovea S g {0 i o 15" 2% Velocity
Subject 3 209.5 201.92 202.47 225.6 60°/sec
Subject 1 210.5 188.5 195.8 214.6 75°/sec
(19.55) (17.038) (12.43) (10.91)
Subject 3 200.05 193,575 192,472 215.625 75°/sec

(27.776) (37.194) (33.125) (31.339) .

Subject 1 whose ability to discriminate detail in moving
targets 1is better than Subject 5 shows slightly smaller laten-

clies and a substantial diminution in the standard deviation.

Secondary eve movements

These secondary movements occurred more frequently as target
velocity increased. Fig. 26 shows the percentage occurrence
of these movements related to target velocity and Fig. 24 the

type of movement recorued. There is also shown in Fig. 27
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the relation of occurrence of these movements to target entry
point. The incidence is greatest when target entry and
fixation point is coincident.

The latent period of this secondary movewment had a mean of
136.23, SD 11.99 for Subject 1 and 135.53, SD 13.56 for Subject 3
when measured from the beginning of the initial sharp saccadic
movement to the beginning of tlhe second movement.

The extent of the second movement varied from 2-8° cf arc and
its direction indicated that the eye in tne vast majority of
cases was lagging behiund the target. Velocity change resulting
from vhe movement was not capable of beinyg measured due to the
limitations of the records. The impression was gained that
any change whicn occurred was relatively small.

The total time involved up to the completion of a second

movement is about 350-400 msec.

‘iphasic eve movements - backward movements prior to pursuit

During the previous exploratory experiment initial movements
. : 0 -0
back to meet the oncoming target were notea at the 10  and 15
points. The type of movement is seen in Fig. 20. An experi-
ment was thercfore carried out to determine what peripheral
visual field was required to produce this biphasic pursuit
moveument seen in Fig. 20.

Using the same field of view the subject fixated & black

cross in the line of the target movement. This blacx cross



could be moved into any position in the field from point of
entry of the target and was in practice moved from this point
in 1° stages to a poiant 150 from target entry.

The experiment was carried out once again on Subject 1 and
5 Subject 1 was unaware of tne purpose and was serely told
to view the Landolt ring and recogznise the gap as quickly as
possible. Target velocities of 20, %0, 40, 50 and 60
degrees per second were used with.the 300 field.

By varying the angular position of the initial peripheral
stimulation relative to target entry point and by varying the
target velocity it was possible to investigate three situations.
The first in which the time taken by the target to reach the
fixation point was long, 400-500 msec., a backward eye move-
ment would give definite advantage. This was achieved by
having a slowly moving target and a large angular displacement
between fixation point and target entry point. Secondly, it
was possible by adjusting the fixation point and the target
velocity to make the time for the target to reach the fixation
point so small, that backward movements would be disadvant-
ageous. The third situation is that in which any benefit
which could arise from a backward movement would be marginal
in respect of the subject obtaining increased time and

distance during which to pursue and discriminate the detail

in the target.



Backward movement towards tiie oncoming target occurred as
shown in Table 2. This also shows the number of occasions
when backward movement could have taiken place with advantage
but did not occur. llo backward movements occurred when the
time to be taken by the target from entry point into the field
of view to fixation point was less than 200 msec. The frequen-
cies with which advantages and disadvantages accrued from the

backwaru movement is also shown.

Table 2

The Advantapges, Disadvantages and Missed Opportunities in

Biphasic Eye lMovements

Subject Target lo. of Advantages Dis=- Missed
Vglocity Backward advantages Opportunity
/sec. Movewents
1 20 2e 22 Nil Nil
20 20 19  { s
40 12 9 : 4 3
50 10 5) 8 )
60 Nil Nil Nil Nil
5 20 15 15 Nil 156
50 - 4 Nil 29
4o Y J Nil 27
o0 ) ) Nil 12
o0 2 2 Nil 24

* A missed opportunity is considered to occur when time for

target to travel to the fixation point is more than 200 msec.

5 : ~ -0 .
The extent of the backward movement varied from 1l-5 of arc
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and the time taken was 22-40 msec. There is no delay measurable
in the change from backward movement to meet tune oncoming target
to movement in the direction of target travel. Fig. 28. The
responses of the two sdbjects are markedly different particularly
with regard to missed opportunities.

Two features of note occurred. Firstly, no backward move-
ments to meet the on-coming target occurred when the time taken
by the target to reach the fixation point was less than 200 usec.,
and secondly, no delay comparable to that found with corrective
saccadic movements (13%6 msec.) occurred between the beginning
of tne backward movewent and the beginning of ti.e second move-
ment. The time taxen to commence actual pursuit measured from
the time of initial backward movement was about 20-40 msec.

This suggests that the whole movement was initiated as a biphasic
one and not one which resulted from a new mode being impressed

on an initial movement.

Discussion

(a) General

In most human activities there is a wvariation in ability
from one person to another. It is not surprising therefore,
to find that the discrimination of detail in a moving object is
more ably carried out by some people than others, despite the
fact that all these people have normal visual acuity. It is

surprising, however, that such findings as those of Ludvig!



and Miller had not previously been reported. During flight
where high relative angular velocities between the observer and
the observed can occur, this variation in human ability may be
important to the increase of efficiency of aircraft crews, both
civil and military, and thus the safety of passengers, aircrew
and aircraft.

Utilising a small nugber of subjects (6) these variations
were noted and confirm the work of tlie above authors not only in
the variability of the human ability but in the increasing

decrement in performance found as angular velocity increascs.

(b) The abilitv of subijects with different sized targets and

diminishing presentation time

The variation in each subject with regard to ability with
right, left and binocular viewing is shown in Figs. 16 - 23.

As a result of the experimental design it has not been possible
to show significant statistical differences.

Tle subjects who were giwen 2.5 and 5.5 minute of arc targets
demonstrated the improvement in performance with larger targets
and these subjects who failed to recognise small moving targets,
found that at the same velocities larger targets were discrim-
inable. However, with even higher velocities, the total time
during which the target was visible was reduced to below %00 msec.
This time was almost entirely occupied by a latency of eye

movement of some 200 msec. and the time to complete an initial



eye movement to achieve fixation. For example, at llBo/second
target velocity when the total exposure time was 260 msec.
Subject 5 failed entirely to recognise the position of a gap
of 2.5 minutes of arc in the Landolt ring. This failure may
have been due to insufficient presentation time or to consistant
failure to achieve fixation on a target having such a high
angular velocity. A subsequent brief experiment showed that
a 1 msec., presentation was adequate for recognition of a static
target in comparable conditions. With regard to this gross
failure the findings tuoat wilh increasing target velocities there
is an increasing incidence of corrective saccadic movements are
pertinent. The total time for initial and corrective saccadic
movements was of the order of 550 msec. or more. Thus, time
of exposure when a corrective movement is required probably
must be at least 550 msec., a time considerably in exdess of the
exposure time available at 115°/sec. in these experiments.

It was therefore planned to investigate the effect of increas-
ing time of pursuit on ability to discriminate detail in the

moving targets.

(¢) The latent period of initial eye movements

The variation noted in this time of over 100 msec. between
the shortest and longest, demands that coansideration be given
to causes related to the experimental metnod 1tself and to the

physiological functioning of the oculomotor system.



With regard to tie apparatus, it is possible that as the
unlit, but visible target, passed across the field of view
once or twice between each trial without being followeu, that
the subjects estimated the time of the appearance of the target
and did not respond solely to its arrival in the field of view.
The short latencies of 150 msec. may indicate premature eye
movement to have taxen place. As the mean latency was about
200 msec. these movements, if premature, would have peen the
result of an error of judgement of up to 50 msec., which would
be a 250/0 error in e8timating time of target appearance. If
this inaccuracy of judgement is also to be applied to how far
and how fast the initial saccade should move the eyes, it would
net be unreasonable to expect a similar order of error in the
initial saccade, which would nave been shown by an increase in
the number of 2nd or corrective saccadic movements associated
with short latencies. This was not noted.

Latencies which are much longer than the mean, can readily
be produced by the failure of attentien of the subject and also
when and if the subject over-estimated the time of arrival of
the object.

Eowever, when latencies of the above order are noted and the
task required of tre visual system is a combined one of pursuit
and fixation to discriminate detail, it is possible that the
retinal stimulation pattern may affect the latency of the eye

movement. The tasx is more complex than the mere movement of



the eye between two static points when latencies of the order
of 150 msec. are expected. Westheimer (1953%) in his studies
with slowly moving targets found the same scatter in initial
latencies, (150-250 wmsec.) with entirely different apparatus
in which learning was not possible. The cause of the scatter
found in the results is not explicable.

To aid further discussion it is necessary at this point to
refer in broad terms to the anatomy of the retina, described
in Part 2, with specific regard to retinal receptor fields,
and the stimulus pattern produced by static and moving targets.

The receptors which share a nerve fibre constitute an area
called a receptor field. Despite the overlapping of such
fields it is probable that a small target stimulating a large
field will result in a response which can be related only to
the whole receptor fiela and tnus with increasing field size,
movements wnich are intended to bring the object to fovea will
be only as accurate as the information available on which the
movement 1is based. The larger the field tne poorer becomes
the position information. Sensory stimulation in this pursuit
and discriminating task is at these retinal fields. The
nerve lmpulses from the retinal photosensitive cells may be
modified within the retina itself, in the brain stem, and
eventually reach the occipital cortex. The response to such

stimulation involves cortical activity in that this pursuit is



be{~

a non obligatory function, but accurate fixation is an invol-
untary or reflex action.

Between static targets the eye is moved from one point to
a second point through a variable angle, both points being
stationary. For this type of eye movement the retinal sensory
system gives information about the initial fixatiou. The
second target when presented then induces a retinal response,
the information from which is of purely retinal position
character and will vary in its accuracy with the size of retinal
fields. The latent period of such reflex movement is reported
to have a minimum of 120 msec. and a mean of 150 msec. (West-
heimer, 1954).

In the periphery of the retina where receptor units are large
the information on position is much inferior to that obtainable
at the fovea. An analysis of the visual sensory information
must occur and a programmed eye movement of varying accuracy
result. If there is an error in fixation, this error is taken
out by a gliding movement, or drift, or by a further saccade.

An analysis of position change only is required. It may be
reasonable to assume that information to modify the movement
during the quick phase of the initial saccadic movements 1is
unlikely. The angular velocity of such movements may be as
much as 200 to 600 /sec. depending on the angle to be traversed.

When the eyes are required to move from a static position to



one of movement at & given rate the task is guite different.
Initial fixation is provided and it is irom this point where
accurate foveal stimulation is occuring thnat movement of the
image of an object takes place into the parafovea, perifovea
and near periphery, Polyak's regions 1, 2, % and &. The object
is moving progressively from an area of small receptor fields
to an area of larger ones. Nervous impulses from the retina
are thus being reduced in rate and in position accuracy as
receptor fields increase in size. The change from a steady
fixation state to one of a velocity equzl to that of the object
and to obtain adeguate fixation is more complex than the static
case. The latent period of such reflex movement has been
found to be between 150-250 msec., a much greater latency than

the latency of eye movements between static points.

(d) Variation in latency with varying retinal areas

Having regard to the potential accuracy of location within
receptor fields and rate of discharge from serially stimulated
fields via the optic tract fibres an experiment was conducted
to measure any change in tne latency of eye movement when the
initial retinal stimulation was peripheral to the fovea. It
seemed possible that with larger fields, more diffusely placed
cones, and bearing in mind the Crawford-Stiles (133%3%) retinal
direction effect that peripheral stimulation might result in a

different reaction time.



fihen the natural visual worla is considered it can only be
in a small percentage of instances that fixation coincides
with the visual origin of a moving object and that the pataway
is therefore less well conditioned. This may to some extent
account for the reduction in latency shown in the intermediate
positions. These reductions are not, however, statistically
significant. Arden and Weale (199%, 1954) and Slater Hamamel
(1955) have shown reaction times to be longer with peripheral
stimulation.

The rate of afferent impulses, assuming each field to dis-
charge sequentially, varies as has been stated with target
velocity and with receptor field size. Polyak (1941) shows
that receptor fields in line vary in number from 144 per aegree
of arc at fovea to about 25 at 150 peripheral to the fovea.

Theoretical mean rates of impulses per second in the zones
0-50, and 10-15o could therefore be - 3,000 and 1,800 respect-
ively at 60°/sec. target velocity. Increase in target velocity
to 75°/sec. would raise the impulses per second at the 150 - io®
arc to one comparable with the vi; 1 jo arc at 600/sec. This
increase in target velocity did benefit the latency and at all
points a decreased time of latency was noted. Fig. 25. The
extent of this decrease in latency shown is probably within the
day-to-day variation to be expected in such experiments and no

significance can be attached to the increase shown in this

particular experiment. The interpretation may also indicate
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that higher velocity targets may be associated with shorter
eye latencies. This cannot be extracted from the data
available in these exploratory experiments.

ELye movement recordings when tihe above mentioned peripheral
fixation points are utilised show a much more leisurely initial
saccadic movement. The saccadic movement complex is increas-
ingly reduced in the magnitude of each of 1ts phases of
acceleration, sfeady overtaking velocity, and aeceleration
thus demanding of the extrinsic eye muscles less violent and
possibly a better controlled movement, the reduction in the
incidence of corrective saccadic movements is possibly due to
this effect. Fig. 27. Clarificatioh of these effects, on eye
movements and latencies was planned to be carried out at target

velocities in which discrimination 1is more marginally achieved.

(e) The second saccade

A marked feature noted by all investigators of eye movements
has been the saccadic nature of such events. Its presence in
reading, pursult tasks, fixation reflex movements between
stationary points, its appearance with various labyrintiine
stimuli and in pathological conditions among many others shows
that tnis is a basic pattern in eye wmovements.

In these experiments tihey occurred firstly as the quick
overtaking movement in pursuit of the target and secondly as

distinct movements during the pursuit phase.



These second saccades during pursuit are considered to be
corrective in nature, the fixation achieved during the ensulng
steady tracking phase after tue first saccade being inadequate.
This corrective saccade is reflex and its existence does not
reach consciousness. In extent it varied from 2-8° of arc
and occured after a mean interval of about 1%6 msec., measured
from tre beginning of tre previous saccade. This interwval
duration accords well with the findings of Westheimer (19%4b).

The increasing incidence of these second saccades was shown in
Fig., 26 as target velocity increased from 30° to 60°/sec. This
is taken to indicate that fixation is less often achieved by
the initial eye movement, particularly when the initial eye
movement is of necessity a sharp saccade. Fig. 26 shows the
decline in incidence of second saccades when fixation is
displaced from target entry point. The initial movements of
the eyes are more leisurely, which suggests that it may be
muscle response inadequacy which causes the requirement for a
second saccade.

The direction of the corrective saccadic wmovement in all
but two pursuits indicate that the eye was lagging behind the
target by virtue of not wmoving far or fast enough - undershooting
the position or velocity requirement, or a combination of both.
This undershooting is a common finding by many authors in
saccadas between two fixed points although wmoving too far -

overshooting, is also frequently recorded. It was not possible



to determine whether the subsequent eye angular velocity was
greater or less than that occuring before the second saccade
owing to the nature of the recording. The time factor involved
in such movements up to the completion of the second saccade is
of the order of %50-400 msec. (lst latency + lst saccade +
latency of 2nd saccade + 2nd saccade). Yith a restricted
field of view, 300 of arc in these experiments and restricted
time in Miller and Ludvigh's experiments, 400 msec., a
deterioration might well be expected purely on a basis of
insufficient exposure time. This occurrence of corrective
movements, however, does not help to explain tihe difference
between the subjects at the target velocities used.

Both subjects (of differing ability) reacted in the same
general manner with regard to the incidence of saccades at the
relatively low target velocities used.

A further investigation of the incidence of saccades at
higher target velocities was considered necessary to permit
more adeqguate correlation of corrective saccades with target
velocity and the relationship between diminution of visual

acuity and increasing target velocity.

(f) Backward moveuments of the eyes prior to pursuit movement

During these experiments in which initial retinal stimulation
was peripheral, eye movements were recorded and showed that the

eyes on occasion moved back towards tre oncoming target and



then swiftly reversed their direction to one of pursuit.

One feature of note occurred. No delay comparable to that
found with corrective saccadic movements (1506 msec.) occurred
between the end of the backward movement and the beginning of
the pursuit movement. The time taken to commence actual
pursuit measured from the time of initial backward movement
was about 20-40 msec. which is mostly taken up by the movement
itself. This suggests that the whole movement was initiated
as a biphasic one and not one which resulted from a corrective
mode being impressed on an initial uwovement.

When marginal conditions were used the vast majority of
backward movements, if they occurred benefitted tue discrimin-
ation task by giving greater time and distance during which to
pursue the object. A few backward wmovements occurred to the
detriment of the pursuit task. Under these conditions the
control system served by the retina and subserved by the
oculomotor system can initiate relatively complex movements in
which no delays in the change of phase are occasioned during

the prograummed movement.

Exploratory experiments are described on the ability to
discriminate detail in moving targets.
The findings of Ludvigh and Miller that visual acuity

deteriorates with lncreasing angular velocities of targets is



confirmed as is also the lacik of correlation between static
visual aculty and acuity for a moving target.

Eye movement recordings were made by the cornea-retinal
potential method.

The target velocities employed were O-éjo/sec. for the
majority of experiments and some were conducted at up to 1150/
sec. angular velocity.

Discrimination of detail in moving targets is improved with
increase in target size.

The latency of eye movements is in the 150-250 msec. zZone.
The total time from target entry to completion of a corrective
saccade is 350 nmsec. or more.

The latency of eye movements when target entry point and
fixation point were not coincident and showed some evidence of
shortening =zat 50 and 10° frow fovea and some lengtnening at
15°.

There is an increase in the numoer of second saccades with
increasing target velocity. Theses are considered to be
evidence of failure of the initial fixation movement of the eyes.

The duration of the phase from tre beginning of the lst
saccade to the beginning of the second had a mean of 1306 msec.

When initial stimulation is on the retinal peripuery, back-
ward movements to meet the oncouing target were noted. Tre
type of movement indicated that this was a planned biphasic

movement and not one in which & corrective saccade is imposed



on an initial eye movenment.
“"hen the brealt in the Landolt C is at the % and 9 o'clock
positions it is se=n more readily than at the & and 12 o'clock

positions.

Conclusions

To ada further to t.e study of the loss of wvisual acuity
and the ability of man to sce detail in moving objects the
following programme is reguired.

1) The position error and velocity error of the eye in
relation to the moving target which should warrant a corrective
fixation movement.

2) Detailed examination of the second saccadic movement.

%) The investigation of ability at higher angular velocity
and the examination of the time factors and movement patterns
of the eyes.

4) The effect of increasing viewing time and the effect of
permitting freedom of head movement.

5) The co-ordination of head and eye movement.

5) Further investigation of tne time factors and patterns of
eye movements when the target appeared in the periphery of the
retina ana tracking towards the fovea.

7) The nature of eye movements when the target wmoves

vertically relative to the eyeball.



PART 4

The Ability to Perceive Betail in Hoving Targets

Method - The Aldis lamo rotation projection system

The limitations in the angular velocities of targets
available on the centrifuge system used for the exploratory
experiments and tne lack of flexibility in its performance
necessitated the design and asseuwbly of a new apparatus and
electronic control system. This is described in detail 1iun
Appendix 'A' and Fig. 1 of Appendix 'A'.

The apparatus basicalliy consisted of an Alais projector
mounted on a power driven turntable. An electric motor with
an electronic control ensured that the rate of rotation of the
system was accurately matched to the demand.

5lides were made of Lanuolt rings for the Aldis projector
wnich were mounteu in a holder and permitted rotation of the
Landolt ring into any position.

The rotation was in either direction through an arc of a?o°
of which 900 were available for routinely projectiing on to a
white screen in a laboratory and 160° for the centrifuge
chamber, which was used for tie study of unead and eye movements.
The screen was curved ana had a radius of 16 ft. A fixation
point was provided which c.uld be wmoved to aay part of the
curved screen. At the centre of this segment of a circle was

placed the projector system. The subjects sat on a chair
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immediately behind the projector and by leaning forwara their
heads were approximately above tlie centre of rotation of the
projector. The angular velocity of the projected Landolt
ring was thus to zll intent constant throughout its traverse.

Two photocells were mounted on the screen, one at the edge
of the screen which gave a record of the time the Landolt ring
projection entered the field of view of tue subject, aud the
second placed.SOo towards the centre of tue screen which
permitted calibration of the rotation speed of the Aldis systeu.
It also permitted a physical check of the target velocity at
each run.

The whole opera.ion was conuucted in a dark room, the
brightness of the Landolt ring and fixation point was 1 milli-
lambert (Holophane Lumeter).

The presentation of the orientation of the Landolt ring
changed with each presentation and the angular velocity of the
target varied randomly between 50, 75, 100 and 125°/sec. The
time of viewing with each velocity could be varied by a screen
which cut off the projected beam at any desired point.

The subject was ihstructed to regard the fixation point
steadily and then, when he saw the moving target, to identify
the position of the break in the Landolt ring. Fead movement
restraint was provided initially by a bite board but it was

found that a trained subject who cupped his chin in his hands



(938/,) AL19073A  L3o¥VL
gel oot m.m 05

r 1

-106

.; ool

'@ 13L8ns

62 *9TE

1032¥30) of,

se!

(735), ) ALI20T3A  139WVL
Q0! m% 08
)

« D0l

‘1 123I8ns

(LNIOd [ SNOILYAYISEO §2) ALIDOTIA dVINONY
139HVL ONISYIUONI HLIM ALINISY NOLLYNINIIDSIO NI AIN3W3d030 3HL

1234¥00 o,



(235),) ALI9073A L39%vL {035/, ) ALIDOTIA 130¥VL
sel 001 Gl QS 1)) Q0!I SL oS o
- Ot Ot
Jo2 o2
0% oL
K0v o
S
{5 © o5
»
» 09
- ow w
-
0L oL
40% o8
408 oG
4001 | Q0!
‘¥ Lo3rens ‘¢ 1021805

(LNIOd [SNOIIVAHISEO SZ) ALIDOI3A HVINONY
1394vL ONISYIYDNI HLIM ALITEY NOILYNINIEOSIT NI INIWN3YO30 3HL

"1933309 %,



100
751
[
(§
(M)
o 50}
o
O
Q
b33 Sl
Nis2
251
sS4
(=) 75 100 125

TARGET ANGULAR VELOCITY
( TARGET! LANDOLT C. 2.MIN./ARC.GAPR.)

SUBJECT AVERAGE ABILITY ON
ALL RUNS (HEAD STATIC.)

Fig. 31,



the elbows resting on a table, did not move his head. This
was checked by recording head mowement. The relief from the
need for a dental bite was most welcome. An experimental
session consisted of 100 pursuit movements anda had a duration
of about 50 minutes. The viewing at all times was binocular
which is a more comfortable and normal functional condition,
one which showed moderate benefit in acuity ability in the
exploratory stages, and one which has been shown by Sakiyama
(195%) and Sedan et al (1957) to be superior to monocular

viewing.

The basic ability of subjects with random velocitv targets

The recording of ability was made simultaneously with
investigation of e¢ye movements and tuhe results of each subject
with a 2 min. of arc target at 50, 75, 100 and 125O/sec. angular
velocity relative to the subject shown in Figs. 29, 30, 31l.

