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ABSTRACT

There is a need for both accurate and practical methods to
measure human ocular movements. Hitherto, little progress has
been achieved in terms of producing suitable and technologically
advanced equipment for use in opthalmic departments of hospitals,
and to facilitate research into ocular disorders.

Two types of ocular motility are considered in this thesis.
Relative Eye Movements, which are the discrepancy in conjugate

eye movements, and Tremor Eye Movements, especially the condition
known as nystagmus.

The present study describes the design, development and use
of an improved system to measure eye movements, utilising
advances in video technology but based on conventional opthalmic
concepts. The incorporation of this technology has automated and
substantially improved the Hess Chart Test which measures
relative eye movements, and also provided a semi-automated and

more accurate means of measuring the frequency and amplitude of
nystagmus movements.

The efficiency of the equipment has been evaluated by direct
testing of normal individuals and patients suffering from various
ocular disorders.

The conclusions of the study suggest that this new automated
system is more efficient than the currently employed conventional

methods, which may be wvulnerable to human error by both patient
and ophthalmologist.

Furthermore, the tests are simple, flexible and fast to
conduct, requiring relatively little calibration or setting up
time. . They can be performed on patients with little experience,
and without causing them any discomfort or anxiety since there
are no attachments to the eyes.

The almost unique ability of the system to video record eye

movements permits subsequent and, 1if necessary, repeated analyses
of the tests to improve diagnosis. Furthermore, because the tests

are conducted in 'real time', subsequent steps of the test
procedure can be determined during the examination.

Although the initial capital cost of the equipment, is of
e same order as some of the previous methods, the running costs
re extremely low, because of the reduced manpower required.

ermore' the accommodation of the entire experiment on a
mo lie desk, drastically reduces the amount of space occupied.

The series of simultaneously obtained data during these
tests provide invaluable measurements of the various parameters

of optical disorders which argues well for better diagnosis and
treatment

,  %. These results may have important implications in providing a
~“er understanding in the field of eye movements and may

{Knb;!bute P°sltlvelY to the development of better techniques in
e diagnosis and therapy of these important ocular conditions.
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DEFINITIONS

Abduction: The rotation, temporally, of an eye away from the

mid-line, the diverging of the eyes away from the each other.

Adduction: The rotation of an eye towards the mid-line (nasally).

Converging of the eyes towards each other.

Cell: A cell is equivalent to the duration of one clock cycle on

the T.V. screen (250ns duration).
Cornea: The transparent anterior portion of the eye.
corneal Reflex: Light reflection in the cornea.

C.R.T.: Cathode Ray Tube.

Data Allow: A pulse of a duration of 10Ous which can be placed

over any T.V. lines. Video information is allowed during

this period and suppressed for the rest of the field.

Diopter: A unit of measurement of the power of a lens, the

reciprocal of the focal distances in metres.

Fixation: The process, condition, or act of directing the eye
towards the object of regard, causing, in a normal eye, the

image of the object to be centred on the fovea.
Fovea: A small depression where the image is formed.

Fundus: The base of the internal surface of a hollow organ, the

part opposite the aperture.

ITH: Input high current.

-VIII-



Insertion: The insertion of a muscle refers to where the muscle

is attached to the particular organ that it actuates.

"e0ir Output high current

Iris: A circular pigmented membrane perforated to form the pupil.

Left-Beating Nystagmus: The fast phases of the eye movements are

to the left.

Limbus Pulse: A pulse the leading edge of which is the leading

edge of the Data Allow, and its trailing edge 1is at the

Limbus of the eye.

Nystagmus: An involuntary, rapid to-and-fro oscillatory movement

of the eyeball which may be horizontal, vertical, rotatory,

or mixed.

Orbit of the Eye: One of the cavities in the skull which contains

an eye ball.

Origin: The origin of a muscle is where the muscle begins.

Over-Action: Is an indication that there may be some paresis in a

syneric muscle in the other eye.

Pendular Nystagmus: Equal velocities in opposite directions.

Primary Position: The position of the eye when looking straight
ahead at zero degree level (looking at the centre ’'square

dot' in the Hess Chart).

Raster: A predetermined pattern of scanning lines that provides

substantially uniform coverage of an area.



Right-Beating Nystagmus: The fast phases of the eye movements are

to the right.

Rotational Nystagmus: Rotation of the eye globe.

S & H: Sample and Hold.

Sclera: The white outer tunic of the eye ball.

Square Dots: The square dots are generated on the T.V. screen and
have the same coordinates as the intersections of the lines

of longitude and latitude of an imaginary sphere centred at

the eye.

Trochlea. A ring-like structure attached to the trochlear fossa
through which passes the tendon of the superior oblique

muscle.

VCC: Supply rail.

Vestibular Nystagmus: Slow-quick Jjerk.

VOH: Output high wvoltage.

Under Action: Is an indication of a paretic tendency in an

extraocular muscle.



INTRODUCTION

The characteristics of central and peripheral disorders of
ocular motility constitute valuable diagnostic signs for both
clinicians and researchers. Such ocular motilities and their
associated disorders have, in this study, been considered under
the two general categories of either 'relative' or 'tremor' eye

movements.

Relative eye movements, except for vergence, can be defined
as the discrepancy in conjugate eye movements, and are discussed

in the first part of this thesis.

In general, the two eyes move together and in synchrony to

produce two parallel sets of visual information. Although small
discrepancies in conjugate eye movements exist in everyone, these
may become extreme in some individuals, such as those suffering
from multiple sclerosis, and result in visual disorders. Whether
such disorders are due to one or more eye muscle imbalances or to
other factors, the distorted visual information requires

compensation by the superposition capabilities of the brain.

The accurate evaluation of these discrepancies, or relative
eye movements, thus becomes an invaluable part of both

opthalmological and neurological investigations. Such
measurements may also localise and even determine the cause of

the disorder, thus facilitating its diagnosis.

The need for an accurate method of measuring relative eye
movements has long been realised, and numerous different systems
have been proposed over the last century. Many of these methods

have attempted to be accurate, precise and fast to conduct. In



practice, however, most of their attributes have been

compromised, resulting in systems that are less than ideal. The

most noteworthy method is the Hess Chart test, which was devised

in 1908 and which is found to have the greatest potential for
development since it possesses a certain degree of accuracy and

versatility.

The aim of the first part of this thesis has therefore been

to extend and develop the accuracy of the Hess Chart, whilst

still incorporating many of the more advantageous attributes of

the other methods. This has been achieved by the use of video

technology, which has not only automated the Hess Chart test but

has also increased its accuracy to an extent where further

research into this area is now possible.

This automation has required the design and development of a

system that incorporates a pattern generator, T.V. monitors, an

X-Y recorder and a light pen.

Tremor eye movements, which are discussed in the second part

of this thesis, may be the result of particular nervous disorders

and include movements such as saccadic, pursuit and nystagmus.

Measurements of such movements are useful to several

different types of specialists. For example, they provide a

permanent objective record