There is a significant difference in ability demonstrated.
Subject 1 had an overall correct response of 61.36°/0; Subject
2, 55°/0; Subject 3, 46.?50/0 and Subject 4, 40.65° /0.

The decrement in performance generally commences at 750/sec.
target velocity and at this value Subject 1 showed a small
O-lOo/Q decrement, Subject 2 showed a decrement varying between
0 and 350/0 and Subjects % and 4 showed decrements varying
between lOo/o and 500/0.

At lOOO/sec. target velocity Subject 1, witihh one exception
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retained his ability at 60-85°/0 correct value. Subject 2
on one occasion attained 850/0 correct but on the otuer runs
had a correct score of 30-55"/o. Subjects 3 and 4 both
attained 300/0 or less and in particular Subject 4 on two
runs recognised no targets presented.

At 125°/sec. target velocity Subject 1, with one exception
of a zero correct score, retained an ability in the 30-400/0
correct range, Subject 2 was in the same range and Subjects
3 and 4 seldom recognised the gap in the Landolt ring.

In Fig. %2 the success rate the subjects would have obtained
on the assumption that the corrective phase would not be com-

pleted is shown and can be compared uanfavourably with Fig. 31

The relationship of ability to lateney of eyve movements

The variation in latency during any one, or indeed all,
experimental programaes not infrequently exceeded 50 msec. An
analysis was carried out to resolve any differences in the
incidence of discriminating the detail with variations in the
latencies. Target velocities of ?5J, luCO and lajo/sec. were
chosen; at 50°/sec. the number of errors is very small.

A sample group Irom each subject was taken and to achieve
three equal segments, the mean latency + O.4% of the standard
deviation was taken as the middle segment, all below was the

1lst segment, and all above was the 3rd seguent.



Table 5

Percentage Success Rates for Four Subjects with Short, edium

and Long Latencies at 75, 100 and l&b?/sec. Target Velocity

Subject Target Short Medium Long
Velocity oLatency oLz.«tency 5 Latency
“/sec. /o Success /o Success Jo Success
1 e 100 e b, 97
100 50 70 jo 18
125 99 S L7
2 75 83 03 67
100 ¥ L3 a4
12 32 25 21
% 75 58 56 ko
100 13 16 0
125 9 0 0
4 75 56 69 51
100 22 12 6
125 0 0 0

A greater percentage of successful target discriminations
takes place with average latencies and latencies shorter than
average. As latency increases the separation of fixation
point anui target poiht is increasing thus demanding greater
movements during the initial saccade. The greater the movement

the greater the liklihood of inacuracy of the eye movement.



The efiect of increasing viewing time

Eye movement recordings have shown that immediately following
the initial eye rapid movement there is frequently another rapia
movement, The latency of tue initial movement varied from
150 to 500 msec., the interval between the beginning of the
first eye movewmenti and the beginning of the sedond varied from
100 to 130 msec., and the duration of tie second eye movement
varied from 10 to 20 wmsec. The total time elapsed pefore the
second movement is complete generally exceeded 400 msec. The
second eye movement is considered to be one which reflexly
corrects residual errors in fixation after the first eye move-
ment. Given adeyguate time for the second or even subsecuent
corrective eye movemenis to be completed an improvement in
ability was postulated.

The Aldis lamp system was modified by screening devices
which permitted tihe target to be exposeu for 400, 500, 600 and
700 msec. at angular velocities of 50, 75, 100° of arc per sec.
At 1250/sec. the maximum viewing time obtainable with the
apparatus was 00Q msec. Sixteen observations were made at
each speed and exposure time. Trese could not be randomised
as resetiing for a new exposure in the dark was not possible and
even with light available toox over one minute.

Increase in viewing time at target angular velocities of
50, 75 and lOOo/sec. resulted in improved ability by all subjects.

At l25°/sec. the improvement was just noticeable in 2 of 5
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subjects with a 600 msec. exposure.

The results for the five subjects are shown graphically
in Fig. 35.

It is concluded that the effect of increasing viewing tiume
permitted the completion of the corrective saccade or saccades

and thus increased tie incidence of accurate fixations and

recognitions.

The eifect of co-ordinated eve and head movement

The response in viewing & moving object is one of eye and
head movement, and if thne arc traversed by the object is
sufficiently large body rotation will also occur. The
spectators at a tennis match demonstrate effectively and
clearly this composite movement of head and eye as the bvall
moves from one end of the court to the other. The eye, head
ana body rotation is readily observed at Air Displays.

The nature of the nervous wmechanism controlling eye movements
and the fineness of tne extraocular eye muscle fiores suggested
that exquisiteness of control is the desired feature and not
tne ability to acnieve and maintain maximal contractions with
accuracy. 'he head 1s capable of providing a fast moving
steady platform on which eye movements are superimposed, thus
reducing the need for maintaining gross contractions of extra-
ocubar muscles. It is also capable by its rotation of increas-

ing the somewhat limited binocular field of view of man.
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The Aldis lamp projector system was modified by the inclusion
of screening devices to permit target exposure times of 400,
500, 600 amd 700 msec. for targets having angular velocities
relative lo the viewer of 50, 75 and lOOo/sec. At laso/sec.
target angular velocity the maximum exposure time available
was 6.0 msec.

All subjects demonstrated an improvement in ability compared
to the 'head still' condition when the time of exposure was
500 msec. or more at all target velocities. The results are
shown in Fig. %% and a comparison of eyes only and head and eye
movements in Fig 355 shows the superiority of the combined
system.

The ability to use eyes and head in pursuit tasks resulted:
in improvement in the performance of all the subjects, but this
only occurred when the exposure time was at least 500 umsec.

The inference is that head movement is only an asset when time
permits the achievement of a reasonable degree of overtaking of
the target by the head and has effectively reduced tune rate and

amount of rotation of the eyeballs in relation to the head.

Ability with non-random velocity targets

In the basic experiments on the ability to subjects to
discriminate the detail in the presented and moving Landolt
ring, the velocitics of the object had been randomised between

50 and 125O/SUC, By this means the subject did not know, nor



could he anticipate target velocity and could not learn to
what extent and what velocity the eyes would have to be moved
to achieve fixation.

By presenting a series of targets at a constant velocity if
learning takes place then it would be expected that there would
be fewer errors of discrimination in the later presentation of
any series.

Subjects 2 and 3 carried out a series of 100 and 200 pursuits
respectively with a target velocity of looo/sec. and la5°/sec.

The interval between pursuits was approximately 5 seconds.
Table &

Occurrence of Errors in Series of Constant Velocity Target

Presentations

Errors in Presentation Numbers

Subject Target 1-20 21-40 41-60 01-60 01-100
Velocity
o
/sec.
2 100 3 4 - 3 2
2 100 % 4 4 L4 L
2 125 14 16 14 17 15
3* 125 8 9 / 10 20
o 125 > /' 0 7 8

* Subject 3 (writer) at this stage in the experimental programme
had been conducting all the experiments and had ueveloped a much
improved performance, not only relative to his original ability
but to that of Subject 2, i.e. considerable learning had taken

place.



The nuwmber of errors was evenly distributed throughout the
series as shown in the above table, and this suggests that
either no learning takes place, which would be unusual in the
field of human psycho-motor accomplishments, or that despite
learning in opto-motor neural integrations the muscular response
is variable in response to a constant velocity demand.

Although the retinal stimulation pattern was the same
throughout these series the latent period of eye movement
varied with each presentation. These variations would reguire
the overtaking phase of the first maccade to vary alsoc. The
longer the latency the faster would be the overtaking velocity
and the larger the arc to be traversed before a steady state

is readhed with equalised eyec ana target angular velocities.

"he effect of i1nitial veripheral retinal stimulation

The increase in the size of retinal receptive fields in
tlie retinal periphery and the corresponding diminution of fields

zrested that the accuracy of inforumation

per degree of arc sug
about target position and velocity at any one moment would
depend on receptive field size. The smallest fields are in

the central fovea and the largest is the peript

ery.

=

It is assumed that tae eye movement is completely planned
and irretrievably organised and ordered some time before an
actnal eye movement begins. This is shown in one of

Westheimeﬂs(ly5#a)ex;eriments in which with a displacement of a
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moving spot for only 40 msec. followed by its return to the
originating position, the eye, after a typical reaction time
moved to a position which the object might have occupied had
it not returned after the 40 msec. The subsequent eye uove-
ment had a latency of 120-150 msec. The latest information
on which the movement is based may therefore not be the best.
In FPig. %6 this is schematically presented.

In Fig. %6 there are depicted the foveal regions described
in Part 2 and Figs. 7 and &, a representation of retinal field
sizxes and the arcs through which a target would move at 50,
75, 100 and lBjO/Sec. angular velocity during 100 and 200 msec.
of fixation. The arcs are related to the fixation points,
Oo, 50, lOo, 150 to the right of target entry point. The
arrows indicate the retihal areas through which the target
will pass prior to eye movement and it can be seen that these
vary with fixation point.

At OO, i.e., fovea as target entry point, the retinal areas
stimulated become steadily more coarse for all speeds and
durations. At 50 the retinal areas become finer anua tien
coarsen. This process continues at 10° when target velocity
is 75°/sec. or more but at 50°/sec. target velocity and 100
msec. of target travel the information continually improves.
If however, 200 msec. target travel is utilised in assessing

eye movement reguirements information again deteriorates during
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the seccnd 100 msec. At 10° with 100 msec. utilised for
ascessing eye movement requirements the potential information
is improving at 50, 75 and 100°/sec. target angular velocity.

At 200 msec. a coarsening of retinal arecas stimulated again
occurs at 75, 100 and 1250/sec. but not at 503/sec. At 150
with 100 msec. utilised for eye assessing aovement requirements
the potential information improves at all speeds during the
traverse but never rcaches the optimum available. At 200 msec.
at 75, 100 and lipo/sec. target velocities an optimum rates

is more nearly obtained.

It is more likely that the 100 msec. utilisation rate is the
one more likely to be utilised and on this ovasis the bvest
assessment of eye movement pa.tern requirement should occur
at 50 and 10 ° peripheral initial stimulation.

The results (¥ig. 37) however, show that the 15o point was
the best at 100 and la5°/sec. target velocity. With varying
target velocity and varying peripheral initial stimulation it
is unlikely that the benefit entirely accrued from the improved
information.

The eye movement patterns were quite different when initial
peripheral stinulation was employed. The magnitude of the
first saccade was reduced irrespective of target velocity. The
fast over taking phase became less necessary and thus the

muscle contraction in both rate and amount is reduced.
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Hammond Merton and Innes have already been referred to as
having shown that the accuracy of muscular contraction dimin-
ishes as demand increases thus with peripheral stimulation the
requirement for accurate muscle contraction is met with a
smaller actual error, though not necessarily a smaller percentage
error. The improvement in ability with peripheral stimulation
may be in the major part due to the less exacting demand on eye
muscles. The demand is least with the maximum peripheral
stimulation and the resulés were best at this point.

In addition the incidence of corrective saccadic movements
was reduced as was also tne extent of the correction reguired.

Fig. 38 shows eye movements at 75°/sec. target velocity with

0, 5, 10 and 15° peripheral stimulation.

A comparison of trained and untrained subjects.

As a final experiment on ability two subjects (author and
assistant) who had been present at all previous runs of all types,
used the centrifuge chamber system to assess tjelr maximum
achievement. This system is described in detail in Part 9 in
which there was an arc of 160° available for pursuit. Two
new subjects, ooth pilots, were also tested.

The arc used for target traverse was 1500, head and eye
movement was employed, other factors were as previously described,
and the target Landolt ring had a 2 minute of arc gap. Runs

were carried out to left and right and the angular velocities
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utilised were lOO-adio/sec., the maximum obtainable, in steps
of 250/560. 20 obeervations were carried out at each
successively greater angular velocity.

Results. No errors were recorded until 1500/sec. angular
velocity of t e target was obtained, at aOOO/sec. the errors
amounted to about ;Oo/o and reached 650/0 at 225o/sec. The
results are reasonably similar in both directions for the author
but the zssistant showed a poorer performance, at all velocities
except lOOO/sec. The results are shown in Fig. 39. The time
of presentation varied with target velocity being 1.5 sec. at
lUCO/sec. to 0.65 secs. at 3550/sec. The nev subjects gave
& much poorer performance, and substantial failure rates, 500/0
or more occuring at 1500/sec. (see Fig. 39) and a2lmost complete
failure at ZOoo/sec.

Discussion. The complete freedom of movement afforded to
subjects and the time available for visual pursuit denmonstrates
an ability in excess of that previously shown. The failure at
the higher velocities is probably partly due to tne velocity of
the target and also to lack of time. It is unfortunate that
& wider viewing arc could not be obtained to permit times up to
1 second to be available at 200 and a:5°/sec. Tne subjective
impression, however, of all subjects was that they had reached
a maximum capability.

The new subjects' performances which were poorer than the

practiced ones are considered to be largely ascribed to lack of

training



Conclusions

The results acheived by Ludvigh and Miller have been
previously criticised for limiting with potentially aaverse
effects, the time of viewing of the moving object, monocular
presentation, and the lack of co-ordinated activity of th
head and eyes. It has been shown that increasing the viewing
time resulted in an img rovement in man's ability and that this
improvement is due to the ability to complete a corrective
movement of tue eyes. This corrective movement is necess-
itated by the inadequacy which is physically demonstrated by
the occurrence of these second saccades (corrective movement)
which increased in incidence as target velocity increased.

That the decrease in visual acuity was best related to the
third power of the target velocity when the e es only are
permitted to move as in Ludvigh's formula - Visual Acuity =
a + be, where 'x' is the target velocity, was confirmed.
However, when the viewing time was increased beyond the 400 usec.
used in the Ludvigh experiments tnis third power deterioration
is difficult to retain. When, in addition to increasing
viewing time, tre head is allowed freedom to fulfill its normal
contribution to the tasx the decrement in visual acuity is of
more linear charzcter with reference to target velocity. The
ability to discriminate detail in moving objects is dependent

not only on the size and brightness of the object but is
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aependent cn tre completeness of the activated adversive systen
of eyes, head and probably body and the duration of time avail-
able for viewing.

The variations found in individuals was confirmed, variations
which bore no relationship to visual aculity umeasured in a
conventional manner. It became evident also that training in
this task benefitted tke subjects and in particular the author
and his asc.istant, who were present at each session, became
very experienced. The amount of im rovement was oriefly
exauwined but no critical ianvestigations were carried out.

It was also noted that wien the inicial stimulation of the
retina by the target preceeded the fixation point in the target's
traverse an improvement in ability occurred. Eye uovement
recordings showed that as this peripheral warning increased 1in
time and extent there were two notable changes in the patterns
of eye movements. In tne first place tne initiel saccade was
reduced in exmtent, maximum velocity, and accellerations and in
the second place the incidentce of second saccades fell. This
improvement in ability and reduction in corrective movements
of the eyes can be ascribed to one of two reasons. Either the
information on which the eye movement was bascd improved or the
muscular response more accurately matched the demands on it by
the relevant nervous sycsten components. The results obtained

suggest that it was not improvement in information which



contributed to the improvement but the reduction.in the amount
and rate of contraction reguired of extraocular eye muscles.
When viewing time permits the coarse and powerful neck muscles
take away from the extraocular muscles the reguirement to
sustain a massive contraction and leave to the latter muscles
the finer reaponses for which anatomically and physiologically

they are suited.

Summary

The method of examining the ability to perceive detail is
described and the results show a degradation in ability as
target velocity increases.

Ability is improved when the latency of eye movement is
of mean or less than the mean duraticn, by increasing viewing
time, by permitting head and eye movement, when the target
enters the visual field at points preceeding the fixation
and by training.

Errors in perception when non random velocity targets are
used were evenly distributed and did not show more errors

at the beginning than at the end of 2 series of runs.
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PARL 5

~

sye liovements in Pursuit of a Moving Target

The two basic tyoses of eye movements

Two principal types of eye movement were noted. The first
in which the eye accelerates to obtain an overtaking velocity,
decelerates to attain a velocity comparable to that of the
target and subsequently demonstrates a smooth pursuit movement.
The second type demonstrates the same eye movement initially,
but the pursuit phase is intercepted by jerky mnovements known
as saccades. Fig. 40 and Fig. 2% B illustrate the movements.

In both types the eyes are fixating the point of entry of
tue moving Landolt ring, and as it appears it activates a
photocell which is noted as & mark on the recording paper at
Al. A perpendicular dropped from Al to A on the eye movement
trace indicates the beginning of visual stimulation.

Fig. %0 can be divided into four phases.

X - A indicates a steady regard by the eyes of the fixation
point prior to target entry.

L - B indicates the time elapsed from target entry until an
eye movement is commenced.

B = C indicates tune rapid Jjerky movement of the eyes during
an essentially overtaking phase which should terminate with
the eyes having traversed the same angle as the moving target,

and having obtained a similar angular velocity. This rapid
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type of movement is called a saccade.

C - Y indicates tue smooth pursuit eye movement during
which the target is consideeed to be identified by the subject.
Fig. 24 has the corresponding phases but shortly after position
C has been reached and the swooth pursuit phase has begun
another rapid saccade appears. At the end of this the smooth
pursuit phase reappears. This additional phase occurs between
D and ®E. The smooth pursuit phase is shown as E - Y. The
saccades may be repeated as shown in Fig. 41.

The time between A and B is called the latency of eye
movement.

The interval B - C is called the lst saccade and 1ts measure-
ment permits appraisal of the magnitude and velocity of tune eye
movement accomplished.

The interval C = D is called the steady state and indicates
that tracking is taking place prior to a subsequent saccade.

The interval D - E is called the second saccade and is
similar to phase B - C.

The presence of a second saccade 1s interpreted in all the
tecords obtained as indicating that during the steady state at
the termination of the first saccade B - C an unacceptable
error in fixation is present and that recognition did not take
place.

The intervals A-B, B-C, B-D and C-D were measured. The
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accuracy of weasureueant is correct to certainly less than
10 msec. and probably to 5 msec., which on the recording paper
are represented by distances of one half and one quarter of a

millimetre respectively.

The latency of eve movements

The vast majority of latencies were in the range of 150-250
msec., the shortest one recorded was 140 msec. and the longest
over 3500 msec. The distribution of tlese latencies is shown
in Figs. 42-45 for the four major subjects and Figs. 46 and 47
are histograms of normalisin; the latency. ‘

There 15 & daily varliation in individual subjects. There is
only one significant variation with varying target velocities,
R 50 being longer than all the otners (P=0.05). Generally the
temporal features in any one day were not dissimilar. This
was noted witt all subjects and is typified by the responses
shown by Subject 1 in Table 5.

The latencies recorded are somewhat longer than those which
occur when the eves have to move from one static object to
another which sre normally about 120-180 mscc. fhey are
comparable to tunose in the exploratory experiments described
and discusscd in Part 3. There is no doubt that a pursuait
task demands wore of tuhe visual and oculomotor system than a
mere transfer of gaze from one static point to another. The

pursuit task requires the eye to achieve not only a subjectively



satisfactory position, but also a reasonably similar angular
velocity to that of che target. Not only ias the neural
organisation to preaict where tie target will be afger an
interval of time such as the latent period but has to predict
where 1t will be by the time the first saccadic moveument is
complete. . successful prediction is therefore to some extent
based on the eye movement obtained being similar to that
demanded. 'hat this accuracy 1is unlikely to be obtained is

noted in Part 4.

Table 5

vlean Latenciees at Varyving Velocity on Bifferent Days

xperimental Letenciesoand Standarg Deviationsoat

tun No. juo/aec. 75 /s€ec. 100 /sec. 125" /a6,

. 240.568 236.79 235.68 265+17

27+ 00 21.65 21.04 2k .76

2 21225 190.76 182.00 1580.00
32.45 23%.09 19.40 12 .27

2 21743 195.95 196.00 195+.59
30C.03 19474 20.106 20 By 1A

4 262.%6 214 .94 212.00 219.350

5 214, 50 149.26 200.24 196.74

30.92 12.92 1757 20.%54




The first saccade, its duration and velocity

The first saccade begins at the end of the latent period and
ends when the eye movement slows down to a velocity coumparable
to that of the target. Although the records cannot show the
character of tne eye movement clearly, it is obvious that there
must be three phases in the movement; an accelerating phase to
attain velocity adequate to overtake the target, & maintenance
of the overtaking velocity for some duration of time and a
deceleration to a velocity comparable with the target. if
the predicted and obtained movement pattern is adequate a
smooth pursuit eye wmovement as in Fig. 40 A will result.
However, the high incidence of second saccades found with
target velocities of bOO/sec. and faster is evidence 1in favour
of a failure to secure with the first saccade an adequate fix-
ation. The angular movement of the eyes was in the vast
majority of occasions insufficient, the eyes undersnot the
target. Only 4 of the thousands of eye movements examined
showed signs of the angle through which the eyes move during
the first saccade having been too great. With a capacitance
coupled amplifying system it was not possible to accurately
measure the extent of the first saccade, but there are many
indications tiat the cxtent of the eye wmovement was sometimes
only half that wnich would have been necessary to achieve

accurate position. Such measurewments as were recorded Show



variation with identical stimuli, which indicates that some
part or parts of the whole system underlying eye movement does
not always give the same response to identical stimuli.

The duration of the initial saccade varied with subjects
and in all subjects increased significantly in duration between
50 and 75°/sec. and 100 ana ldBo/sec. target angular velocities.
The difference between ?50 ana 1uo°/sec. targets did not show
this statistically but the table shows the same trend to be

present.

Table 6

The Duration of the Initial Saccadic Movewent in

Jsec. at Various Target Velocities

Angular Subject Subject Subject Subject
Velocity 1 2 3 4
og Target
/:.JLC .
)O "t'a . 92 :L‘"o?} L"L}o '..)9 55 .L":)
75 52.+56 50.17 02.006 Hte 59
100 63.58 35.57% 60«97 47.979
125 70.43 %709 86.%3 S5h .23

=00 B o}
Mezn Values at 50 /sec. = 20.2, t 75 /sec. = 4740
L0, . . " © :
t 100 /sec. = 55.98 at 125 [sec = 64,02
'ritical Difference = S5.47 R 50 is less than 75

R 100 is less than 125



The mean velocities of eye movements are not capable of
being accurately measured in the recordings obtained, but it
was noted that as target velocity increased to lOOO/sec. the
velocity of eye movements increased. Only in Subject 2 did
the mean angular velocity continue to increase at lZSO/sec.

These inexazuct results are shown in Table 7.

Table 7

s v < . C
‘he Mean Velocities of Eye liovements in /Jfsec. at

VYarious Target Velocities

Angular
Velocity Subject Subject Subject Subject
of Target 1 2 > b
Q
/sec.
50 155 225 200 190
75 266 318 250 247
100 51k k17 550 250
125 209 569 550 250

A perusal of these tables indicatcs that eye movement
auration and velocities increase as the required displacement
of the eye and final an unlar velocity increases. The velocities
are mean velocities during a movement which of necessity

commences witi a very slow periou, reaches a maximum sonewhere

about the mid-phasc and is tien reduced to one approximating
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to target angular velocitye. The eye movement velocities, in
degree/sec., must reach greater maximum values than are tab-
ulated here. ''he velocity of eye movement is wxnown to increase
when the required angular movement between static targets
enlarges (Duxe Tlder 144bH),with increasing target velocity

this also was noted to occur.

Thne descending order of ability to perceive detail in moving
targets for tie subjects is 1, 2, % and &. The subject with
the fastest eye movements, and smallest duration of eye uove-
ment is not the most capable. The subject with the slowest
eye movement in these experiments is tne least capable.

Auy conclusions as to the relationship of ability to eye

movement velocity would be unjustified.

The incidence of second saccades

This incidence varied in all the subjects. The only common
factor being the high incidences reached of 50 to lOOo/o.
Subject 1 showed a steady increase as target velocity increased,
subject 2 showed a very nigh incidence which slowly decreased
as target velocity increased, Subject 5 showed an increase .
up to a target velocity of 1oo°/sec. and tren a decrease,
Subject 4 showed an increase up to 750/8cc. and then a decrease
at l(OO/Sec. and 1250/sec. Fig. 48 shows the incidence of
second saccades by subjects.

The incidence of second sacca.es in these experiments showed,



with the exception of one subject, a fall off at 125O/sec.,

at 100°/sec. in two subjects and at 750/sec. in another. This
may be the result of complete failure of the system to carry
out an eflective initial saccade, the error being so large

that the sensory stimulus on which a corrective move is bascd
cannot be assimilated and processed. If the lack is one of
time of stimulation tnen a second saccade could still be
expected after the target had disappeared but no saccade occurred
even with 300 msec. or more of target prescence memaining after
the initial saccade. It is considered that the stimulus is
not one which is lacking in duration but is one which is at or

beyond tie capability of the oculomotor system to contain.

The intersaccadic phase

The intersaccadic phase includes tie first rapid eye movement
and the subseguent tracking period which had been designated
the steady state. Such phases occur more frequently in sowme
subjects than others and may occur in all pursuit movements
wnen the target angular velocity is high. This intersaccadic
phase has besen generally described since the days of Dodge (1903)
to last some 200 msec., more recently Ginsborg (1Y53) and
Westheimer (1954a) have reported durations as short as 130 msec.
The stimuli these research workers used were either slowl&
moving or were interstatic, i.e. from one static object to

another. When tke stimulus angular velocity was 50, 75, 100
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and 125O/sec. randomly presented intersaccadic phases were

found whcih were substantially less than the 130 msec. minimum
duration previously reported. Some relevant traces are shown

in Fig. 49. These occurred on 502 occasions in 1150 pursuit
movements (31.90/0). The minimum recorded was 56 msec.
Histograms of each of the Hur subjects are shown (Figs. 50, 51)
and a composite for all subjects in Fig. 52. The intersaccadic
period became shorter as target velocity increased, as seen in
Table O. Subject 2 demonstrated more intersaccadic periods than

the others and also more short ones.

Table &

Mean Durations and Significant Differences of the Duration of

the Intersaccadic Interval. (All Subjects)

Target Velocity 50 75 100 125
Mean Duration 100.41 156 .+ 52 144,37 151,30

R.50 is significantly greater than all others (P = 0.001)
R.75 is significantly greater than K.1l00 and ®.125 (P = 0.05)

There was no significant difference between R.1l00 and R.1l25.

Such results were obtained with or without using a dental
) : - . .0
bite to ensure head immooility. A head movement of 5 or more
would be required to produce the changes 1in eye movement

recording seen in Fig. 49. The head can be kept from rotation
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by simply resting the chin in the cupped hands. Head movement
is definitely a woluntary process in such experiments. A
recording of eye moveuments (Fig. 53) when the head was supported
by cupped hands only, shows the complete lack of movement when
voluntary inhibition of movement is undertaken.

The wide variation in the duration of the intersaccadic
interval seen in the relevant nistograms were examined to
show the presence or absence to two modes, tlie one being shorter
in duration tnan the other. This was done by normalising each
interval using the formula X -'Ei (Duration - lean Duration)

S.D. ( Standard Deviation )
Fig. Sk. This failed to show two modes which may mean that

only one neural process is involved; a process which has a
great variability in its operative time.

The finding of such short intervals during which a rapid
eye movement has taken place and during vhich®xXteroceptive
fecdback from the retina is reputed to occur is of iuportance
in any discussion on the nervous pathways in the visuo-oculomotor
systems. Such discussion follows after a description of the

'steady state' and second saccadessduring eye movements.

The relationship of latency duration and second saccadic movements

Some consideration was piven to the possibility that tle
second saccade may have been planned during the latter stages
of the latent period of the eye movement. It secmed not

unreasonable to assume, as Westheimer (1954%a showed and to which
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reference has already been made, that the eyes become committed
to & move before the latent period is comuolete. During the
latter part of the latency, as further retinal stimulation
occurs & corrective phase way be planned to some extent. Short
intersaccadic intervals associated with lohg latencies would
lend some weight to this possibility. It is not, however,
until the eye movement first saccade is complete that actual
position and velocity errors can be finally gauged. A survey
of the short intersaccadic intervals showed that they were not
associated with either short, averape, or long latencies but

occurred in any grouping.

The latencies of eve umoveuments with peripheral retinal

stimulation.

In the exploratory experimentis the non significant results
in variation in latency were described. A further series of
experiments were conducted at 50, 75, 100 and labo/sec. and
the latencies examined. Scoring of the latencies was difficult
owing to the lack of sensitivity in the corneo-retinal potential
method. The inaccuracy particularly when the target entered
at 10° and 150 from tne fovea cannot be estimated. Because of
this no statistical evaluatioh was deemed worthwhile.

Tne type of eye movement has already been described in
discussion of ability wlen the target enters the peripheral

visual field before reaching the fixation point.



The results showed that latency tended to increase as
peripheral retinal stimulation was increasing further from the
fovea. Toe results are shown in Table 9 as mean values only.

Table 9

!lean Latencies of Pursuit Eye lovements with Varying Initial

<etinal Stimulation Area.

Target Initial Retinal Stlmglation Poing
Vglocity Fovea 5 Right 10~ Right 15" Right
/sec.
50 249,40 207 « 60 207.00 259 .00
dq()ca(} :.\..'(./O ZU“’.OU
75 l.’j_.‘l‘/’) 296.0.&’ Z’DO-DC ).LJ.?O
.’.:.).O"?;l Z‘/Z.Lﬂ) (_'/L, 05(1 &3_‘.0")0
d'/}.'\)q‘ dJC-OO ./.jL#.L,‘O
lOO 1/4.0,' & l?o d(,‘ Lq‘do lL' d?b. QO
_ 256.40 246,40 275.40
2%55.00 241,17 220.04 25%.90
125 L7440 236 .00 292.90 257 40
195,16 19%.50 196.70 221.30
29210 240400 270+70 242 .00
Overall Mean 214.60 240.60 250.60 20l.30

This trend to have greater latencies wien the movement arises
from peripheral stimullation may be duc to one or bothh of two
factors. The first ein; a lengthenin, of Llutency resulting

from peripheral stimullaition “na the sccond = aeliberate delaying
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of eye movement in order not to move before the fixation point
is reached. Such a move would possibly be considered premature

and therefore liable to error.

The steady state

If the eyes on completion of the 1lst saccade show a smooth
pursuit movement, this steady state may continue for a lang
time, but if the eye position, the eye angular velocity, or
both show a discrepancy with regard to target position or
velocity then an error in fixation is present. When this is
sufficiently great to preclude target recognition a steady
state error exists anda will be corrected involuntarily by the
fixatlod reflex. It is considered that thke information on
which the second saccade is based must be largely obtained
during the steady state, and that although some indication may
doubtfully be obtained during the later part of the first
saccade, position error will not be known until a steady pursuit
phase has been achieved. The duration of this steady state
was reduced significantly as target velocity increased. The
duration"varied‘from as short as 22 msec. to over 200 usec. It
is the short durations which are of particular moment as these
throw some light on the time factors involved in the fixation
reflex. Individual histograms (Figs. 55-50) are shown of the
durations in four of the subjects at each velocity and composite

ones for each subjcct at all velocities (Figs. 57,60) znd for
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all subjects at.all velocities (Fig. 61).
"The mean durations and significant differences of the duration

are shown in Table 10.

Table 10O

Mean Durations and Significant Differences of the Duration of

the Steady State with Varying Target Velocities for all Subjects

Target Vel. (°/sec.) 50 75 100 125
Mean Duration (ilsec.) 141.75 110.9% 91.65 83.73%
R.50 is greater than all others. P = 0.001

Rs75 is greater than R.100 and R.125. P 0.001

1

There is no significant diflerence between R.1l00 and R.125.
Standard Error 3.04%. Differences required for significance:

J.79 at P=0.05, 13.16 at P=0.01, 17.36 at P=0.001.

Discussion of tnese finaings 1n relation to the neuroanatouy
and neurophysiology of the optic tract and oculomotor system
is found in the final discussion in this chapter. It is at
this juncture noted that the accepted elapsed time for afferent
volleys from a visual stimulation to reach thie visual cortex is
some 30-~70 msec. (Kovacs 1922, Froelich 1929, Monnier and
Jeanneret 1947, Creed and Granit 19%%3%, Monnier 1-52) although
Dawson (1959, and Cobb (1559, suggest that the elapsed time may

be slightly shorter. There is some incompatibility in the time
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factors found in the steady state with those of the retino-
cortical pathway which leads to a hypothesis that the 2nd
saccade may only involve some sub-cortical structures where
there is potentially a system which could cpmpare the obtained
eye movement with the prediicted eye movement and which, if the
error was large, could initiate the second saccade. Such a
possibility is considered to require the presence of some sense
of eye position from the extra-ocular umuscles. The presence or
absence of such a sense has been the subject of controversy

since the days of Helmholz (1867)

The second saccade

The same features are noted in the 2Z2nd saccade as in the
first. It is a rapid overtaking movement ana may be followed
by a smooth pursuit phase or a subsequent third or even fourth
saccade 1if pursuit is unsatisfactory and time of presentation
of the target is sufiiciently long.

In extent it varies from very minor d—}o to lu-lbo. The
mean velocities achieved appear reasonanly similar to those
found in the first saccade. Tihhey were not examined in detail.
the occurence of a suuden displacement of tne pen of twice or
more cimes the maximum pen deflections present on the trace
during fixation of entry point was the criterion for saccadic
movement occurrence.

The various factors described above are illustrated in Fi

1 & composite display of tine information obtained.



Comparison of eye movements, right to left and left to right.

The direction of movement in the previous experiments was
left to right. A further series of runs were carried out with
a right to left direction of target movement.

The eye movement patterns were of the same types in both
direcctions of eye movement. There was 1in Subjects 2 ana 5
a significant difference in the latencies. Subject 2 P=0.01,
Subject 5 P=0.001. Subject 2 was faster in the left to right
direction and Subject % in the right to left direction.
Subjects 1 and 4 displayed no significant difference. The
results of Subjects 2 and 3 are shown in Table 11. Bach

latency is a mean of 25 records.

Table 11

Comparison of Latency of Eye rovement in the Direction Right

to Left ana Left to Right.

Subject 2
Direction Target Velocity O/Sec.
of lovement 50 75 100 125 Total
R - L 234,52 2224+55% 225.46 225.65
22152 204 .90 202 .64 14,80
456.04 427.51 L25.10 L20.51 17%2.16
L -R 201.26 199.26 191.27 159. 38

Lok, 50 407.46 399,79 %98.66 153061

Total 580.94 834.97 827.89 819.17 33%62.97




0 -8 af Mean MeBs Significant
Square ~xatio
Soeed 509.95 ) 109.90 e A NOT
Left or Right ©041.99 1 >+l 99 12,0606 P=0.01
Interaction Hﬂ"ﬂ?ﬁo'7/ 5 #-rem"o R ] ol YOT
Residual 990. 060 o 49.0>
frotal w lD —— e ——
/63/ 43
Subject 5
Direction Target Velocity 3/sec.
of Movement 50 7S 00 125 Total
"N - I. .i’_Lr.l'/ Cd‘s'o /U _);/./) dt_‘+c _)C,
221+52 217 .00 219.92 227 +00
192.56 207 « 59 21917 21/« 90
e ¥ "’d) ,‘L{':)oj? DO0 O O[’Oc;"b CDAD.JO
L - 244,80 2h5.00 25792 201.75
2%5.59 231.85 234,19 240.69
2%9.7: 259.15 259.29 25k .65 ‘
7235612 759.00 751 40 757.09 2970.61
Total 1%61.37 13%34.97 1440.24 1427.%9 5613%.9
Sede df Mean MaDd. Significant
Square ratio
Speed 07514 3 224 . %6 1l.2604 HOT
Left or Right 4462.19 X 4402.19 25.104%5 P=0.001
Interaction 36 o b4t = 29438 O.1lo04 ROT
Residual 28%4.051 16 17718
Total 8050.621 23 1.9775




Discussion

The movement of the eyes in the pursuit of a fast moving
target was most frequently in two stages or saccades. The
first occurred after a period called the latent period of eye
movement and the second alter a period called the intersaccadic
interval. It is accepted that a fixalional eye movement is
programmed to ensure that the i1mage of the object of interest
is brought to the foveal area of the retina where tuhe finest
discrimination of detail witnin that image can take place.
The eye appears to be committed to this programmed movement
before eye movement actually takes place and this has been
clearly demonstrated by Westheimer (195%a). He showed that
when presenting a new fimation for a period somewhat shorter
than the latency of eye wovement, extinguishing that fixation
point and reinstating the original fixation point, the eye
movement would attempt to achkieve fixation on a no longer
existing point. After a further latent period the eyes would
return to the original fixation point. The eyes do not move
as a continuously tracking device when the fast movements of
fixation are undertaken but demonstrate a step function, treat-
ing one fixation movement as a complete phase and following
this by another egually complete phase if the image of interest
is still extrafoveal. Makensen (1956) found tkat the pattern

of horizontal eye mnovements was half sinusiodal and contained
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a slowly starting phase, a maximum velocity phase and a slowing
phase. He noted that only the intended final position of the
eyes could be governed and that the movement itself was reflex
and could not be altered by any voluntary control by the subject.
The eye movements recorded may be considered to contain and
display two reaction times, the initial latency and the inter-
saccadic interval.

Any reaction time to a visual stimulus may be subdivided
into 6 parts which are :-

1. The latent period of the
retina -~ Estimated duration 20-70 usec.

2. The conduction time in

the ootic nerve " " 2- 5 msec.
5+ The latent period of the
visual cortex W L 10-13% msec.

4, The Intra cortical
integration time (opto-
motor integration) " " 70-00 msec.

9« The conduction time 1in
the motor nerve system " n 2« 5 msec.,

6. The eye muscle contraction
pattern development to unlknown
achieve initial movement " Y 27 msec,

104+ to 173+
There is a somewhat limited Xnowledge of all these factors
and the times involved in each. The latent period of the
retina is measured from the presentation of & light stimulus

to the beginning of activity in the optic nerve. Strughold
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(1951) reviewe the literature up to that date and notes that
Froehlich (1929) assumed that retinal delay has a probable
minimum of 20 msec. with a bright stimulus and increases
markedly as the stiwmulus intensity is reduced.

During dark adaptation Kovacs (1922) found that the
latent period diminishes during the initial 0 minutes and
reaches a minimum comparable to the assupptions of Froelich.
Adrian and Moruzzi (1940) recorded latencies of 25-50 msec.
for primary responses involving cortex and 150-200 msec.
for secondary responses. lloell and Chinn (1950) have
recorded impulses in the optic nerve of the rabbit after
15 msec. and Monnier (1952) 28-3%2 msec. in man, using
electroretinography (E.R.G.) as his method.

The conduction time in the optic nerve is gliven as about
5 msec. by Monnier and assumed to be somewhat less by
Froehlich.,. The latent period of the visual cortex is
also considered to be of small but significant magnitude.
otrughold | 1949 and 19>1, again refers to Froehlich's
assumptions and gives a possible minimum value of 13 msec.
These three factors, 1, 2 and % above are collectively
known as the latent period of perception and as such has
had a small amount of interest shown in it since the days
of Von Helmholz (1551), Donders (1365), Exner (1363),

Wundt (1911), Pulfrich (1922), Creed and Granit (1933)

and more recently llonnier and Jeanneret (1947)



and Monnier (1952). The Lotgl duration of the combined factors
1s considered to be about %% msec. and Cobb and Dawson (1959)
have suggested it may be less, In raboits Wang and Lu (1936)
have rated 'off' effects*® at 50 msec. in striate cortex, Van
Hoff (1958) has recorded 'off'*® responses at 15 msec. and 'on'
responses at 40 msec. to intermittant photic stimuli. The
only, but not exactly applicable, references to opto-motor
integration times found are those of Monnier which he gives as
75 +5 msec. for the electromyogroptic activation (BE.M1.G.) of
the fibres in tne muscles controlling the thumb in response to
visual stimuli. The 75 msec. does not include motor nerve
conduction time or muscle action development.

On the conduction time through the motor system to tuhe eye
muscles and the delay in muscle contraction no uefinite inform-
ation has veen located in the literature. However, somewhat
relevant are tune researches of Cooper and Eccles (19%0) who
showed tiie coniraction time of an extraocular wmuscle for an
isolated twitch to be only 7 msec. which is by far the shortest
contraction time of any muscle in the body. Labyrinthine
stimulation has induced extraocular muscle reaction in 10 msec
(Szentagothai 1952).

* Barlow (195%b)considered the trail of 'off' responses to be
the information on which the frog based its fly catching ability,

see Part 2, Receptor fields.
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The minimum total reaction time for eye moveuwent to commence
in response to a static visual stimulation is generally that
found by Diefendorf and Dodge (1908), a time of 150 msec. and
Ginsborg (1953) 140 msec. for a moving target t.e reaction
times found by Westheimer and found in these siudies shows
considerable variation in the _eneral band 150-250 msec. or
more. These reaction times to static and moving targeis are
long for so important & system but are compatable with the
sum of the individual delays in the separate parts of the
reaction times. The greater delay in the moving target
instances may be attributable to increased opto-motor integration
time.

The interseaccadic interval contains two phases, the first
being that required to complete thne programmed movement and the
second during which it is assumea that tne eye is tracwcing thne
target and obtaining data on which the corrective saccade 1is
baeed;

The duration of the initial movement varied with target
velocity, resulting no doubt from the greater angle through
which tihe eye had to move to achieve fixation. The velocity
of the eye movement also increased as target velocity increased
and velocities of Z0UU--007/sec. have been estimated to occur,
with targets of 50 and la5o/sec. respectively, no real estimate

of toe accuracy of such velocities can be given due to the
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nature of the recoruings.

The steady state duration varied considerably as 1s seen in
the histograms Figs. 55-61 and Table 10. The duration
diminished significantly with increasing target velocities.

The hypothesis is advanced that it is only during the preceding
steady state phase that the information on which the corrective
eye movement is based can be obtained. The possibility has
been entertained that during ti.e final slowing of the eye
movement in the terminal stage of the saccade, information may
be obtained and the inclusion of this can zadd but few milli-
seconds to the steady state duration. During the fast phase
when eye movement mean velocities are estimated to be 200-5000/
sec. in these records and a;e known to be capable of exceeding
such velovities, (Duke FTlder 1944b), the differential velocity
between moving eye and moving object may be as much as 3500-
MOOO/sec. At such velocities the object may not be seen at
all.

The duration of the steady state in 90 records was less than
60 msec., the minimum being less than 30 msec., and in 600
records had a duration of less than 90 msec. If the assumption
is erroneous that during the initial saccadic movement no
information is obtained which is capable of being assimilated,
then the total time available for organising, ordering, trans-

mitting anu aeveloping the oorrective movement increases by the
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duration of the saccadic movement. The minimum recorded was
50-60 msec., there were 100 occasions when the intersaccadic
periods were less than 90 msec. and 5080 occasions wnen they

were less tian 120 msec. The minimum reaction time reported

for an eye movement between two static points is 120 msec. and
the minimum time for an intersaccadic period during eye movements
between static objects and in pursuit of slowly moving targets

is also 120 msec. (Ginsborg 1953%, Westheimer 1y-o4b;.

The eye movements recorded have therefore shown in all
subjects steady states within the intersaccadic intervals and
total intersaccadic intervals which on many occasions were of
shorter duration than is strictly compatible with present
temporal concepts of the optic tract, cerebral representation
and integration, and cortical control of motor activity.

The gquestion arises of now such corrective wovements of Che
eyes can be accomplished. Is it possible that in man there is
a system which operates at some subcortical level either in
response to photic or proprioceptive afferent impulses ? Is
there a cogbination of these two ?, or are tne neural pathways
from the retina to eye muscles via the cortex capable of respond-
ing with greater celerity than has hitherto been dewonstrated or
even donsidered possible ?

Present knowledge of neurophysiology of the traccs of the

human visual system and oculomotor system has been derived from
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examination of unfortunate subjects who have suffered a cranial
injury or have some pathological condition during the treatment
of which access became avallable for cerebral function invest-
igation. The major part of our knowledge is anatomical.

In the human it is estimated that 70-600/0 of fibres in the
optic tract end about the dorsal nucleus of the lateral genic-
ulate body and are relayed to the striate cortex. vost of tne
remainder, which are concerned with light or pupillary reflexas,
by-pass the lateral geniculate body and the brachium of the
superior colliculus and pass to the pretectal area of the mid-~
brain. Lyle (1954) reports that other fibres pass to the
various hypothalamic regions and that fibres have been found
proceeding to the pulvinar of the thalamus and pretectal nuclei.
Little is known of these fibres' function. He also reports
that in some animals there are two accessary tracts, the poster-
ior accessary tract of Gudden which passes to the mid-brain and
possibly to the substantia nigra, and the anterior accessary
tract of Bochenek which finds a termination in the posterior
corpus subthalamus. These tracts rave been found in the human
embryo by Cooper (L94b).

That voluntury eye movements are controlled from the frontal
cortex was the o_inion of Graham Brown (1922) and Holmes (1936).
The latter expounding the concept that the frontal cortex "had

cornered the anavr. et in erse movements'. Smith (1944) auded to
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the knowledge of frontal cortex activity ana considered that
this part of the cortex imposed powers of regulation and co-
ordination on lower order mechanisms. Injuries, loss of and
lesions of the frontal cortex were reported by Holmes which left
only occipital cortical control of eye movements. Such
movements are usually of exaggerated fixation, difficulty in
changing from one fixation point to another, and an inability

to carry out any but the slow pursuit eye mowements. Removal
or damage to the occipital cortex usually results in complete

or partial blindness. However, Bender and Pastyl UrHger (1957)
reported motor defects in two cases. In one, a calcified mass
in the left occipital cortex caused convulsive movements of
head and eyes to the right and in the other, an atropiny of the
right occipital lobe caused a mystagmus while fixating an

object to the left. ‘he authors could find no satisfactory
physiological explanation for either of these events. Rademaker
and Ter Brack (1948) working on dogs were convinced that the
striate cortex had, in zadition to sensory function, a motor
one. This is in agreewent with Kreiger et al (1955).

Cooper et al (1953A) has said that responses which involve
cortex in man are never less than 200 msec., this is a sound
averape figure and corresponds well with the reaction time or
latencies of eye moveuents which have been studied in this

research. I'ne steaay states and the intersaccadic intervals
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were frequently less than half that duration. The subjects
are unaware of the occurrence or non-occurrence of these second
saccades.

It is therefore not unreasonable to suguest that the frontal
cortex is not actively involved but its action may be to free
some other area from its control for ture time required to
continue successfully a fixation on a moving target. It may
be a passive response to permit an action to take place more
quickly, or with lesser restraint, an action of which the
frontal cortex has approved and indeed initiated. The lack
of necessity to involve intercortical pathways and structures
would reduce the response time. Qur present knowlcdge of the
temporal aspects of responses involving striate cortex is as
yet insufficient to indicate whether this somewhat reflcx
control of eye movement would be sufficiently rapid.

A second possibility is trat in man this specific control of
the fixation reflex is not entirely elevated to the cerebrum and
that functional control may exist in the mid-brain and adjacent
brainstem which is subservient to tre frontal cortex, the
latter having developed about the origin of the motor system.

Bishop and Clare (1955) and Bishop (1950) have atteupted to
correlate optic nerve fibre size with distribution areas, the
large fibres relay to cortex, intermediate size to the thalamus

after a relay, and small fibres to the tectum to activate the
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colliculus and the pretectal area. Phylogenitically the newest
systems are associated witn the largest fibres, but there was
also found to be fibres of all sizes in all parts of the cortex.
The significance of this is unknown but he (Bishop 1958)
concludes that development has consisted of a series of overlays
ana that nothing that the ancestors of tne mammal had has been
dispensed with and that the more primitive systems found in
lower species still exist in mammal.

In this connection it is interesting to note the facts
reported and opinions expressed by Duke Elder (1944).

"Corresponding to their unique nerve supply the extra-

ocular muscles exhibit the peculiar physiobogical reaction

of contracting under the influence of choline and nicotine

in the normal condition. If an animal is injected intra-

venously with acetyl-choline a short sharp contraction of all

the recti and obligues takes place: a slow tonic response

is elicited by choline or nicotine, while the same phenomenon

is seen in an isolated muscle preparation in vitro. This

activity is unaffected by atropine, increased by adrenaline,

and abolished by nicotine and curare. It is interesting

that a precisely similar reaction is obtained from the normal

striped muscle of species below mammalia, which, it will

be remembered, are provided with peculiar nerve-endings

resembling those ifound in the extra-ocular umuscles. It
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also occurs in the foetal muscles of mammals, but it is
evident in the other voluntary muscles of fully-developed
mamuals only after tiey have been deprived of their umotor
nerve-supoly. This reaction is analogous to the pseudo-
motor contraction which occurs in skeletal uuscle when the
sensory supply 1s stimulated after degeneration of the
motor fibres, a reaction which has been shown to be inde-
pendent of the sympathetic, but to depend upon the activity
of the small fibres which have their cell-stations in the
posterior root ganglia of the spinal nerves, and which
normally mediate vaso-dilatation by antidromic responsese.

It thus appears that the normal (non-denervated) extrinsie
muscles of the eye of mammals act, so far as choline and
nicotine are concerned, in a manner exactly parallel to the
voluntary muscles of such species below mammalia which have
been investigated, or to the other voluntary muscles of
mammals before they have received their nerve supply or
after they have been deprived of 1it. The significance of
of this unique behaviour is in our present knowledge far
from clear. It would seem that these muscles are able to
avail themselves of an archaic ana primitive mechanism which
the other voluntary muscles have lost and which is analogous
to that evident .n the involuntary uuscles; and although it

is difficult to suggest any physiological reason for this



peculiarity, it is doubtless linked up with their peculiar

nerve supply and their highly specialized functions."

Hines (1947) has suggested that orientation of head and
eyes stems from some complex unification at thalamic level and
Smith (1944 ) is in some agreement that movement of head or
head and eyes occurs when retinal afferent impulses arrive in
the mesencephalon and adjacent brainstem. They are also in
agreement trat these responses are regulated by activity of
the irontal eye fields in the frontal cortex. In cats,
Faulkner and Hyde (1958, have shown that tie reticular neurons
in large areas of the brainstem have access to the final
motoneurones .hich subserve movement of thne eyes, head, trunk
and limbs. Barraquer-Bordas (1957) also considers tne reticular
activating system in the tegmental area has some governing
influence on eye muscle contractions.

The third possibility is some association between the wvisual
system and proprioceptive system in tne extraocular eye muscles
which exists and is active during pursuit eye movements.

Snider and Stowell (194%4) and Snider (195C) have reported
areas within the cerebellum of the Macaque monkey in which
sensory afferents, including visual,are received with a latency
of 20 msec. and consider that the responses they elicited are
dependent on, & pathway which probably includes the superior

colliculus., The latency, however, is still some 20-50 msec.



for low intensity photic stimulation which is not greatly
different from the latencies of 30-70 msec., found in striate
cortex. In the frog's colliculus Andrew (1955) recorded 'off!
responses at 30 msec. and 'on! responses at 50 msec.

Ruch (1951) describes visual sensory areas in the cerebellum
and also areas which receive proprioceptive information from
sensory endinge in extraocular muscles. Granit, Holmgren and
Merton (1955) showed that by cooling the anterior lobe of the
cerebellun sudden reflex contraction of muscles could be re-
routed to an®™ (faster) route instead of following the Y route
(slower) which involves muscle spindle afferent and efferent
fibres. Thus two systewms both of which are in some way
dependent on cerebellar activity can be separately brought into
play, the one a fast direct system and the other a slow servo
controlled system which demands muscle spindle feedback.

The prescnce in the cerebellum of proprioceptive responses
from extraocular eye muscles and the current concept that the
cerebrum decides what to do and the cerebellum how to do it
may be correlated. ‘e cerebellum may be capable of directing
a movement pattern, comparing tie muscle response obtained with
the response demanded. It may also be 1n a position mot only to
correct a faulty muscular response but com.are the degree of
achievement in fixating with that actually required. A new

movement pattern could conceivably result, a pattern tnat
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achieved the desired fixation.

The only other single structures which may be of primary
importance are the superior colliculi which in man were
reputed to have involvement only in pupillary refiexes.

Le Gros Clark (1944) states that fibres concerned in the
pupillary reflexes go to the tegmentum and not the superior
colliculuse. The superior colliculus in lower animals

appears more highly developed than ih man and does subs

@

rve
eye movements in recsponse to wvisusl stimuli. In dogs,
Bechterew =nd Donders (cited by Kluver) demonstrated conju-
gate deviation of the eyes on stimulation of the optic
nerve, a response which was abolished when the superior
colliculus was destroyed. After destruction, eye nove-
ments could still be obtained from occipital cortex. They
concluded that tle superior colliculus is an optical
reflex centre but not one subserving voluntary movenents.
Point to point localisation between the retina, and the
contralateral superior colliculus has been shown by Wang
(1936) in the rabbit, by Apter (1945, 1946) in the cat, in
teleosteans by Buser and Dusardier (1953), and to some
extent by Hamdi ana Vitteridge (1954) in the goat and the
rabbit. Optic nerve fibres sweep in from the direction
of the lateral geniculate body, the structure in which the
vast majority of optic nerve fibres find synaptic or relay

stations. Cooper, Daniel and Whitteridge (1953) using

penetrating microelectrodes found in addition to the

known collicular surface distribution of



responses to focal visual siluull and the deeper layers also
gave similar resgonses. 'On' and 'off!' dischnarges can ove
demonstrated when even reeble 1llumination of the eye in a
completely wark environaent i1s carried out. Spontaneous
discharges 1n the darx< ure also to be noted. Latercies of
these resgonsgs elicitea were relutively short, zboutl =5 usec.
for 'on' and %40 msec. for 'ofi’. Other longer latencies were
also found.

Cooper et &l (195%h)neve found in the :oat's bralnstem areas
adjacent to one anoti.r wnich _ive vizuo-ssnsory and extraocular
eye muscle sensory responses, tne latter odeing slowly adasting,

GE potentiul importance in fixation reflex understanding is
tneir finding (Cooper ei al, 1lydic¢J)tnat in iue fibres just
rostral to tue central grey uavier of tue midbrain tiere ure
respons«s to visual stiamull and stretch.ng of the issilatcral
eye muscles. “hus convralecleral visual stimull ana ipsilaterzl
external eye wmuscle stretch receptors were in lumcdlate znatone-
ical association. The cortex overlying the dorsal surface of
the colliculus .ave responses to visual stimuli near to areas
in which wuscle receptor discharges could be located. 3etvieen
the colliculus and this cortical area there was a definite
silent area. Tiiese responses in juxtaposition sup est that
there iz ascociation betuween stretch rececstors 1am extraocular

3

eye muscles and retinal field output. Fillenz (1Yno) also
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reports responses in the brainstem of the cat from stretch of
extraocular muscles and retinal stimulation.

By a statistical process, previously described, called
normalisation the prescnce or absence of two modes in a wide
distribution of intersaccadic interval durations can be ascer-
tained. The presence of two modes would have suggested two
neural organisations, which would support the suggestion of
subcortical control of tie 2nd saccades. The results snhown in
Fig.54 do not demonstrate such a bimodal distribution. The
conclusion, based only on this evidence of statistical nature,
is that the neural pathways when stressed can gQperate more
quickly than has hitherto been reported or considered possible.

Cooper; Daniel and Whitteridge (1Y55) strongly advocate the
possibility of proprioceptors from eye muscles and their assoc-
iation in the brainstem and colliculus with retinal output
having a part to pla; in eye movements and fixation, and Eason
and Hyde (1957) consider fixation reflex movements to be
contfolled at brginstem level. Cooper et al conclude: "We
have been concerned in tuis paper only with those siimuli
aricing in the ocular muscles themselves and are convinced that
every eye umovement, be it voluntary or reflex, tiny as in

saccadic fixation movements or large as in some form of mystagmus,
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is recorded accurately and indefaticably in the brainstem by
the eye muscles. Such a recording umust play an important
part in maintaining or attempting to maintain the eyeballs
in tnhe optimum position for vision and in keeping them in
readiness to be moved at will."

If these convictions are correct tnen the short corrective
saccadic movements reported in this thesis may nave their
origin in subcortical structures which in their reflex activ-~
ities are less time consuming than pathways which involve
cortex.

However, despite lack of positive eviadence of two separate
neural organisations being involved in the control of the
second saccade there is evidence of two neural pathways being
within the oculomotor system. The latency of the initial
movement was generally in the 150-250 msec. range, and what
could be called the latent period of the Z2nd. saccade moveuent
(1lst saccade + steady state) was in a range, the uinimum value
of which was some 60 usec., the upver limits of which was 300
msec. and the mean value about 120-160 msec.

The first s, stem is of voluntary nature and is considered to
involve frontal cortex and requires consideraple computation to
design the original overtaking and the pursuit eye movement.
The minimum period recorded was 120 asec. Thne second system

which is involuntary or reflex could operate at wauch faster rates,
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could occur repeatedly during one eye wovement, and was carried
out without the subject being aware of its presence. This
latter system can operate in such short times that cortical
involvement is somewhat doubtful but if cortical involvement
does take place it would be limited to the striate cortex. The
complexity of these eye movements may be considered to be of
lesser degree as its function is to correct smaller errors in
position and velocity than the initial eye movements.

The conclusions reached are that the eyes are controlled in
pursuit movements by voluntary and involuntary or reflex systeas,
the latter having a capability of reacting in a time scale
which suggests that control is subcortical or from striate

cortex. The latter being supported by the work of Faure and
Corcelle, 1955.

Potential schemes of the oculosotor systemn

Ludvigh has proposed the following scheme for the oculomotor
system and as a result of the experiments described in this:
thesis alternative schemes are presented in which an attempt
to depict other possibilities is undertaken. The desecription
of Ludvigh's scheme , Figy. 62A, is his original and is guoted.

"An essential point in interpreting the subject's perception
is that he is subjectively unaware of the processes occurring
to the right of the dashed line. In terms of this diagrem

a normal eye movement of change of fixation may be describei

as follows. An impulse to cunjugate innervation for, say
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10° eye right is sent out by the conjugate innervation
centre to the motor system of each eye. At the same time
there is sent to the functional region designated space
represent:tion, impulses indicating the nature of the
impulses sent to the motor system. The innervation sent
to the motor system arrives at a parametric adjustment
centre for each eye. liow, owing to the position of eyes
the tonus of individual muscles, and the fixation tremor,
varying proprioceptive impulses are continually bsing
generated. The parametric centre coatinually adjusts to
these impulses with the result that either the innervation
received is modified or impulses are sent altering the
response characteristics of the appropriate muscle in such
a manner that , for the position of the eye and the tonus
of the various extraocular muscles involved, the wuscles
exert the force necessary to move the eye substantially
10" right. The resultant movement of the eyes brings
about a displacement of the image on the retina. KRetinal
feedback now occurs and nerve impulses are transmitted to
the region of spatial represcentation. If agreement occurs
between intended and accomplished movement there will be
no apparent movement of the environment. Theie may be a
%° error because of the 10° demand. After 200 msec., via

the conjugate innervation centre a new set of impulses are
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sent out and a 2nd movement more precise is developed."

This scheme of Ludvigh's gives a role for the proprioceptors
in eye movements but one which limits tne possible role to an
ald to eye movement control under varying tonic conditions of
the extraocular muscles. The initial eye movements in a
pursuit task are well fitted to the scheme and a minor
modification is suggested in Fig. 62B in which the space
representation centre is shown as a striate and frontal cortex
integrated system, a system with slow response characteristics
which could reasonably meet the 200 msec. specification given
by Ludvigh and which agrees with the initial latencies in the
present experiments.

However, the corrective phase can function much more rapidly
and it has been suggestea that this may or may not be a cortical
activity. It conceivably could be a striate cortical funttion
or a subcortical one. In addition it has been suggested that
proprioception may play more than a mere tone recording role.
Figs.b62C and 62D show scheues one of which (C) reaches the
striate cortex but does not involve inter-cortical integration
and would therefore be less time consuming, tihis infers sensory
and motor functions for striate cortex. The other, scheme D,
depicts a subcortical wmechanism and the structure potentially
involved. Proprioception in D 1s given the auditional role of

providing information on eye position in addition to the
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parametric function of tone control or recording. The time
factors in these two systems would be more compatible with
the shortness of the intersaccadic intervals so frequently

recorded.

Summarx

Eye movements were of two types. The one containing a
second saccade which is assumed to be of corrective nature
the other showing a smooth ere ﬂovem;nt.

The latency of eye movements waried from 150-300 msec.,,
having a mean of some 200 msec.

The incidence of 2nd saccades with target angular velocities
of 500/sec. of more was 50-100C%. There was some diminution
in incidence at lHSO/sec. which indicates a commencing total
failure of the occulomotor system.

The intersaccadic intervals recorded were often less than
120 msec, which is the minimum period recorded by investigators
of eye movements.

The steady state period may be as short as 50-70 msec.

This is the period during which a corrective eye movement is
assumed to be organised and executed. This short period is
not compatible with cuarrent concepts of the times involved in

the oculomotor system. Some potential and alternative

system schemes are discussed.
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PART 6

Pursuit Movements in the Vertical Plane

Fzilure of the system due to an illusion and apvaratus

limitations

The physical nature of the projection apparatus used in
these experiments on the discrimination of detail in moving
objects precluded presentation of the stimulus in the
vertical plane. To permit pursuit eye movements in the
vertical plane through the eyes tie position of the subject
was changed from the seated upright position to one of
lying on the side with the transverse axis through the
eyes vertical. It was anticipated that there migunt be
some interaction between visual and other sensory receptors
and that this would probably be seen by the subject. This
anticipated interaction occurred and consisted of a false
sense of the horizontal. The target which moved nhysically
through a horizontal arc appeared to have an inclination to
the horizontal. The extent of the illusion obtained was
such that only limited studies on ability to discriminate
the detail in the Landolt ring targets were undertaken.
Miller and Ludvigh (1ly53) have shown that the deterioration
in visual acuity found with increasing target velocity in
the vertical plane is comparable to that found in the hori-
zontal plane. The extent of the illusion was examined and

the degree and direction of the inclination recorded.



Investigation of tne illusion

Method. The subject lay on his side on an examination
couch in a dark room with the head horizontal. This position
was checked by lining up the eyes of the subject with a vertical
line on a mirror. When this line passed through the centre of
each eye the subject's head was considered to be horizontal.
The room was then darkened. The target would now move in
the vertical plane relative to the eyes and eye movements
would be produced by inferior and superior rectus muscles.

The Aldis projector system was remounted to permit deviation
from its horizontal traverse to one of inclination to left or
right thus projecting the target with an inclined upward or
downward direction with a maximum deviation from the horizon-
tal of 25°.

The subjects were airmen of various traue groups who were
unaware of potential interaction betwecen visual and proprioc-
eptive afferent information and were not shown the illusion at
any time during the experiment. They were prescnted with a
moving target and asked to say if its direction of travel was
up, down or horizontal. On their responses adjustments were
made to the direction of the target until the subjects were
convinced by repeated observation that the target was moving

horizontally.



Each subject carried out three estimations when lying on
the left side and three lying on the right side on each of
four days. The target traversed the field of view from rignt
to left and left to right for each observation.

results. Thne projected Landolt ring target travelling in
the horizontal plane gave an immediazate Llmpression of climbing
when the target moved from left to right (foot to head), while
the subject was lying on his right side. Movement right to
left (head to foot), with the subject lying on his right side
gave the impression of descending. When the subjects lay on
their left sides with the head horizontal the opposite eflects
were noted.

The occasional use of a phosphorescent rod permitted deter-
mination by the subject of the apparent vertical wien the
apparent horizontal had been found. The deviation in the
apparent vertical was of the same order and of the same error
sign as that found in the deviation from the horizontal.

Tne complete results are shown in Table 12. They show
considerable variation in any one subject in any session or 1in

all sessions ana also show considerable variation between

A . 5 20 o . 3
gsubjects. The errors varied from 3 to 22 of arc. There was
also some variability between the opoosing postures. Where

this @ccurred is indicated by tre braciketed figures in Table 12.

It was also noted that when subjects had ascesszd tue target



movement track as being horizontal the obse.ver could deviate
the direction of the target by % 1%4-2° without the subject
noting any change in the apparent horizontal.

In the course of the 30 minute experiment some evidence is
shown of inecreasin_; error (Subjects 1, 2 and 5).

As these findings were not strictly related to the general
experimental programme being undertaxen, no further experiments

were carried out.

Bve movements
RN

Using the corneo-retinal potential output, eye mowvement
traces were recorded. The movement of the eyes when following

the horizontal target showed no obligquity.

Discussion

The relationship existing between visual and proprioceptive
functions (proprioception in this sense includes s&uicircular
canals, otoliths, visceral, muscle tendon and skin senses) in
the maintenance of orientation have been intermittently invest-
igated since Aubert (1861) first noted that in the absense of
the normal visual framework of natural or man made structures
the perception of the vertical (and horizontal) can be erron-
€05 . Aubert (1661) noted that in a dark room when the head
is laterally tilted on the erect body the estimation of what is

vertical has an error in the opposite direction to that of



tilt and that this error increases as tilt increases.
Pielchenfeld (190%) showed that this error is reduced when
the whole body is tilted and the orientation of heada and body
retained in a more normal relationship. This maintenance of
the relationship is readily noted in people standing, walking
or sitting, the head is very rarely tilted laterally but not
infrequeptly is tilted forwards.

Lateral tilting at sea can be readily noted, a compensatory
adjustment to the roll of the ship, and in aircraft this
compensatory tilting in the op osite direction to that of roll
can also be seen. The body makes an attempt to maintain its
gravity sensitive system in the plane of normal graviiational
pull. Gibson and Mowrer (19%8) proposed the hypothesis
"that both the visual anu the postural vertical are determined
by visual factors and gravitational factors acting jointly,
with orientation to gravity, however, as the iore decisive
factor in cases of real conflict between the two types of
sensory data and the primary factor genetically". They
conclude that the framework of visual space is derived from
and dependant upon the necessity of maintaining postural
equilibrium against the puil of gravity.

Gibson and Radner (193%7) and Passey and Guedrey (1949) have
also noted that when tilt is maintained for some tiume the error

in detecting the true vertical tends to increase. In an
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extensive programue Mann et al (1949), Passey (1950),

Mann and Passey (1951) and Mann (1951, 1952) have attempted to
define the relationship between visual and proprioceptive
factors in the perception of tne vertical, The apparatus
consists of a complete conventional roowm whiich can be tilted
and the subject sits in a chair, also capable of being tilted.

Thus visual and proprioceptive cues can be varied separately

or together. The subject is reguired in each experiment to

return himself in his chair to the vertical plane. The errors
o

noted are about 2-6 of arc. The conclusions reached are

that the deteramination of the vertical is a joint one of visual
and proprioceptive sensory systems and that the best judgements
are made when these two complement one another, and that either
one alone is subject to error.

The subjects used in the experiments lay on their sides in
the dark room for approximately 30 minutes, and in s.ome subjects
(1,2 and 5) there is some evidence of increase of error in the
judgement of tne horizontal as time of lying increased. Passey
and Guedry (1949) have reported that when lying in a tilted
position is co:tinued for o0 seconds that the subject's ability
to return himself to tne true vertical was less accurate than
under conditions of shorter exposure. This type of effect was

also noted by Gibson and Rauner (1937).
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Conclusion

The results produced in the current experiments in which
head-body orientation is maintained show not the appreciation
of the vertical but the appreciation of the horizontal with
moving objects. The effect is comparable and is a further
indication of the interaction of the stimuli and the adoption
by man of a false horizontal (or vertical) under specific
conditions.

The variation in individual subject's responses on a day to
day basis is somewhat large but when consiceration is given to
the I 1%-2° change which could be made without the subjects
noticing, the variation is reduced to more reasonable and ex-
pected levels. The variation between subjects is marked and
does suggest that the interplay between visual and pro:riocept-
ive sensory systems is not of any fixed relationship in all
individuals. Some subjects bay be gravity sensing sensitive

and others less sensitive.

Summary

Man's inability to locate the horizontal when visnal and
propriocentive cues are disparate has been demonstrated by
a new method.

Subjects vary in their estimations and also show 2 daily
variation in any one subject.

The extent of the error in tocating the horizontal varied
from 3—220 of arc.

The location of the vertical was of comparable error.
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Brrors in the Determination of the Horizontal

Subject Run Right Side Down Left Side Down
A B C A B C
i) 3 33% ne® 12® 9° 121° 1u4p’
2 11 152 11 vean 10 14 15/ lMean
3 26 11 11 12" 6 7 7 10.5°
L 13 11 10/ 3 gk 1lr
2 3 ) 134 11}z 14 (194%) 13% 14 124
2 7 1%% 14/ dean . 112 1472 15k Aeag
3 10 11k 9% 12.5 8% .9k 11k 12
- 9 1% 14 9 10 Lk
5 1 19 22 14 (15%2) 15 13% 11%
2 19 17/ 22 lean 16 19/ 19 Aeag
3 16 15
4 17 182 164 11 1%5p 17k
4 i 6% 5 S5k (82 b6k) i 5K Lk
2 5 9 o 7 gre 11 (1552)
3 o 7 /%2 leapg 7% bk 7% mHean }
4 5 o 7 7 9k 12 14 o |
5 G i b 952 10 1lje. 12 15%
2 3 3 4 Mean 72 7% 7 Mean
3 7% 8 9 7.5 9% ‘@ 8° 10°
L b2 13 112 10 i 1
6 B 18 14 162 98 9 1202
2 15 20 15 Hean 150 i U § {k lean
35 11 1.2 2 1%45 42 5 o) Y
5 8 8 3 11% 8% 12

: 5 = o) _0
Right Side Down Mean = 11 o(o.D. 4.90)
Left Side Down Mean = 10% (8.D. 3.5 )
( rall Mes — " P ) Q.
Uvera Mean = 10.85 (8D &7)
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PART 7

The Analowry to Servomechanisms

Definition of a servouechanism

A servomechanism has been described by Brown and Cambell
(1948) as a continuously error sensitive follow-up amplifying
system permitting a wide range of input command remotely
located from the element being controlled. A diagram by the
same authors, Fig. ©3A of an elementary servomechanism for
temperature control is shown and the analagous physiological
and anatomical functions and structures are suggested - Fig. 63B.
Unfortunately the zresence of a secondary system related to
eye muscles and their control demand recoghition »f a collateral
servomechanism to ensure adequate muscular response to any
demand irrespective of the original eye muscle tonus. There
is also evidence, Ginshorg (1953), Westheimer (19540), that the
system may respond wilh either a gliding movement or a saccadic
movement. This mechanism is indeed complex and in addition

has also to contend with simultaneous head movements.

“rincipal functiocnal components of a servomechanism

1. A remotely controlled command or input station designated
(a)

2 An output member or process designated (b) in the figure.

Do An error measuring means capable of measuring the difference

between command and oputput designated as (c).
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4o tn amplifier or controller designated as (d) in the
figure. It actuates a servomotor in accordance with some
function of tue error.

5e A servomotor designated as (e) in the figure. It

operates the controlled member or output.

Principal functional components (shown in Fig. 63)

1. Input from.the motor cortex which itself has received &an
input from sensory cortex which records its input ffom the
retina designated (a)

Za Output member - retina and sensory cortex - designated (b)
e An error measuring device which with current and accepted
neuroanatomy can only be once again sensory cortex which receives
its input from the retina - designated (c)

L, An amplifier or controller which may be in the motor
cortex, cerebellum, tegmentum or ocular muscle nerve nuclei-
designated (d)

e A servomotor - eye muscle - designated as (e)

Present neurophysiological knowledge does not permit differ-
entiation of location of much of (a), (b) and (c). The
structures concerned in (d) also suffer from considerable lack
of knowledge.

The cortical areas involved, frontal and occipital are
interdependant and disease or injury to one affects the other

as has been described most clearly by Holmes (193%8).
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The complexity of such a system may be reflected by the
duration of time involved in the pursuit movements of the eyes.
An initial latency of 150-280 msec. has been shown to occur,
thus the servomechanism has a large delay in its initial
function. Its later function of correcting errors has a
somewhat smaller delay of about 90-150 msec., a delay which
recurs and can be shown (Fig. 41) on occasions to occur
regularly during & pursuit. Westheimer (1954a)has shown
gliding movements to cccur when the velocity error or position
error has been small and Ginsborg (195%) has shown the same
mechanisms to function when the eye moves between static
targets. Thus the servomechanism is capable of ‘esponding
with two types of movement but has a very marked delay in its
operation, a quality indicating a mechanism higher than a

first order one.

Position and velocity errors

In the visual task the input or demand is related strictly
to the requirement that tlhe target pursued should be brougnt
on to the foveolar area of the retina and there maintained.
The servomechanism function is to ensure the correction of any
error which develops. The correction may be related to posit-
ion error or to rate of change of position, which is a velocity

error.,
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A position error Fig. 64, may be said to occur when the
target is displaced from the fovea by a constant distance.
A velocity error, Fig. 64, may be said to occur when the
alignment of target ana fovea change continuously and produce
a rate of change of position error. Given time a velocity
error will produce a position error. Position error can

occur without velocity error.

Brrors in servomechanism

Three kinds of errors are liable to occur in servomechanisms
and are shown in Tig. ©5, Brown and Cambell (1940). They are
transient errors, steady state errors and transient oscillatory
errors. If a small error induces a large change in the
servomotor controlling the output the transient and steady
state errors will be small. Output friction which may occur
between the eyeball and the orbital tissue, and the inertia
of the eyeball, would both tend to increase steady state errors
and transient errors respectively. Oscillations may occur
on starting or stopping an eye movement if output friction is
small and is associated with a very sensitive error correcting

device.
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Diagram showing transient error between responses (dashed
line) and command (solid line) during a sudden dhange in
command . The transient oscillatory behaviour illustrated
but not labelled. Steady state error during the period

of unchanging command is also indicated.

Diagram illustrating transient stability of a system with
varying degrees of damping. Curves 2, 3, 4 are progress-
ively underdamped and show increasing degrees of oscill-
atory behaviour. Curve 1 is overdamped and shows great

stability at the exoense of a long response time.
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A sccond servomechanism in eye movements

A second closed loop servomechanism is potentially present
in ocular movements which takes its input from muscle spindles
and other sensory receptors in the extraocular muscles - a
servomechanism related to the accuracy of muscle contraction.
Muscle spindles are considered by Granit to be thne 'private
measuring instruments" of the muscle with regard to the contrac-
t@on and relaxation of muscle fibres. Muscle spindles have
been found in all skeletal muscle including the extraoculars,
Daniel (1946) and Cooper and Daniel (1949). The afferent
impulsee from t. e latter muscles are conveyed along the nerves
supplying the muscles and then according to Cooper, Daniel and
Whitteridge (195%2),branch off to join the branches emanating
from the mesencephalei nucleus of the 5th cranial nerve. Frou
there it is reasonable to assume connections with the thalamus
and cerebellum and thus impulses could be relayed in a modified
fashion to cortex. Efferent impulses to tune extraocular muscles
are conveyed from higher 'centres' via unknown subcortical
structures to the nuclei of the nerves, %rd, 4th and 6th from
whence direct connection is made to the extraocular muscles.
Whether or not tine afferent impulses subserve auny position
sense fuﬁction is as yet undecided and has been the subject of
variations of view by Helmholtz (1586), Sherrington {1715,,

Ludvigh (1953) and Merton, Fammond and Sutton (1956). Bxperi-
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ments contributed in this research programme and described
later suggest that there is some position sense informat.on

conveyed from extraocular muscles.

Disgussion

The accuracy with which eye muscles perform the required
contractions and relaxations during a pursuit wmovement will
effect the degree of accuracy of tue movement to achieve
fixation. The correction of errors between aemand and
achievenment is reflexly accomplished. Such a system must be
co-ordinated with the demand frog the pnotosensitive cells of
the retina in achieving fixation and failure to achieve fixation
could be the result of error in either the plhotoceptor (retinal)
or muscular control system.

There are thus two systems in whih errors could occur and
both these systems may be considered as output informed, the
one from ret.nal sensory afferents, the other from muscle
spindle afferents. These are both examples of negative feed-
back systems i1n which the resulting movement is always one
which reduces the error.

In dealing with the attempt to fixate a moving target the
muscle contraction paitern requirement is one in which the
brain must initiate a time tension pattern projected into the

future. The accuracy of this pattern appears to deteriorate
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as the magnituae of the contraction demanded increases as is
shown by the increase in the incidence of corrective eye
movements as target velocity increases. The movements of the
eyes are not ordered blindly and followed up by other corrective
movements until the goal is acheived. Ruch (1951) considers
that the nervous system would be handicapped by such 'blind'
ordering of movements. Cerebro-cerebellar circuits -
reverberating circuits - could, in making use of nerve conduct-
ion time delay give a temporal patterning of tne cortial
discharge demanding movement of the eyes by the giving off of
one or more impulses per cerebro-cerebellar circuit. Thus a
pattern of acceleration, steady overtaking velocity ana decell-
eration to the required velocity could be obtained at the right
time and for the required duration. Such a system could
represent not so much an error correcting device but a system
which obviates or reduces the transient errors involved in
correction by output informed feedback mechanisms.

The cerebellum may have a further function in view of the
facts that it receives information from muscle receptors and
visual information from occipital cortex. It may be that
correlation of the wvisuwal in ut and muscle input can be compared
in this structure and cerebellar-cerebro-cerebellar pathways
could be utilised in the planning of movements designed to

acheive fixatioun.
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Conclusions

The analogy to servomechanisms of the functioning of eye
movements in the pursuit and fixation of moving targets is
not capable of being furthered in the light of present know-
ledge of the neural pathways and mechanisms. Such movements
present evidence of complex servomechanisms to govern &a system
in which oscillation is undesirable, in which transient errors
are laryge due to nerve conduction rates and neural integration
time, and in which steady state errors exist. Adrian and
lMoruzzi (1940) have shown that transient errors are deliber-
ately incurred by the slow and successive activation of neur-
onal pools. Such activation would prevent excessive and sudden
overaction by muscles which rarely respond with tne full
power available. Such a response would produce oscillation.
In addition the friction damping of eyeball mcvement by tune
fatty tissue in the orbit will tend to produce the steady
state errors which have been shown to occur. Thus there
remains the impression that eye movement control is rendered
more acceptable or accurate by having transient and steady
state errors in preference to a rapidly responding sensitive
system whcih would demonstrate oscillatory instability.

o

bu.mmarz

Analogies to servouechanisms exist in the oculomotor system
but are complex. The terms position and velocity error are
introduced and a discussion of the limitations of the analogy

prescented.
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FART 8

The Influence of Parafoveal Visual Acuity on the Ability

to Perceive Detail in Moving Objects.

Failure to recognise detail in a moving target must result
from an inadequate fixation reflex action. The 1nadequacy
can be explained by position error of the line of sight with
regard to the object, by velocity error in that a differential
velocity exists between the eyes and the target, or a combin-
ation of both. The poesibility exists that the tolerance to
inexact foveal fixation may be greater in some subjects than
others. If some subjects have a greater tolerance to inade-
quate fixation than others this should be shown by a typical
visual acuity experiment in which the object is moved further

and further into the parafoveal region and intc the perifovea.
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Section 1

Historical note

jertheim (169%) produced the classical curves of visual
aculty decrement in the zones of tune retina from fovea to the
periphery. ijore recent investigations have been revieved Dby
Low (1950). A decrease in visual acuity has been found by
all investigators and the decrease continues into the far
periphery at 700 from tne fovea and beyond. The decrease
within the foveal area is not, however, well agreed amongat
the authors cited by Low. At 50 wminutes of arc there 1s some
decrement 1n acuity reportea by wmost research workeps.
Clemenson cited by Low reported a decrease of 150/0 at 2 min.
40 sec. of arc.

The effect of contrast has been investigated by Low (1950)
and he reports that acuity is little affected until lower
contrasts are used., The effect of brightness has also been
investigated in photopic, transitional and scotopic conditions
by Wertheim (1894) and lately by Ludvigh (1941), and Low (1943,
1946a, b, ¢, 194%7a). The whole subject of peripheral visual
acuity has been recently reviewed by Hop«ins (1959).
llethod

The apparatus used in the exploratory experiments was again

used. Six subjects regsrded binocularly an illuminated Landolt
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ring target which was at a distance of 70 ft. and was capable
of being moved in tie horizontal plane to either side of a
fixation point. The gaps in the Landolt ring subtended
arcs varying from 1l-3 minutes, from the subject's eyes and
could be rotated into any one of four cardinal positions. A
fixation point was presented to the subject and tne Landolt
ring was mowed outwards in steps of %0 from this fixation
point. These points were examined to left and right of the
fixation point. For the one minute of arc target acuity was
determined out to 30 on either side and with £ and % minutes of
arc targets to 4 and 6° respectively. The illumination of
the target and background was 16 millilamberts and the contrast
factor between the white background and the black Landolt
ring was &5 per cent. The total background field subtended
an area of 500 x 7° to the subject's eyes.

Including the zero displacement of the target 25 positions,
12 to left and 12 to right, were used with each target; 32
observations were made at each point, the positions of the
Landolt ring gap being selected by random methods. The target
was illuminated for about one second at each observation. To
complete the observation each subject attended four sessions

of 20 minutes each.
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Kesults

The wvisual acuity curves showed a variation in the rate of
fall off of acuity among the subjects.

These curves are shown in ¥ig. 66 for the 1&3 minute of arc
targets and are all quite typical of the classical acuity
curve of Wertheim (1l594). The tolerance to 2 minutes of arc
targets is intermediate to the two shown.

With increasing size of target a greater degree of inaccuracy
of fixation in the position sense is tolerable without effective
loss of visual acuity as measured in this system.

The variation occurs at any success rate; i.e. at 100 per
cent, 75 per cent, 50 percent etc. Subjects who had previously
demonstrated a high capacity for seeing detail in moving targets

showed a greater extrafoveal visual acuity.

Discussion

One of the possible reasons for failing to see tne presented
detail in a horizontally moving Landolt ring is the inability
of the fixation reflex to place accurately on the fovea the
target to be viewed. It appears that for any given success
rate of target recognition there will be, depending on the size
of the critical detail, an acceptable or subjectively unnotic-
eable error in position. For 100 per cent correct recognition

this permissible error of line up can be of %=1° when a minute

of arc target is shown, to 50 with 2 3 minute of arc target.



At lower success rates tolerances of double this amount are

acceptable.

Conclusions

It is suggested that the fall off in visual acuity with
regard to the object used measured either in relationship to
central visual acuity or in direct terms of the angle subtended
at the subject's eye is one factor in the variations between

individual ability to see detail in moving objects.
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Section 2

tne 1niluence of a moving retinal image on the ability to

perceive

Failure to recognise detall in a moving object may be caused
oy movement of the image of the object across the retinaj; the
movement being the result of the eye and target having different
angular velocities. A velocity error would be then present.
Position error tolerance has been shown to vary with individuals
and showed for all subjects a greater position error to be
tolerable as target size increased. The researches of De Silva
{(1929) are tne only data found in the literature and have been
described in the general introduction.

In this experiment the differential velocity tolerance was

measured.

lethod

Five subjects regarded monocularly the gaps in the Landolt
ring which subtended 1 and % minutes of arc at a distance of
70 ft., in the centrifuge chamber. The target appeared at
the right hand margin of a slit in a white cardboard sheet
and passed across to disappear at thne lefit hand margin. The
slit in the cardboard permitted a view of the target in a field
of #° arc. The target could be rotated into any one of ©

positions and was presented in a random order of position.
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The Landolt ring gap position and target velocity was
controlled by the observer in the same room as the subject.
This room was wedl illuminated and the target, target background
and cardboard sheet were apyuroximately equal in brightness, 10 ml
The targets were first presented with a high angular velocity
at which no recognition took place and gradually reduced in
velocity until the subject made four consecutive correct
appreciations of the position of the Landolt ring. The target
angular velocity was maintained at this level for a further
four correct observations and then gradually speeded up until
failures occured once again at the next higher wvelocity. An

end point was thus obtained.

lesults

Five subjects gave the results shown in Table 13. There
is a variation in the relative angular velocity tolerable at
which no deterioration in visual acuity is demonestrable. The

results are shown in Table 1% ana Fig.

Table 153

Velocity Error Tolerance

Subject 1 2 3 b 5
With a 1lm of arc target 3.5 3.5 3.0 3.0 1.5
With a m of arc target 6.5 5.5 4.9 5.0 3.7




Discussion

The discrimination of detail in t.rgets, the retinal image
of which is moving across the retina, varies with subjects.
It was necessary in order to obviate any fixation reflex to
expose the target for periods which were less than the tiue
taken to initiate or even eomplete the reflex. The mean
latencies found in previous ex eriments on moving targets was
about 200 msec. with a general scatter from 150-250 msec.
Latencies of the order of 120 msec. have been reported
(Viestheimer 1354b, Ginsborg 1953 ). To this duration of time
120 msec. there wmust be added time for the movement of the eye
to a new position. With a $%° field and a 3°/sec. target
velocity the duration of exposure is 166.6 msec. and at 4°/sec.
the duration is 125 msec. It is reasonable to suppose that
eye wmovements to fixate the moving target are not therefore
possible. At higher target angular velocities the possibility
of a fixation reflex being accomplished is even more impossible.

It is of interest to note that even with experienced subjects
the only method of ensuring that eye movement, or the fixation
reflex, would not be effectively employed was to exhibit the
target for a time less than the latent period of eye movement.

There is, as was noted with peripheral visual acuity, &a
variation in the relative angular velocities which can be

tolerated by individual subjects.
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The variation with size of target of angular velocity
tolerance indicates that the larger the critical detail the
greater the target velocity required to diminish visual acuity.

The examination of the relationship between decrement in
visual acuity with moving targets and peripheral visual acuity
yielded no informztion which permitted differentiating subjects

whose ability varied.

Conclusion

The wvariation in the loss of visual acuity when the image
of the target moves across the fovea (velocity error) does
suggest that there is a possible correlation between ability
to perceive moving objects and the ability to tolerate a
moving rectinal image. Subject 1, whose ability is rated
highest, had also the greatest retinal movement tolerance and
the smallest incidence of second saccades, Subject 2 was
also rated highly, subjects 3 and 4 were average and subject
5 was poor. Experiments involving a large number of subjects
would be required to subcstantiate the correlation. The
incidence of corrective movements of the eyes during visual
pursuit could be expected to be less with increasing velocity
error tolerance by subjects if tie error necessitating the
corrective phase is one of this nature. The extent, however,
of the corrective movement in the main experiments was generally

such that minor variations in velocity error tolerance may be
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only considered as contributing to the general variation in

efifectiveness of the oculomotor system.



157

Section 5

The influence of a moving retinal image on parafoveal visual

acuity

In the previous sections the ability to perceive detail in
a moving retinal image in the foveal area and the decrement in
visual acuity with static targets has been described. In
fixating a moving target it is also possible that retinal image
movement takes place (velocity error) in the presence of inexact
fixation (position error). The tolerance to simultaneous

velocity and fixation error was therefore examined.

lethod

The same apparatus and method used for welocity error toler-
ance was utilised with one modification. The white cardboard
had two slits in it, the one slit static through which the
moving target would be seen and the other slit through which
the fixation point could be seen was moveable frou ko of arc to
50 of arc from the subject's eye position. Thus as the fixation
point varied relative to the viewing slit the target appeared
on varying extrafoveal areas of the retina. Lo presentations

were made to right and left of tne fixation point and target

moveuents were always left to right.

Results

- R : 0
With a 1 minute of arc target & simultaneous error of 1 /sec.

o Sy ’
and 1 of arc position error was completely intolerable by all
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subjects, not one presentation was perceived.

s . 2 S o - 0

ith a 2 amin. of arc target, a 1 position error and a 1 /sec.

velocity error accurate perception took place in less than
oy ;
25 /o of occasions.

With a 3 win. of arc target and similar position and velocity

a0 _ ) : \ _

errors only %0 /o of targets presented were perceived.
. ¢ = AL g N
At higher velocity errors, 1.5, 2, 2.5, 3 /sec. no recognition
targets presented took place.
Individual dirfferences were slight with tne exception of

ect 4 and are shown in Table 1% for 1 /sec. velocity error
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Perception Ability with Combined Velocity and Position Krrors

(o o
of 1 of arc/sec. and 1  of arc.

Target GSize Percentage Successful Perception
Subject 1  Subject 2 Subject 3 Subject &

1l min of arc (0 (9] @] 0
2 min of arec 20 10 20 10
3 min of arc 25 24 2% 16

The pres=nce of two errors, one of velocity and one of

position in a fixation on a moving target was preductive af
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great decrement. A decrement which is greater than that of
error tolerance of position or velocity alone. Only one
subject (4) demonstrated an ability poorer than the others.
This is in accord with his general performance throughout

the series of experiments.

Discussion

There seems little doubt that although the visual systen
can tolerafte either position or velocity error to z small
degree the simultaeneous accurence of these errors is guite
intolerable. This infers that the degree of accuracy
required to obtain fixation in a moving target must take
account of these two parameters and demonstrates effectively
the high standard of accuracy attained by eye movements
during visual pursuit of an object when recognition of the

moving object takes place.

Conclusions

.

The tolerance of a combined error of position and velocity

is less than tolerance of either error occuring singly.



A Correlation between Ability, Error Tolerence and Eye

Movement Patterns

A correlation between the various factors examined which
appear to be independant of one another was made. These

factors are:

1. Shortness of initial latency

2. Accuracy of tne initial eye movement

5 Rapidity of actioh of the corrective mode
4, Position error tolerance

5. Velocity error tolerance.

his is shown in Table 15.

Table 15

Correlation of Factors for Subijects 1 = 4

Factors Subject Subject Subject Subject
1 2 p) 4
Discrimination Ability 1 2 3 o
Shortness of Latency 1 2 43 4

Accuracy of Initial Eye

Movement (lowest incid- A 3 5 2 L
ence . second sacc:-des)

Rapidity of Corrective P g 1] 3 4
Mode

Position Error Tolerance 1 2 3 4

Velocity Brror Tolerance 1 e 3 b
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The other factors measured and reported of steady state
duration, mean velocity of eye movement, duration of eye
movements, combined velocity and pos.tion errors, are dependent
on other factors and cannot be correlated.

It is noted that the superior ability of subject 1 in
discriminating detail in moving objects is reflected generally
in all the factors examined above. Subject 4 whose ability is
rated lowest presented an equally degraded ability in all the
other factors. The correlation for Subjects 2 and 5 is not
so marked but is still depicting a distinct pattern.

On this data the conclusion is reached that a superior
ability is based on an overall superiority in the visual and

oculomotor system.

Summarz

Extrafoveal visual acuity (position error tolerance)
varies with subjects.

Subjects show a variation in ability to perceive detail
in a moving retinal image, (velocity error), increasing the
size of the target improves ability.

A combined position and velocity error is almost intolerable.

A positive correlation of ability to perceive detail in
moving objects, position error tolerance, velocity error
tolerance, shortness of latency of eye movement, and the nature

of corrective eye movements, is made.
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PART 9

The Go-ordination of Eye and Head liovements

In Parth evidence was offered to show that by increasing the
time of exposure to a moving target discrimination of the
detail in that target is improved. Evidence was also given
to thhe effect that further improvement in the ability to
discriminate detail occurred when the head and eyes were both
freely moved. This improvement occurred only when the time
of exposure was at least 400 msec.

Some physiological actions underlying this improvement were

investigated.

Method

The subject was seated near the centre of a %6 ft. radius
circular darx room. To the subject's head was attached a
light-weight headpiece, the weight of which was taken up by
a mounting above the subject's head. There was thus no down-
ward load. This heaupiece, Fig. 67, the rotational inertia
of which was negligible, rotated witih the subject's head. it
was secured to the subject's head by means of three adjustable
pads in the temporal and occipital repgiens and also by the
subject biting a wooden bar attached to the headpiece. A
dental bite proved unsuitable for this purpose as the head

not only rotates about the horizontal axis in large pursuit
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aovements but inclines in the vertical plane; the apparatus
only permitted horizontal movements and thus a well fitting
dental bite subjected the teeth to somewhat dangerous siresses.
A potentiometer in the axis of rotation of the head-piece
yielded a direct coupled capacitance output to a pen-recorder
system.

Rigidly attached to the headpiece was a projector which
emitted a pencil beam of light. This beam was directeud to
the wall of tune room and as the head rotated a series of
photocells on tiie wall were activated. ‘he plotocells were
arranged at 10° intervals over an arc of 160°. The central
100° only, were used in the experiments. This projected light
and the photocells were not visible to the subject.

The Aldis projector system was used ana the Landolt C was
seen projected on to the wall of the chamber. The targets
moved at selected angular velocities relative to the subject.
The projected Landolt C illuminated another similarly arranged
row of photocells mounted on the wall some six feet beneath
the upper row and level with the subject's head. Fig. 63.

The outputs from these two rows of photocells were amplified
and drove conventional pen recorders to give accurate but
discontinuous information concerning the head position and
target position at lOO intervals. Eye wmovements were recordea

in the horizontal plane by measuring the variations in the
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cornea-retinal potential as the eyes moved.

There was thus recorded (Fig.09) :-

Le Head pnotocell system output.

' 2 Target photocell system output
e Direct coupled ocutput from headpiece.
e Cornea retinal potential.

The subjects (4) were neither asx<ed to move their heads nor
to refrain from moving their heads during the pursuit tasXk.
They were merely told to identify the moving target. They
invariably and naturally did rotate the head. The targets
had angular velocities Ln relation to the subject in the range
SO-l}OO/sec. llo attempt was made to score tihe results of each
pursuit tass although the subject responded by describing the

gap in clock code, 1.e. 10.30, 12 o'clock, 1l.3%0 etc.

Kesults

The sequence of eye movewent followed by head m vement was
almost invariable. The delay between the beginning of the
eye movement and the beginning of the head movement varied
considerably and is summarised in Table 16.

The eye movement latencies recorded are comparable to those
recoraed waen no head freedom wazs allowed 1n previous experi-

ments on pursuit eye movements.
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Table 16

Latencies of Eye Movement and Head Movement and the Eye-llead

Movement Interval (Moec.) Standard Deviations in bracxets.

Subject Eye Movement Heaa Movement Eye-Head Moveument
Latency Latency Interval
1 213.00(77.82) 306.85(o4.382) 40.05(46.21)
2 266.10(77.10) 516.00(74.19) 70.21(45.30)
3 16%.90(3%0.0C) 24y . 57(42.02) 83.67(27+.93)
4 177.14(3%0.78) 325,081(36.82) 148.67(40.706)

The photographic reproductions of typical recordings (Figs.
©9 and 72) show this eye-head moveuent sequence. They also
show the nature of the head movement which followed a pattern
of acceleration to obtain a target-overtaking velocity, the
maintenance of this velocity for a short periody & deceleration
to a velocity comparable to that of the target and tne mainten-
ance of this velocity until discrimination had been achieved
when both heaa and eye velocities rapidly diminished.

This pattern of events is more clcarly scen in the vector
diagrams of target and head movement drawn above the photocell

output records. fhe vectors representing head movement and
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target movement are obtained by joining the points representing
head position and target position at 10° intervals. The curves
have been drawn smoothly along these points, the target vector
being a straight line. The output from the potentiometer in
the headpiece shows that there are no jeriky or saccadic
movements of the head. The gap between the target vector and
the head vector represente the residual angular deviation
required of the eyes if the target is to be fixated.

As target angular velocity increased this gap also increzsed.
With a 5oo/eec. target the gap was reduced to and maintained at
5-?0 of arc. At lOCO/sec. the gap was some lj—d?o of arc.Fig.
70.

In Fig.71 the vector diagrams of head movements relative to
target movements have been integrated to show the scatter of
head position error and head velocity error. The position
error diagram shows the initial increase in error before the
head movement commences, and reduction in the error with head
movement. The velocity error shows a similar trend.

Fye movement recordings show the initial rapid horizontal
rotation of the eves and the subsequent reduction in the amount
of lateral rotation as the nead moves in pursuit of the target.
The reduction in the eye-ball rotation required continues as
the arcs traversed by the target and the head became less

disparate. The record of the eye movements is the resultant
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of pursuit and compensatory eye movements and the decay in the
pen recording capacitance coupled system. The presence of
single saccadic eye movements and multiple saccades were noted
in many recordings during pursuii movements of 1-2 seconds
duration.

£ Spearmans rank correlation showed that eye movement
latency, head movement latency and time of occurrence of the

corrective eye movement if required,; tended to diminish as

target velocity increased.

Ranking Kye Latency Head Latency <Znd Eye Movement
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2 > > >

3 K 2 2

L 4 6 4
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Discussion

The presentation of a moving object in the field of view
demands attention. ‘he stimulation is visual but tnis does
not infer that tihe response should be limited to motor action
by eye muscles alone. Whole body wovement wmay be involved

when required if tre object noted is of interest. This varying



of response depending on restraint or lack of restraint has
been described by Teuber and Bender (1Y51) referring to
Holmes (1930) as a 'highest level function' in Jackson's
terms. The end effect is a shift in the line of regard.
This same wholeness of body reaction is also noted when an
interesting sound is heard. There is in both cases a dewmand
for integrated reaction of many systems to transfer attention
from one source of interest to another. The limited bin-
ocular visual field of man is effectively increased by
rotation of the head and body, by change in the position of
the various parts and of the body position of the whole.

With specific regard to the moveument of the eyes produced
by extraocular muscles, movement of the head and trunk will
reduce the degree of contraction reguired by these muscles.
In their studies of the accuracy of muscular control,
Hammond, Merton and Sutton (19,6) have shown that the
relative accuracy of muscular contractions is fairly constant
and that "the sensory feedback aechanism used to carry out
the task treats as of equal significance errors that are a
constant fraction of a force exerted, as in Weber's Law'".

By reducing the amount of force required by eye uuscles in
the visuval pursuit of an object and by having an integrated
eye-head-body movement, errors in the response of eye
muscles to achieve the desired visual fixation will be

reduced. Fatigue of eve muscles may also be reduced and
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the tremor associated with massive muscular contraction will
be avoided. In experiments such as tnese described accuracy
of eye positioning, and avoidance of extraocular muscle tremor,
are essential.

This co-ordinated activity of the heaa and eye was first
shown by Bechterew (1899) to be activated by stimulation of
the caudal part of thne middle convolution of the precentral
gyrus of the froatal cortex. Marion Hines (1947) using the
Macaque monkey and Penfold and Rasmussen (1947) in humans have
confirmed and extended the knowledge of cortical sites, which,
when stimulated would produce adversive (turning towards)
movements invalving head and eyes. More recently Bender and
rastyl-Kruger (1957) have described clonic convulsive moveuments
to the left of head and eyes caused by a calcified mass in the
right occipital lobe. There is thus awple evidence to show
that cortical areas exist in the frontal (voluntary) cortex
and the occipital (involuntary, cortex which are concerned
Girectly or indirectly with eye movements and which are eivually
concerned with head movement.

Co-ordinated activity of the eyes in tune moving head was
described by Dodge (1903) and nauned compensatory movements.
These are uovements of the eyes to maintain fixation despite
head movements. He (1921) noted that there was no measurable

delay between head movement and eye mowuwent in the opposing and



therefore compensatory direction. Recently (1955) Whitteridge

on the pidgeon and Hodgson and Mary Lord (1854%) on humans,

have described this temporal compensation and Merton (1956)

has shown compensatory rolling movements to be complete to

300 in man. This completeness in space and time strongly
indicate the development of a system which permitted simultan-
eous movements of eyes and head without disturbance of fixation.
In pursuit movements of head and eyes this reflex compensating
mechanism is essentisl in order tnat the complicated pur&uii
tasks are not further ccmplicated. Thus there is a comulex
overning head zand eye visual pursuit movements, a systen

system

-

which operates inclusive of, and despite, head movement.
Conclusions
The almost invariable sequence of eye movement followed by

head movement may not necesesarily indicate that this is the
order of motor output frog the cortical areas involved. There
is no reason to assume this seguence if the concept is accepted
that a2 moving stimulus rdemands & change of attention: The
delay between eye moement and head movement may be the result
of longer nerve pathways to the neck muscles, the greater
inertia of the head and the delay inherent in the more coarse
and less well inervated muscles in building up a sufficient
number of muscle fibre contractions to achieve movement.

The latencies of eye movements in these co-ordinated eye

and head movements were of the same order as those found in all
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the numerous experiments conducted with the head partly or

rigidly immobilised. There is no evidence that the more

involved and more natural eye-head movement complex demanded

greater cortical integration time. This finding is in accord

with the resgonses obtained by cortical stimulation in which

eye and head movements h:ve been obtained from point stimulation.
It was therefore planned to record the activity in neck

muscle invohbved in rotational movements of the head. This

would possibly give some information on when efferent impulses

reached and began activation of muscle fibres and provide further

evidence of response from one cortical area.

Electromvographic responses from neck muscles during

co-ordinated eye and head wvisual pursulit movements.

The latencies of eye and nead movement, when both these
structures are co-ordinated into a visual pursuit movement,
have been described. The eye wmovement usually preceeded head
movement by some 50 to 100U msec. The presesnce in the cortex
of small areas, the stimulation of which is now known to cause
co-ordinated e e and head movement has also been described.

The movement of the eye and the movement of the head have
been shown to consist of three phases, an acceleration phase
to some predeteruined velocity, maintenance of this velocity,
and a deceleration phacse. These phases occur in pursuit

movements and also in eye movements between static objects.
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Without the acceleration and deceleration phases which last a
very few milliseconds in the case of the eyes the system of
movements would ademonstrate an oscillitary instability.
Furthermore the arborising of motor nerves to stimulate contrac-
tion in many muscle fibres in any one muscle infers that some
fibres will be stimulated to contract before others. It also
infers that a gradual spreading of activity occurs until the
muscle contraction pattern is closely akin to the demand for
such a contraction. The previously described eye movements

and the head movements demonstraté the temporal factors involved
from stimulus to completion of an eflective mobilisation of
sufficient muscle fibres to actually produce ohysical movement.
This gives little information in the time taken from stimulus

to muscle activity which would aid appreciation of the parts

of the nervous system involved.

Tlectromyogravhic (EMG) recordings were obtained by surface
electrodes from the sternomastoid muscle of the neck. Such
surface methods cannot be usc¢d on the extraocular muscles of
the eye. Penetrating needle elect.'odes can and have been
used in the extraocular muscles of the human eye (Bjors and
Kukelberg 1953, Magee 1556, Moldaver & Breinen 1356 and Momosse
1958) but not in the presence of fast pursuit type eye movements.
The potential dangers of muscle damage, damage to the eyeball,

haemorrhage and sepsis under the experimental procedures belng
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used in the exveriments was considered too great by the
Consultant in Ophthalmology to the Royzl Air Force and was
omitted from the investigation. The same apparatus that was
used for the investigation of eye-head movement was used with
an additional pen reqording of electromyographic activity.

The latencies of eye movement, head movement and electro-
myographic activity were measured. From these data the eye=-
head interval, EMG-nead and EMG-eye were obtained. A typical
recording is shown in Fig. 72.

The latencies of eye movements of two subjects whose latenc-
ies were well documented were comparable with tThose obtained
when only the eyes were moved, i.e. 150-3500 nsec.

The latencies of head movement were longer tuan those of
the eyes in the large majority of pursuits. Subject KB .whose
eye movement latencies were much longer than tune average subject,
(mean 268msec. S5.D. $.10) demonstrated in 10 of 101 pursuits
a head movement preceding the eje moveuent. Subject WAC .shawed
the same pattern of events in 4 of 124 pursuits. The other
subjects did not show tnis pattern in a total of 162 pursuit
movements. The lutencies of eye and head movements are shown
in Table 17 as are also the differences between eye and head

movement.
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Table 17
The Latencies of Eve and Head Movements
SubjeCt "’".:~DCO A‘Lna‘io J.)-o\,"o.ho

Eye Latency 215.02 200,10 177« 1%
(BDi 77:02) ((B:bDs 79:103 (8.D: 30.76)

Head Latency 50565 31000 25 0%
(S.De 04.02) (8.D. 74.19) (S.D. %0.92)

Differential 90.83 40450 148.07
\D-U- *O.{l) (D‘oDo /O.al) (S.U. *rO-/O)

The changes in the electromyogram from a neck muscle are

shown in Fig. 72
snorter than those

even eye moveument.

T'ne latencies of tuese activities

Table 1o

were

»f the head movement and generally preceded

These results are shown in Table 10.

The Latencies of Eye, Head and EMG Activity.

1 0
e aibh oV e

Subject

fLeB

iJ‘_AU-J.‘o

J.D}.ua‘.‘)
(S.D. o4.96)

EMG Latency

295.00
(S'DQ r?a.pd)

lo—j . .'_‘q'
(S.B. %39.55)

EMG Head Latency 119.97 .90 162.57
Difference (5.0. 42.01) (S.D. 53.03) (S.D. 42.54)
EMG Fye Latency 27«14 27.00 15.90

Difference (SeD. 44.39)

(8.D. 60.12)

(8.D. 3%.23)
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Histogreams are shown in Fig. 75 of the distribution of the
time differences between the latency of eye movemenl anua the
onset of activi.y in toe muscle as recorded by a surface elect-
rode for ali target velocities and for other velocity zones of
less than 7OO/sec., 70-1000/5ec. and more than lOOo/sec. These
indicated a decrease in latency as target velocity increased.

As target velocities were varied & rank correlation by the
Spearman method was carried out on eye latency, head latency and

mMG latency on SubjectW.i.c. This is shown in Table 19.

Table 19

Latencies of Head, ‘ye znd BMG with Varying Velocities aud

Spearman ank Correlation.

Speed n Head Eye BMG
36 15 595+ 242.9% 214,73
00 29 $06.07 219,01 197.70
75 . 16 329.25 246,508 206,58
50 17 259.41 190.00 1h4 .24
103 10 ZQB.ZO 180.90 146.30
125 16 200« 306 L7 eBE 154,308

RanKing Head Eye LMG

1 K 2 i

2 3 2 >

> 2 1 2

Lf (®] LI- j

2 > 2 &

(o} 4 le) ]
o, s T - 0.825 0. 7214 0.685

ﬁyfr/rum& P= 005 NoT 2:05
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Discussion

The change in muscle activity, as recorded by the EMG,
occuring well in advance of any physical movement of the head
indicates that efferent discharges presumably from motor cortex
are arriving in muscle fibres at a time comparable with the
arrival in the Pibres of the extraocular muscles. The duration
of the interval between EMG activity and actual head movement
may be interpreted in two ways. It is possible that the
whole time i1s taken up by the accumulation of a sufficient
number of muscle fibre contractions to move the head or that a
markzed increase of Lonus occurs in neck muscles when pursuit
eye movements are about to take place. The latter is consid-
ered to be a poscible explanation as the head movements are
not regquired or even of benefit with short pursuit arcs irres-
pective of the stimulus velocity, they could therefore be
delayed. During the delay an anticipatory state of nigher
general tonus could develop in preparalion for a movement.

This may be an exauple of the ascending reticular system activity
and function. It ie 1o be expected that the time interval

from onset of a chane in the BMG of extraocular muscles until
physical movement of tue eyeball occurs will be less than that

of necs« muscles. I'i.ere are notable differences in the size of

muscle fibres, the innervation, the rate and types of discharge.
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Comparison of Some ynalities in Skeletal and Extraocular

Lve Muscle
Eye Muscle Skeletal Muscle
Type of Fibre Fine Coarse
Rate of Discharge 50-200/sec 5-60/cec
Action Potential
Duration 0.5 = 3% mgecs %=4 msec.

Action Potential 100-000 microvelts %-4 millivolts

Nerve Iibre
Muscle Ratio 1-0 1-100gastrocnemius

Conclusions

It is tempting to suggest that the initial efferent nerve
impulses would reach the eye muscles at the same time, or
slightly earlier because of tle shorter pathways, as Lhe
impulses to the neci muscles. The time factors involved
would be significantly less than the period irom stimulus to
eye movement and wmight be of not dissimilar durations to
many of the intersaccadic intervals described in Part 5

With the head held steady in a dental bite and voluntarily
prevented from moving no changes occurred in tune BMG during
pursuit eye moveuwents. The nature of the response is
therefore considered to be associated with the voluntary

motor corteXx.
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Sugmary

The co-ordinated head and eye movements resulted in a less
sustained deviation of the eyes from their resting position.
The initial saccadic eye movement :@is unchanged from the 'eyes
alone' situation but thereafter the head develops a velocity
which markedly reduces the need for gross rotations of the
eyes. The angular velocity of the head is comparable to the
target velocity and lags behihd the target, by some 5-200 of
arc, tne faster the target the greater the lag in relative
position.

Head movement latency is about 100 msec. greater tnan eye
movement latency.

The head movements are smooth and show no saccades.

Blectromyographic responses from neck muscles involved in
eye lhead movement showed activity before every eye wovement

commenced.
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PART 10

Some QObservations on L. e Presence of Proprioceptive Information

from Extraocular Eye Muscles.

Introduction

The possibility that eyeball position sense originating in
the extraocular eye muscles may play a part in the control of
eye movements during the visual parsuit of a moving target has
been suggested. This suggestioh arose as a result of the
findings that the intervals between the completion of a rapid
eye movement and a subsequent involuntary one could be as
short as 50-00 msec. Such short tewmporal factors did not
appear to be comuatible with the present concept of the oculo-
motor system in which retinal delay alone amounts to 30-70 msec.
Monnier (1952) has demonstrated in man retino-cortical times of
> msec., and an optomotor integration duration of 75 msec. for
a simple task.

Proprioceptive eflerent alscharges from extraocular eye
muscles have been shown to occur from atretch receptors in the
eye muscles of the goat by Cooper, Daniel and Whitteridge (1v53)
These discharges are frowm the muscle spindle. Such spindles
(amongst other sensory end organs) have been shown to be
present in the c¢xtraocular muscles of wman (Daniel, 1946).
Sherrington (159%) showed that half to two-thirus of the nerve

supply to a muscle is concerned with muscle sense and in 19106
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was of the opinion that sensory endings in eye muscles subserved
position sense. Helmholtz (1667) was of the opinion that there
was no position sense in the extraocular muscles and demonstra-
ted the lack of appreciation of passive movements of the eyeball
and showed that movement of tne visual field as a whole occurred
when such passive movements are undertaken. This view is supp-
orted by Irving and Ludvigh (1936). Ludvigh (1952) has shown
that position sense of the extraocular muscles is ondy present
to a worthwhile degree when deviation of the eyeball from its
resting location 1is 10° or more and that this position sense

may have been obtained indirectly from the sensory receptors in
the eyelids. Hammond, Merton and Sutton (1vY56) support the
view of Helmholtz and consider that stretch receptors are only
as Granit (1955) says "private measuring instruments of the

nuscle servomechanism'.

lethod

The following experiment was designed to assess the presernce
or absence of position sense of the eye.

The subject in a totally dark circular chamber binocularly
fixated a Landolt ring projected on to the wall of the chamber
which was directly in front of him at a distance of %5 ft.

The subject's head was held in the rotatable head cage with a
dental bite. A projecting periscope on the subject's headcage
was lined up with the fixation point on the wall. This

projection coula not be seen by the subject.
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The fixation point was then moved to other positions as
shown in Fig. 74 and the subject was askeu to move his head
antil he thought that it was pointing directly at the target.
The angular deviation between the Landolt ring and the head
projection was called the error. This error was in either
direction from t.e Landolt ring and is called -ve when the
deviation is to the right and +ve when to the left of the ring.

A control experiment was conducted in which the subject was
asked to move his head turough varying angles up to 4Q° in
order to assess knowledge of head position acquired during
normal life and during & short learning phase. The nmovements
demonstrated by the subjects showed very great inaccuracies
with up to lbo or more of error with mean estimated error of

about lOO.

Results
The results obtained with4 subjects are shown in Table 20.
3 g . o
and indicate thet the errors are most often less than 2 of
. : o] )
arc but may on occasion be as much as 5 or 6 of arc. The
mean errors in each group of 21 observations were between

_0 -
0.5 and l.)o of arc.



Head Position Errors in Degrees of Arc

Table 20

ATC Subject
Traversed
From To n a 2 2 3 % 4 L
.0 _©Q - ! o o o'
_;O l;_' a J .1.0:) 00/ J..D lt/ ) .L
2 - 0 = - . N
10 60 -2 %) o =1 & 2 1 2.5
0 s 0 ) ; .
0° 30 1 0.5 =2 0 2 2 1 -8
. fo) . . -
y 0 0 = : ) g -5k
O 10 - 1.5 © -0.5 1.5 © U UeD
S O R -
10 70 0 85 O X 5 1 Q5
20° 20° 2 0 G5 © 1.5 0 2 1
(0] 0 s y ; .
20 >0 i -2 -2 Q 1 -1 L 0«5
0”0 760 2 0 1 =2 =i 1 1
= i ; % 5 oo :
70 10 2 5.5 = 0 2 0.5 0 2
O L0 = . B =
l'u :O Ve ) ""30 2 =il ) ()05 l L% L-:
30° 60° 0.5 -2 5 G <) =i 0.5 0.5
5(.\0 l\-./o = o} J. "‘c ;‘ _..'.f ‘;.‘ ln ; u‘?
.0 .0 : -
10 o8] 34 -2 -1 0ed B 1 Ta 0O
. Y o) o -
80° 40° 6 1 0.5 0 4 1 5 5
fe) L0 ! : = A = =
Lo 10 X 2 =2 0 0 0 2xsn 1.5
0 740 " ; Gy n._E :
10 56 Ve Q Ve Us D COD Ve Ue D UeD
0 (o) B . _
oV ;’O | 1 U -On') 2 Ve I 0
S0 an® - : = 2 =
:’U 7(/ —=XJ-a: ) -2., "0-5 -005 \)05 l O-') Uob
SN © IR o , N - k. , N
',7(, 20 1 - U Ve 1ob 1 ..Lo) O.D
TS 20 I . e .
=40, )C Ve ) "'U-t‘ "\.).D ""l ltb 1 L'55 2
Mean Errors lof’ 109 J-w2 Oo) 105 {\07 l-:/ l-f‘

1ol



Discussion

It is considered: that the information on which the head
movement is based originates in the sensory afierent fibres
from receptors in extraocular muscles or orbital structures.

To achieve head line-up with the target, when no alignment
clues of intervening structure are visible (including the
subject's nose), inforumation on the position of the eye
relative to the head is required. In these experiments the
resting positions of tue eyeballs, the position in which
antagonistic muscles would demonstrate equal activity was
discerned to a degree of accuracy having a mean error of

1.5; of arc with a scatter of 0—30 and occasional large errors
of 4-8° (8 of 165). It appears that position sense is
present in the eyes at least with regard to tie resting position
i.e., cemtral position.

Electromyographic studies of Luman extrinsic eye muscles
have been conducted by Bjoric and Kukelberg (1953), Clees (1953)
and Magee (1956) all of whom demonstrate the very great increase
in muscle activity on even slight eye movement. The fineness
of tue umuscle fibres shown by anatouists is reflected in the
rate of discharge - in excess of 150 per second (action poten-
tial durations of Q0.5 toc % msec. with an amplitude correspond-
ing to 50 m/uVv). For comparison.mith & relatively fine

skeletal muscle, e.g. the interosseious muscle of tne finger,
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the above rates are some three times greater, action poten-
tial durations about four times as short and the action poten-
tial many times less, 500 microvolts compared to several
millivolts.

Cooper , Daniel and Whitteridge (1951) have reported the
findings of eifferent impulses from the extrinsic eye muscles
of the goat on stretch of these muscles. A 2 mm. stretch
which corresponds to 11° of rotation in the goat yieldéd an
increase of 90 impulses per second on tne steady discharge
rate. The resting discharge was 20 impulses per second with
a standard deviation of the resting discharge of 0.5 impulses
per second. An impulse discharge of twice this standard
deviation corresponded to 1.50 of rotation. They conclude
that movements of less than 1.5° are capable of being detected
and suggest that as the central field of the fovea subtends
1° of arc, proprioception could vlay a part in the control of
eye movements. Bender (1955) has postulated from clinical
grounds, and pathology, the pressnce of an eye centreing centre
which is related to head movement, mystagmus and indeed all
eye movements.

Thus, the nervous system controlling extraocular eye muscles
demonstrates a very fine and rapid control mechanism. The
similarity of Cooper, Daniel and Whitteridge's conclusions and

the findings in this experiment sug ests that proprioceptive
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impulses not only play a part in eye movements but can in the
conditions of this experiment be brought to consciousness. a
The head in the control experiment showed no signs of having
an accurate positioning sense, innate or learned.

Conclusion
The possibility that this sense originates in some opbital

structure other than eye wuscles cannot be discarded. All
that can be stated with certainty is that a position sense is
present to a degree tnat is potemtially useful in co-ordinated
movements of the head and eyes. Much information is now
available on the rapid sustained and slowly adapting discharges
from muscle spindles in the extraocular wuscles of goats,
Cooper et al (1953%a), which could form the basis of some system
of comparing demanded contraction and achievement in some

subcortical structure.

Sggmarx

The presence or absence of proprioception in tne control
of eye movements was examined and it was found to be present
in this particular test. The eyes appear to be capable of
finding their resting position by orientating the head to
line up with a fixation point. An awareness of eye position

relative to the head appears to be present.



PART 11

The lloment of Perception

In the descriptive account of eye movements anu the
discussion concerning the aetiology and function of the second
saccades, it was assumed that these moveuwents were corrective
in function. Three further assumptions were made, firstly,
that during the latent period, secondly, auring the fast phase,
and thirdly, during the intersaccadic interval, no perception
of detail could talke place. The hypothesis was formed that
perception only taikkes place wren a steady state of tracking
was achieved, a steady state which was not immediately followed

by a further saccade.,

llethod

To test the hyoothesds and justirfy the essumptions there
was a.tached to the Aldis projector system two devicus which
permitted the Landolt O to be seen for apcroximately 20 msec.
during a pursuit movement of the eyes., One device consisted
of an aaditional projector which cast a swall (2 min. of arc)
light spot on the curved screen and which was present at all
times during the pursuit moveument. It was thls moving spou
which the subject attempted to fixate. The other device
consisted of a shutter whicli, when opened by ite electro-

mechanical and electronic system, permitted the light bea&am
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of the Aldis projector to cast the Landolt C cn to the screen.
During each pursult the Landolt C was presented once at random
intervals of 5 msec. between 60 and 600 msec. after the entry
of the moving spot into t e field of wview. The Landolt C

was 50 mins. of arc from the spot. The lamp in the Landolt
C projector was on prior to each nrun and for the duration of
each run. The moment of projection selected was controlled
electronically to occur at any given time after the moving
spot had activated a photocell at the target entry point. A
static fixation point was provided, as usual, at this point
for the subject. The experiments were conducted in a dark

room and the brightness of the sgot and Landolt ring was for

each one wmillilambert (Holophane Lumeter). The gap in the
Landolt ring was 2 minutes of arc. Tue target angular velocit-
. : O O o ;

ies utilised were 50 /sec. and 7, [sec. A full description

is included in Appendix A of tie electronic and wmechanical
systems employed.

It is gquite impossible to pre-select the phases of eye
movements during which the presentation should occurd This is
due to two uncontrollable factors, the latency of eye wmovement
which has been previously shown to vary from 150-300 usec., and
the occurrence or non-occurrence of second saccauic movements.

Eye movements were recorded by the corneo-retinal potential

method . The presentation of tune Landolt C took place 20 msec.
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after the siutter marker on the recordings, the duration of
o;eging and closing of the shutter being each about 10 msec. at
the trigger unit speed usede. Typical records are seen in

Fig. 75 from some of the runs.

The subject's responses consisted of recognition of the
position of the gap in the Landolt C which was scored as seen,
the seeing of sometiing but no recognition, and seeing nothing
additional to tue fixation spot. The orientation of the gap
in the Landolt C was chaugea after each recognition and after
each run in which the subject reported seeing suilicient
detail in the Landolt ring to hazzard a guess. By this
method 100 pursuit eye movements per hour could be obtained.
This rate of presentation would have been only 30-5C per hour
had the Landolt C been moved after every pursull movement.

One subject (W.A.C.) carried out 1400 pursuit movements
and the pattern of results cbtained were confirmed by employing

three other subjects for 200 runs each.

sesults

All subjects showed the same trends in the localisation of
the wmoment of perception. Subjects 2, % and 4% confirming the
findings in the larger scale experiments on Subject 1. jyo/o
of recognitions take place in the conditions detailed in (&)

and (b) below.
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(a) Recognition takes place in the absence of <Znd saccades
during the steady state of pursuit which succeeds the
initial saccadic eye movement.

(b) Recognition takes place in the presence of Znd
saccades during the steady state succeeding the 2nd
saccadic movement.

Seeing something occurred at all phases of tne two alstinct'
types of eye movements. The reporting of nothing secn was
noted at all stages in the pursuit movement but most frequently
during the fast phases of eye movement.

It is 1nevitable with a 20 msec. exposure that come targets
were presented in the phases separating latency and the 1lst
saccade, lst saccade and lst steady state, lst steady state

and Z2nd saccade when it occurred, and Znd saccade and 2nd

steady state. llo more precise difrierentiation could be
carried out. The results are diagrammatically shown in Fig.
76.

A statistical evaluation of the results obtained showed
that a confidence factor of y90/o can be placed on the finding
that during the steady state and preceding phase between
saccade and steady state i.e., phases D and B, recognition
takes place. A confidence factor alsp of 99°/o can be placed
on recognition occurring during the steady state succeeding

the second saccade and the phase immediately prior to it,



i.e. phases ¢ and 9.

A confidence level of 950/0 can be placed on the other
results.

The three recognitions which toox place during fast phases
where position and velocity errors of considerable magnitude
must have been present can only be ascribed to guesswork.

The increased incidence of Znd saccades was once again
demonstrated between pursuit movements at the two velocities
utilised, the incidence of Znd saccades bein; 5d°/o at 50°/sec.
target angular velocity aad oo.jo/o at ?5o/sec. angular

velocity.

Discussion

The results recorded appecr to largely justify the assump-
tions that recognition can only take place during the steady
state in any eye movement, and that tlhe Iunction of the second
saccade 1is a formative, goal directed, reflex fixation eye
movement.

The eye movements can be divided into 5 sections (A-E) when
no second saccade occurs and 9 sections (1l-9) when a second
saccade does occur. Fig. ..

During phases A and 1 (latent period) there is a velocity
error between the fixated eye and the moving target of 50 or

(o} = : ; S = e
75 /sec. It has been previously shown that velocity error



tolerance with a 2 ainute of arc target varies with individ-
uals and is about B-jo/sec. Recognition should not be
possible.

During vnases B and 2 (end of latent period and beginning
of eye movement) the eye is developing a movement which accell=-
erates through 50 and 75o/sec. so that at some instant the
target and eye angular velocities would be equal. There 18,
once again, a substantial position error prescnt as the target
at )OO/Szc and ?§O/sec. hes moved sowme on andg l5° and
peripheral visual aculily for a 2 minute of arc target is
insufficient to permit recognition at these angle.

During phases C and 3 (the saccade) the eyes have moved to
overtake the moving target and can conceivably, on occasion,
have presented to the retinae images which have small degree
errors in velocity or position. Generally the velocity
difference between eye and target will be of considerable
magnitude and recognition should not take place. Indeed,
when the velocity error is large some 'nothing seens' should
be demonstrated.

During phases D and 4 (end of succude and beginning of
steady state) the overtaking high velocity eye rotational
movement is belng converted to one of steady pursuit. The
object image may appear relatively stationary on the retina

and recognitions are to be expected. Few, if any, reports
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of nothing see¢n can be expected.

During phases K and 5 (steady state) recognition of the
object can taxe place or recognition of error in fixation,
an error which demands reflex correction by a subseguent eye
movement. Recognition can also take place during the steady
state and yet an error may be developing by virtue of ineqgual-
ity in target and eye movement velocities which will give
rise to a position error and thus a corrective saccade as the
primary moving fixation point, the spot of light, is being
further disovlaced from the fovae of the retinae.

Phases 0 and 7 (end of steady state and beginning of Zna
saccade and fast phase of 2nd saccade respectively) are consid-
ered to occur in response to an error present or developed in
phiase 5. They are comparable with phnases B and 2, and C and
5.

During phases 6 and 9 (end of fast phase and beginning of
Znd steady state and Znd steady state respectively) which are
comparable to D and E, recognition is readily conceivable.

The seeing of something was expected during all phases
except during the very fast saccadlc moveuencs when some
responses of nothing seen were anticipated. It is during
these phases that the angular velocities of eye movements may
temporarily be greatly in excess of the target velocities;

200-4000/sec. eye velocities compared to 50 and ?po/sec.
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target velocities. The seceing or not seeing is obviously
dependent on more factors than are examined here. The
greatest differences would be expected with variation in
target brightness and size.

The origin of the not infreguently quoted statement that
the eye sees nothing during fast saccadic (ype movewments was
not to be found in the literature surveyed. Gastaut et al
(1957) correlate saccadic eye movements anu sharp waves in the
E.BE.G. recorded over tue occipital area and express the
opinion that the mechanism of the saccadic movement tends to
inhibit visual perception during such movements. When
percept;on is taken to mean discrimination of detail then the
present results would be confirmatory but if perception is to
include the mere awareness of some visual stimulation then

the experimental results refute the inhibition theory.

Conclusion

The second saccadic moveuent is corrective in functioan.

Perception takes place during the steauy state phases of
pursuit eye movements when tne steady state phase 1s not
succeeded by a further saccade.
Summary

Landolt Cs were presented for 20 msec. alongside a moving
fixation point. They were introduced randomly at all points

during eye moveuments and it was found that the second saccade

was indeed corrective in function.
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PART 12

The Practical Application in Aviation.

There are three major parameters to be consideresd in assess-
ing the angular velocities of objects on the ground relative
to the observer in an aircrait. They are speed of the air-
craft over the ground, the height of the aircraft above the
ground and the distance of the opbject to be obpserved off the
tracik of the aircraft.

The task of the observer is to obtain foveal fixation of
the object viewed, and retain the image of the object on the
fovea until satisfactory recognition has taken place. Decre-
ment in visual acuity with a 1 minute of arc target may taks
place at an angular velocity of 3o°/s:c., and at 50—7jo/sec.
for a 2 aminute of arc target, and at higher augular velocities
as target size increases. The effectd of contrast, brightness
and colour are assumed to be similar to that pertaining to
normal static visual acuity.

In actual flight the greatest angular velocities occur
during low level flight at high speed. The objects viewed
by pilots or aircrew ure usually in the field of wview for 1-10
seconds, they are as a rule of a size wnich subtends many
minutes or even degrees of arc, thney are most freguently on a
track relative to the zircraft wuich is 500 feet or more to

one or other side. Aircraft are fregquently deliberately
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flown to one or other side of the track reguired over the
ground to geain & better view and longer viewing time of
objects on that track. By flying immediately above track
much of interest is lost to view in the 'blind' area produced
by the nose of the aircraft.

The speed of the aircraft must be related to height above
ground and the tracik of the aircraft relative to the track of
the object to he viewed. The maximum angular velocity between
observer and observed wiil occur when the aircraft passes
directly over the target, tuis situation needs no consideration
as there is no means of viewing such an object, the aircraft
fusilage always cuts off this view. It is reasonavle to
assume that objects nearer than 500 feet Irow the airaraft
are either hiduen from view or have been seen previously at
much greater distances ahead of the aircraft. Fig. 77. shows
the angular velocities obtained by objects 500 feet to the
side, viewed from an aircraft travelling at 100-700 m.p.h.
over the ground at 500 feet above ground. It is noted that
as the object viewed wmoves from tLe more or less sfralgng
ahead position, at any given aircraft ground speed, to one
abreast of the aircraft, the angular velocity increases to a
maximum. Speed 1s shown on the left, angle off, tie base line
zand relative angular velocity on the right. The angular

velocity relative to the aircraft of an objeect 500 off track,
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aircraft speed 600 m.p.hs can eaéily be found by darawing a
vertical line through the 500 mark, and where this inte}cepts
the 500 m.p.hie curve a horizontal is drawn to the right hand
scale. The angular velocity is then read off as Zoo/sec.

#iith large targets to be observed, 1 or more seconds avail=-
able for'observing and freedom to use eye and head in the
visual pursuit all obje;ts presented to the crew 500 feet to
right or left of tracik are capable of being visually discrim-
inated. Objects subtending 1 minute of arc and 2 minutes of
arc at the observer's eye may be less efficiently discriminated
at 50-50°/sec. angular velocity, respectively.

The efrect of hei ht above ground is shown in Fig. 70 based
on 700 m.p.h. as aircraft speed and the observed object once
again is at 500 feet to the side of track. Height above
ground makes little diflerence to angular velocity until the
object is in tue angle 00—90O from aircraft neading. For a
pilot to look at objects in these positions 1s highly dangerous
at altitudes of 500 feet or less, the pilot would and must
look ahead for potential obstructions. The navigator or
other crewman not engaged in actual piloting would be capable
6f regarding objects in this cuntainéd angle of 60-900 ana
beyond 90-1&00 where angular wvelocity begins to drop in the
same manner as 1t built up in the 60-90o angle. The veloc~-

ities are high and may leau Lo decrement in acuity. The

’
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effect of height cun be lgrgely'counted as a secondary factor
in the production of a decrement in wvisual acuity.

The greatest change in angular velocity occurs when the
variable parameter is distance of the observed off the track
from the observer. This is clearly seen in Big. 79. At
%,000 feet (¥ of one nautical mile) the maximum angulacr
velocity attained oy an object viewed from a V00 m.p.id. air-
craft is less than dOo/sec.

The greatest benefit to ability to perceive detail in
ground features is gained by flying parallel to track at a
distance of at leaat 2 mile. By tuls weans objects of
interest will be in the field of view Ior the wmaximum possible
time and will not develop high an,ular velocities at any time.

The view directly forward from an aircraft permits objects
to be seen until they disappe=ar under the nose of tuhe aircraft.
The angular velocity of these objects will usually also be low
until after cut off is established, the rate of rise of angular
velocity just before cut off is nigh and time to view dimin-
ished. The view over tue nose of an aircraft is rarely more
than 150. Thus the objects imumediately ahead of an aircraft
travelling at 700 m.p.h. will be hidden at a distance of 1,865
feet with an aircraft flying at 500 feet, and the angular

velocity at 1,865 feet will be about 25°/sec. (from Fig. 79).
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At 200 feet objects will disappear at 746 feet with an angular
velocity of about 60°/sec. It is almost inconceivaple that
a pilot would look in this direction at such a speed, but even
if he did the object would probably be accurately perceived.

Only one other situation need be considered and that is the
approach lights and runway threshold. The angular velocity
between the threshold or touch down point and the pilot's
eyes is maintained at zeroo/sec., if this is not malintained
then some error in the approach path, either undershooting or
overshooting is occurring. The rate of cnange or the angular
velocity present will be small unless the aporoach path is
grossly in exrror. This is unlikely to occur, errors nowever
catastrophic tneir results, are small., Thnese objects which
develop & high angular velocity are rapidly approaching the
abreast the aircraft position, and although they may by their
movement aid the pilot in his approach are not looked at with
an intention of gaining information from their detail.

It is considered that the variation in ability to discrim-
inate detail in maving objects is of little moment except in
the conditions of high speed, low level flight in which train-
ing may be of value. In normal flight the time available for
viewing objects is generally long, the angular velocity low
to moderate and t.e head is free to move. That these three

factors all contribute to improvement in ability has been
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demonstrated in the experimental laboratory programme.

The practical implications have been assessed in flight by
actual observation at speeds up to 500 m.p.h. as the pilot of
Canberra and Meteor 7 and ¢ jet propelled aircraft in a low
flying area. The observations on the zpproach to land
situation are also based on considerable experience over a

number of years.
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PART 1 i

Summary of Conclusions and Findings

The visual acuity of man in relation to wmoving objects
diminishes as target velocity increascs. This diminution is the
result of failure of the fixational eye movements. The extent
of the failure and the frequency of it is indicated by the
incidence of corrective eye movements, an incidence which
increases as target velocity increases.
As target velocity increases ihe magnitude of the initial
eye movements of necessity increases not only in the angular
rotation extent but in the rate of changes requirede.
It is considered that the primary error lies in the extra-
ocular muscles, the contraction patterns of which fail to meet
the demand of cortical and subcortical centres to ensure a
foveally positioned image of the object of interest.
This consideration is based on
1. The improvement in ability and reduction of the incidence of
corrective saccades when, by having initial peripheral
retinal stimulation, the rate and magnitude of the initial
eye movement is reduced.

2e The improvement in ability when the head and eyes are
combined to form a pursuit movement. Such combination
which is entirely normal in man reduces the magnitude of

eye muscle contraction.
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De No improvement is noted when a target of known velocity is
repeatedly pursued. Learning would normally take place in a
series of 100 runs in human activity. The errors in
fixation and acuity were present to the same extent at the
beginning and end of any series. This is ascribed to
variable muscle responses to an unvaried uewand.

BEye movement latency varies from 150-300 msec. when the move-
ment is one of pursuit of a fast moving target.

Eye movements are of two types. One which pursues the target
and has no need of correction, the other has need of correction
and displays a second saccadic movement.

This second saccadic wmovement is corrective in function.

The errors in pursuit eye movements may be of velocity or
position, or both.

The tolerance to position and velocity errors increases with
target size. This indicates that some of the iumprovement in
ability to discriminate detail in moving objects which occur
with larger targets is due to less demanding foveal positioning
of the image of tue target. Eye movements of lesser accuracy
can be tolerated.

Position error tolerance for a 1 minute of arc target in the
experiments was about lo of arc. For a > minute of arc target
it was 2%-30.

Velocity error tolerance for a 1 minute of arc target is
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2-30/sec. and for a % wminute of arc target 3-5°/sec.

Combined velocity and position errors are almost intolerable.

The normal movements in man in visual pursuit of a target is
eye movement followed by head wmovement. The interval betweecn
eye movement and head wovement is about 100 msec.

Activity of muscles in the neck associated with rotational
movements occurs freguently before eye movemenl commences. This
activity does mnot occur wihen voluntary inhibition of head
movement is practised.

Proprioceptive afferent information is present in man in the
circumstances of the experiment employed to auetect its presence.
The information reuaches consciousness.

The intersaccaudic i1ntervals and the duration of the included
steady state in such intervals can be so short that consideration
of the locus of control in cortex or subcortical structure has
been given.

These Lime intervals are shorter than tne currently accepted
times for eflferent impulses from tune retina to reach cortex and
there organise efferent impulses to reach and aflect ejye muscle.

Kither the visual systew and oculomotor system have shorter
temporal features in the stressful conditions of these experiments
or oenly subcortical structure is involved, a subcortical struct-
ure which may have access to or is supplied with eye muscle

contraction state informstion, proprioception from eye muscles



o
(@)
e

may play & part in the fixation reflex.

The appreciation of tue true Lorizontal known to be inaccurate
when the head is tilted in a dark environment applies to
horizontally moving objects as well as to the much investigated
static situation.

In all flight conditions the angular velocities at which a
decrement in visual acuity occurs are rarely attained by objects
which would be regarded by aircrew as being of normal interest.

The ability to discriminate detail in moving objects varies
afnong subjects and appears to reflect an overall superiority

or inferiority of the whole visual and oculomotor system.
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Appendix A

This appendix describes apparatus developed during the course
of the experimental investigation by the author and Mr. N.L
Andrews, an electronic technologist at the Institute of Aviation

lledecine.

Practical aspects of experimental design

A white vertical screen extending from 1lft. to 5 ft. above
floor level, and forming an arc of a circle of radius 16 ft. with
an included angle of jOo was set up with the smnbject placed at
the centre of the circle. Fig. 1.

A modified Aldis projector, also placed at tue centre of the
circle is arranged to produce two visual target images on tue
screen.

One of tuese, the 'pursuit' target, cowmprising a circular
spot of light approx. lcm. in diameter (i.e. subtending an angle
of aporox. 7 minutes of arc at the subject) is obtained by the use
of a telescope rigidly mounted to the Aldis projector but adjust-
able in elevation and azimuth. An image of the end-on view of
the filament of a b volt, Z% watt lawp 1s used to obtain the
desired spot size and 1nten51ty.

A 'recognition' target, comprising a Landolt C is projected
from a specially constructed slide in the Aldis projector, and
is capable of being observed or projected by a rapid-action

electromechanical shutter mounted in close proximity to tue slide.
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The Landolt C is mounted in the centre of a milled-edge disc
which can be rotateu continuously about the centre of the C. By
a withdrawal of the slide carrier, tlhe disc can thus be rotated
by hand to change tuhe relative angular position of the break in

the Landolt C.

Projection eguilpment

The optical system cevised for producing the pursuit target
imaze compgrises an optical bench telescope m@dified by the
addition of lenses to produce an image of the required size
(1 cm. diameter) at a distance of 16 ft. of a point source of
light. To achieve maximum intensity of the i1mage, the source is
arranged to be the end-on view of a straight-wire filament type
of lamp (6 volt, 24 watt). The lamp housing 1s constructed
using a flexible metal bellows to permit alignment of the lamp
filament with the axis of the telescope. It is necessary to
use a matt paint inside the lamphouse and to line tlie inside
of the telescope tubes with malt paper in order to minimise
halation of the target on the screen.

The telescope projecting the pursuit target is attached at
the rear end to a braciket mounted on the Aldis lamp-house casing
and at the front end by means of a clamping ring to the lens
tube of the projector. By wmeans of slotted noles, the position
of the telescope can be adjusted in elevation anda azimuth to

enable the tvo targets to be superimposed on the screen. In
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practice, complete superimposition makes recognition of tue
target difficult and it 1s found preferable to align them to a
separation of %0 minutes of arc, at which angular separation the
decrement in visual acuity for Z.5 minutes of arc target is

negligible.

The rotating mechanism

The complete preajector assembly is seccurely attached to a 12
inch diameter turntable, the bearinyg Iramework of which is mounted
by four pillars to a solid wooden baseboard. Fig. b/ & b8

A thyrotron-controlled motor is used to drive the turntable
carrying the projector assembly. This arrangement provides the
high starting torgue necessary to overcome the inertia of the
moving system (which has a total weight of about 6 lbs.) and
also provides an adequate constancy of speed wien running.

The motor is mounted vertically below the turntable and coupled
by a friction drive bearing on the inner rim of the turntable.

The most satisfactory method of coupling has been found to be by
using a rubber slecve on the extension shaft of the motor, the
latter being free to pivot about an eccentric vertical axis and
tensioned against the turntable by weans of light springs. By
this means, optimum contact between the rubber sleeve and the
inner rim of tie turntable is obtained.

The circuit of tne control unit for the motor is shown 1n

Figs. 2. The motor used is a 20 watt Motor Generator Ref. 10KB/21.



206

This is fundamentally a rotary converter but is convenient for
use in this type of circuit as by employing the H.T. armature
winding, & current of no greater than 40 wA is required.
Permanent magnet field excitation is employed. By reference
to tne circuit diagram, it is seen that full-wave rectified
current is fed to tie motor armature via two tuyratrons, the
conduction angles of which control the mean current. These
in turn are controlled by the bias voltages applied to their
grids by means of the speed control potentiometer. Feedback
action is derived from the back EMF developed in the motor
armature when ruaning which is eflectively injected into tune
grid-cathode circuit of tue thyratrons. A satisfactory degree
of speed stability and high torque 1is tiuereby obtained.

Reversal of the motor is effected by a change-over switch
which reverses the polarity of the armature current.

A vacuum type thermal delay valve protects the thyratrons
during the warming-up period of their cathodes.

The switching unit, designed to provide single sweep operation
of the target projectors is shown diagramatically in Fig. 3.

Contacts Cl and 02 are fitted just below the undersurfuce of
the turntable and are operated by small ramps about " long on
the turntable itself. Cl is located in the fully anti-clockwise
(homed) position of the turntable asseubly, corresponding to

about 450 anticlockwise of the entry point on the screen.
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Contact C2 is fitted about 1350 clockwise of C., at a point

1

where the target images will have left the right onand edge
of the screen. At this point reversal of tiue turntable is
required.

Control relays A and B are 500 ohm K3000 ' type and are fed
from a separate 24 volt supply.

Assuming the turntable assembly to be in its 'homed' posit-
ion, operation of the '®KUN' push-button switch will over-ride

tue open contact C, and cause relay A to operate. This relay

!

locks-on by contact al and closes the motor armature circuit

by contact =a causing the turntable ascembly to rotate in a

2’

clockwise uirectione. Contact Cl will then close and rotation

continue until the reversal position is reached when contact

Ca closes. This causes relay B to operate winich also locks-

on through contact b, ana at the same time reverses Lhe polar-

i3

ity of the motor armature current by means of contacts b, 6 ana

[

b . The turntable then runs back until the 'homed' position
7

is reached again when c¢. is opened, causing both relays to

iE
drop out, the motor to stop, and the circuit to reset ready
for the next sweep. It should be noted that the 'RUN' push-
button must be held depressed until contact ¢4 has closed.

'he projector and telescope assembly are rotatable at rates

> (o) = Vs = e
up to 2257 /sec., and were used generally at 50, 75, 100 and

) , e
125" /sec., thus providing a means of sweeping the targets
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across the screen at controlled rates.

The experimental requirements are such that the target swecps
should occurr singly, each sweep being initiated by pressing
a's’UN' push-button, the sweeps being right to leit or left to
right. For this reason, i1t is not necessary for the projector
assembly to rotate continuously and tue apparatus 1s designed
to produce a fully automatic seguence of forward sweep, return
sweep and stop.

Two ohotocells mounbeé 500 apart on tue screen in the pzth of
the pursuit target are arranged to provide information on the rate
of sweesp. One of these, vlaced at the left nand edge of the
screen, which is the normal entry point of tne target, also
vrovides an electrical impulse which, after feeding into delay
and trigger circuits, is made to operate the recognition target
shutter and expose tuhe image of the Landolt C for a predetermined
short interval.

Information on the movement of the eyves 1s obtained electric-
ally by the corneo retinal potential method. On a normal subject,
this arrangement gives a sensitivity of thne order of 5-15 V/degree
of eye movement. The recordings are made on a standard EEG-type
Pen kecorder, using the maximum available coupling time constant
(1 second) in the amplifier, no suitable d-c amplifier being
available. The corneo retinal potential method is tlie only one

which can be used to give continuous information on eye movements
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over the wide pursuit angles required and utilised. Optical
reflection systems, corneal lens systems and cinephotography
are unsuitable.

Marker signals from the photocells are displayed on the
recorder on an adjacent channel to the retinal potentials. A
third channel aisplays a further marker signal which occurs in
theory coincident in time with the exposure of the moving
recognition target image on the screen, but in practice as found
in calibrations preceeded tlie exposure of the target by about
20 msec.

Typical records are snown in Fig. 74 and 43. Fig. 1 indicates

a block diagram of the general assembly of eguipment.

FPhotocell trigeer unit Figl{ S,

Photocells of the gas-filled emissive type (90oCG) are used to
intercept the path of tue pursuit target on the screen in order
to provide information on the instant of target entry, and rate
of sweep across the screen. For the purvose of the main
;experiment only two photocells are used; one at the point of
target entry, and one at a point 500 clockwise "from tuere,
although in a preliminary phase of thne experiment using the same
turntable and projector assembly but with a much larger screen
(30 ft. radius), up to 16 photocells have been employed, spaced

.0 . : 4 ‘ .
at 10  intervals, in order to check the linearity of the sweep.
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The sensitivity of these cells is ap . rox. 125 A/lumen at a
colour temperature of d?OOOK and they have a projected cathode
area of 5.0 sqg.cm. The screen area of the pursuit target is
of the order of 0.78 sg.cm. and in practice it has been found
extremely difficult to maintain tne alignment of the projector
so that the target image falls centrally across tine photocell
cathode in each successive sweep. Hence, the order of current
change in the photocell, when illuminated by tie turget image is
of the order of 2 x lO-d amp., producing & signal of about 20mV
using a 1 megohm photocell loaa, but which varies considerably
in amplituade from sweep to sweep.

For this reason, the wvoltage pulse appearing across the
photocell load when the target passes over tne.photocell is
amplified in two valve stages and then applied to the grid of a
thyatron valve. The cathode of the thyratron is returned to a
potential divider network across the HT line thus providing a
negative bias on the valve. The lezding edge of the amplified
photocell pulse is sufficient to overcome this bias and allow
the thyratron to conduct, the circuit being limited by the anode

and cathode resistors.

The shutter and shutter trigeer unit

The electromechanical shutter is designed using a K35000 type

relay, to the armature of which is soldered a rod carrying a
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spade shaped flag on the end. The rod 1s pent so that the
flag intercepts the image of the ring between the slide carrier
and the projector lens in the operated position of the relay,
and moves clear when tune relay is released. The desired
exposure time which is of the order of 20 usec., has been
achieved by reaucing to a minimum the necessary amplitude of
movement of the flag. The normal relay springset 1s used to
obtain release of the relay armature.

There is no significance in the fact that the relay is norm-
ally operated closed and the target exposed as a result of its
release. Both possible arrangeuents have been tried with no
effective difference in exposure characteristic and the present
method has been selected for electronic convenience.

Typical exposure records obtained using a photoelectric cell
are shown in Fig. 6. The short-exposure record, as is used for
the experiment, shows a substantially sguare topped exposure
pulse, the 100c/s ripple content being due to the use of A.C.
in the projector lamp. At longer exposure times, an approXe.
10¢/s mechanical oscillation of the shutter flag distorts the
characteristic somewhat, and would uneed to be damped out if

longer exposures were to be used.

Shutter trigger unit Fig. 7.

The function of this unit is to provide a suitable impulse for

dariving the electromagnetic shutter in the projector assembly



which controls the exposure of the recognition target as described
in an earlier paragraph.

The unit is connected to the output socket of the Discriminator
and Delay Unit and consists of a double tricde valve cross
connected as a flip-flop. In the anode of the normally conduct-
ing half of the valve is connected a 6000u K3000 tyue relay.
Trigger action is initiated by the closure of relay contact

-

in the Discriminator and Delay Tnit which causes & positive
8 L -~

going voltage oculse to be applied to the grid of the non-
conducting half of the wvalve. The conducting half is then cut
off and the relay release& for a time depending on the setting
of the OQutput Pulse Width Control. With the present circuft
constants, this control gives an available pulse width between
about 20 zand 70 msec.

The duration of the pulse apolied to the grid of the flip-
flop valve is determined by the CR gombination in the grid circuit
This is not critical but must be chosen so that the pulse is not
of suificient length to inhibit the flip flop action.

Contacts from the anode relay are taken via output sockets to
be connected in series with the shutter solenoid and its D.C.
supply. Both normally open and normally closed contacts are
provided but in this application the former are used, the shutter
solenoid being released during exposure of the target.

Taking into account the operate and release lags of the relays
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concerned, the present circuit gives target exposure times
variable between about 40 and 100 msec. These times include
the time taken for the shutter to move both ways across the
target field, the times during which tihe target is totally
exposed being about 14 anu 60 msec. respectively.

The shutter Triger Unit is provided with a marker signal
output similar to that provided on the other units to give an
indication on the recorder trace when the shutter is exposed.

The unit is housed in a separate chassis but powered from an
auxiliary H.T. and L.T. supply outlet on the back of the
Discriminator and Delay Unit.

The inherent error in the use of this marker signal to
indicate target exposure is consequent upoh the release lag of
the shutter solenoid and in the movement of the shutter flag.

The latter has been reduced to the minimum by the mechanical
design and the former has been measured by lining up the obscured
recognition target image on a photocell, triggering the equipment
and recordin, the interval petween the commencement of the
photocell signal and the marker signal. The error measured in

this way can be as little as 5 msec.

The Discriminator and Delay Unit Figy G849 and 10.

In one phase of t.e experiment, it was required that the
exposure of the recognition target should occur at a point on

the forward target sweep determined by the characteristic of the
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retinal potential wave form. The purpose of this is so that
the target can be presented to the subject coincident in time
with tle saccades whic¢h occurred at the beginning of the pursuit
eye movement. This is achieved by the used of a Discriminator
and Belay Unit. This unit zccepis the retinal potential and
can be arranged to produce a trigger pulse at any amplitude of
the retinal wave form selected by the discriminator level. It
is normally arranged to operate at the conmencement of eye
movement, i.e. at the smallest possible increase in amplitude of
the retinal wave form which is detectable above base line
variations caused by irregularities in fixation. The discrim-
inator outsut pulse then triggers a delay circuit which in turn
produces an output pulse suitable for operating the recognition
target shutter after a time delay continuously adjustable from
about %0 msec. up to 200 msec. This delay is normally controlled
by an observer watching thepesqv records who can set it Lo the
value required to colncide target presentation with any partic-
ular saccade.

Due to the variation of the latent period of eye movement
(150-300 msec.) nowever, this method proved rather 'hit and miss',
and was abandoned as experiuentally impractical though technic-
ally feasable. The discriminator was therefore made to operate
at the entry point of tie pursuit target (using a marker photocell

to provide the stimulating signal), the time delay being set to




one of a series of statistically random values between 30 and
600 msec. The identification (or otherwise) of the recognition
target was scored for 4 subjects on 2000 individual target
sweeps. With this arrangement recognition target presentations
occur at all stages of the eye movement pattern.

FPig. 9 indicates the timing sequences during the first phase
of this experiment and #ig.l0 the circuit of the unit.

The input signal was derived from the later stages of the
pen recorder amplifier where it had been A.C. preampiified
using a coupling time constant of 1 second, and then passed
through subsequent stages of D.C. amplification.

The amplifying stage (12AU7) employs the principle of cathode
injection to convert the balanced input signal to a single-
ended output voltage appearing on the anode of one half of the
double triode. The polarity of the input signal is reversible
by means of a changeover switch and the input circuit is capacity
coupled with a time constant long enough to give a flat response
down to at least 1 c¢/s. The response of the stage is reduced
above ©-10 ¢/s by a shunt capacitor across the output. This
band-width is adequate for dealing with the retinal potential
waveform.

The response of the stage above 1 ¢/s s shown in Fig.ll.

The discriminator comprises a resistance network across the

output anode of the amplifier valve, with a potentiometer tapping



to the trigger electrode of @& cold cathode trigger wvalve type
Zo03U. This wvalve has a nominal striking potential of 132 volts
which is stable to within = 2% over a long period of time.

When the voltage across the potentiometer network rises
sufficiently for the trigger valve to conduct, the high specd
relay in the anode circuit operates and remains closed until
the valve is extinguished by opening the H.T. line by wmeans of
the KESET push button.

The discriminator bias is displayed by means of a wvoltmeter
connected between the potentiometer tapuing and earth and is
adjusted to make the circuit trigger at the desired point of
the rising input wave form. In the case where the unit is
required to be triggered from the amplified photocell signal,
the bias is set to aporox. 125 volts and the rapidly rising
input pulse then causes immediate firing of the trigger valve.

Operation of the high speed relay in the anode circuit of the

first trigger valve opens contact a. in the trigger circuit of

1
the second Z&03U. This permits one of other of the switched
condensers to charge up from aporox. earth potential to a
maximum value of 150 volts at a rate determined by the time
constant of the condenser and variable resistor coumbination.

The condenser voltage is however applied directly to the trigger

electrode of the second Z003U with the result that the trigger

tube fires at the instant the condenser has charged up to 132volts.
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Relay B in the anode circuit then operates and remains closed
until the anode circuit is broken by operation of the HKESET push
button.

Three switched values of delay capacitance are built in,
which, together with the variable resistance, give delay ranges
as follows.

A 17 - 13%6 msec.
B 27 - %12 msec.
C 44 - 806 msec.

By the removal of a jumper plug on the rear of the unit, the
internal delay control components can be switched out of circuit
and an external Remote Delay Control Unit plugged in. Slightly
different values of fixed condensers are used in this unit which
gives ranges as follows.

A 40 - 60 msec.
B 60 - 290 msec.
C 140 - 660 msec.

A control on relay B, capable of carrying 5 amps is brought
out to a socket on the front panel and serves as a means of
obtaining the delayed output pulse from tne unit. A similar
contact on the same relay produces a mar<er signal of approx.

70 mV amplitude for display on the pen recorder.
The Discriminator and Delay Unit is housed in a self contained

chassis complete with a series-valve stabilised power unit.
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Remote delay control unit Fig. 11.

This remote control unit is fitted with a calibrated dial
and pointer covering three ranges of delay times. The unit
has been calibrated using a dekatron driven millisecond timer
unit, but a note on the significance of the calibrations is
worthy of inclusion.

The calibrated time delay is the time between the receipt of
an input signal large enough to strike the first Z603U trigger
valve and the closure of the contacts of relay B. This is
made up of the time of occurrence of three separate events ;-

1. Closure of contact on relay A.

2e Charging of capacitor to striking potential of
trigger valve.

S Closure of contact on relay B.

Tor the calibrations to hold, (1) and (3) must be considered
constant and their sum, together with the minimum value of (2),
comprises the shortest delay time which can be achieved. The
actual values of (1) and (%), however, depend on the immediate
magnetic history of the relays. If the relays have been
unenergised for some time, the values are of the order of
2-5 msec. and 5-10 msec. respectively, but if as is in the case
of the actual experiment, tune relays have been held energised
and releasecd (by the resct buiton) only a few seconds before

being required to operate again, when due to remainance of the
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cores, the operating times will be considerably reduced. In
this particular experiment for which the equipment has been
designed, the projector assembly rotates through apy.rox. 600
between operation of the 'KUN' push button (in which is incorp-
orated the trigger reset) and when the trigger is required to
operate. At rotational speeds of 50 and 7jo per second this
involves a time interval of 1.2 and 0.7 seconds respectively.
Care has been taken, therefore, when calibrating the dial, to
ensure that the circuit is reset 1 second before!a delay time
measurement takes place. The calibrations are therefore likely
to hold, to within tne required degree of accuracy, under the
experimental conditions intended to be used. It should be
noted that the actual delays obtained in practice will be
available for measurement on tie pen records to an accuracy
consistent with the resolution of the record at the paper speed
cmployed.

Fig. 4a illustrates a typical .en record where tlhe discrimin-
ator bias is set to initiate © e delay at the commenceument of
the rise of the retinal potential waveform, and Fig.4b illustra-
tes a similar record but in this case the delay is initiated by

the first photocell marker signal.

Conclusions

The equipment described, whilst having been designed to meet

the detailed requirements of one specific experiment, shoudd be



of general use in other subsequent work.

The broad specifications of the electronic units are listed

below and only minor detail modifications should be necessary to

adapt any unit to a particular mode of operation coming within

the same general function.

(a)

(b)

(c)

(d)

Sensitive trigger unit overating from.a low intensity
pulse of light on a photocell. Sensitivity approx.
1.5 x 10-4 lumen. Capable of ready modificution to
accept a voltage input. Voltage sensitivity approx.
20 mv. Constant amplitude putput pulse of 120 volts
peak.

Discriminator unit capable of triggering at any point
of a rising voltage at a level of about 0.5 volts to

5 volts. Minimum rate of rise of voltage approx.

12 volt/sec. Trigrer causes closing of relay contact.
Push button reset.

Delay Units providing operation of relay contacts at
controlled time intervals (%0-600 msec.) after receipt
of an initiating signal (closing of contact).

Pulse unit oroviding variable length pulse (20-70 msec.)

via relay contacts, suitable for solenoid operation etc.
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FIG. 4.
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‘Appendix B

Recent Findings in Receotive Kields

Two recent invesli_ations on receptive fields in the
cat's retina are of interest in the fields of research
described. Hubel (1959) has recorded firom the striate
cortex in a freely mdving cat and Hubel and Wiesel (195y)
in lightly anaesthetised cats, the eyes of which were
immobilised by continuous intravenous injection of
succinylcholine, a muscle relaxant.

Hubel noted that the great majority of cortical cells
gave little or no response to a stimulus which covered most
of the visual field but that small spois 1in a restrictedq
region evoked & brisc response. Tiie responses to a
moving light spot often evoked greater responses than a
stationary spot. He also reported that some direction
effect was present, wnich was demonstrated by the findings
that a moving spot could produce preater responses wnen
moved in one direction than when moved in the opposite
direction.

In the secoid paper Hubel and Wiesel reported on tie
size and shape of retinal fields in the cat's retina as
seen from occipital cortex. The shape and symmetry

reported by Barlow (1l95%) noted at ganglion cell level
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was not maintained and fields covering an area of 1”7 x 4°
(250/u = 1000/u on tihe retina) orientated in the vertical and
other planes were found. The fields were of 'on' and

'off' types, were surrounded by an area. of the opposite

type, and displayed wmutual antagonism. Several different
patterns and shapes of fields were noted with some having
asxmﬁetry of response. Other fields ranged in total size
from 4° to 10°.

Patterns of response to moving spots of light were
also investigated and some uhits were found which only
responded to moving spgots of light. S1lit shaped spots of
light were used and once again it was noted that the
orientation of tihie slit affected tie extent of the evoked
response. Of particular interest is tuneir finding of
directional selectivity, a field responding strongly when
the light s ot moved ri;ht to left might not respond left
to right.

A binocular interaction was noted in some preparations
some cortical cells being driven by either eye, sometimes
equally efiectively, sowmetimes not. The usual effects
of the optic cniasma on the optic nerve pathway was
demonstrated. Sammatloﬁ of effects were noted in these
preparations, were 'on' and 'off' types, and demonstrated

mutual antagonisu betwecn 'on' and 'off' areas of Llhese
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summating receptor fields.

With moving light spots it was shown that opposite-
type areas need not inhibit one another bmt may actually
be mutually reinforcing; a synerygism was therefore present.

The findings on receptive fields monocularly or bia-
ocularly activated would appear to be related in sowme way
to visual acuity and in particular the superiorfy of
binocular visual acuity as has been shown in the explor-
atory experiments in this thesis. The synergism of the
oorresponding retinal fields may also play its part 1in
the perception of movement particularly in the extra
foveal areas where visual acuity deteriorates much uore

rapidly than the perception of movement.
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VISUAL aCUITY AWD KMOVING OBJEGTS

Wing Commander ¥. A. Crawford, R.A.F.

A Summary of a Thesis for the degree of Ph.D.

This study was undertsken to descrihe the ability of man to see detail in
objects which have an angular velocity relative to the observer. In flight all
objects viewed beyond the physical parameters of the eircraft have an angular
velacity relative to the pilot or passengers. A loss of visual acuity was
anticipated and has been shown to occur, and an attempf has been made to examine
the functiong of the oculomotor system to discern the asetiology of this.lqss.

An appreciation of the practical significance of the loss of visual acuity to
aviation was made by trials conductea as the pilot of fast low flying jet air-
craft in service in the Royal 4ir Force.

The ability to perceive detail in moving objects can be reiated to the
size of the object viewed, the angular velocity of the object relative to the
observer, the method of cbservation, and the $ime available f'or cbserving the
dbjé;;:mwfhe larger the object the greater the ability, the greater the angular
velocity the greater the loss in ability, co-ordinated movements of the head
and eyes are more effective than eye movements alone and increasing the viewing
time improves =2bility irrespective of' the method of viewing.

Studies of eye movements during the visual pursuit revealed that the smooth
following eye movements were interrupted by jerky novements known azs saccades and
that as the relative angular welocity of the object viewed increased so alsc did
the occurrence of these saccades., These seéon& saccades are considered to be
evidence of the failure qf the eye movement to achieve fixation and are
corrective in function. The failure may be ascribed to insufficient or inacourate
retinal information, inaccurate predicfion of the eye movement reguired, imaccurate
response of the ogulomotor system to the demand.

The interval between the end of the initial rapid eye movement and the
beginning of the seecond saccade may be considered as one of reassessment of ' the
movenment required of the eyes to achieve fixation. -During this interval which
ﬁay be as short as 30-70 msec., a new eye movement must be made based on the error

of fixation present, a new tewporal patiern of musculer activity developed, and



the signs of this activity shown Dy a change in the recorded eye movement pattern.
The estimated time for afferent volleys from the retina to reach the visual
cortex is 30-70 msec. It is not unreasonable to assume that the more complex
mo?or system from cortex to eye muscles will take at least as long, If these
currently zccepted estimations of thc time for the impulses to pass along the
nervous patiwiays are azccurate, little, if any, time remains for integration of
information from the retina into an eye movement pattern. 4 re—&saesamenﬁ of' the
mechanism anﬂ the temporal characteristics of the cculomotor system appears
necessary.

The relationship of the free movements of 't.he head to eye movements was
investigated. The latency of heed movement is 250-350 msec, which is J0-100 msaec,
gréater than eye movewent latency. The head rapidly attains a velocity reasonably.
comparable to that of the moving object after an overtaking phase and then trails
bshind the object by an arc varying from less than 59 to about 20° when the
angular velocities of the target are 50° to 1009/sec. The head forms a stoble

moving platform and reduces the resuirement for extensive extra-~ccular muscular

e gt raction and thus in theory would improve the ability to discriminate detail

in moving cbjects by diminishing the need for massive aotivity of the extra-
ocular eye muscles.

The electrouyographic activity of reck muscles invoived in head movement
was reccrded and showed thet this activity not only preceded head movement but
in the majority of recordings even preceded eye movement. This respense was
shotvm 1o be associated with voluntary movements only.

Owing to limitations of the apparatus it was not possible to move the target
in the vertical plane, To obtain a retinal image moving in the vertical plane
of the eye the subject's position was changed to one of lying on the side.

The disparity between retinal and proprioceptive sensory input produced an
illusion which demonstroted the inability of man to perceive the horizontal
when normal visual cues are not present,

It is apparent that when visuel fixation is atiained some specific degree
of accuracy in the pésitioning of the imege relative to the fovea is necessary.
IT the terget is moving the angular velocity of the eye and the target should
also have some required degree of agcuracy.' The tolerable inaccuracies of

fixation in position and velocity were relatively small but increesed with

inereasing target size. The presentation of images which were extrafoveal and



wnich had simitltaneous velocity errors resulted in an almost complete loss
of ability to perceive detail,

The position sense of the eyes was examined znd was shown to be present
to a useful degree (in the particular experimental circumstances) and in
addition it was noted thet the position sense was consciously perceived.

An experiment wasz also conducted to determine when perception tekes place
during visual pursuit which justified the assumptions of all students of eye
movement pabtterns thet the saccades are corrective in function.

Finally the epplication in aviation of visual écuity of moving objects
was examined and is shown to be more cof academic interest than of practical

importancea.
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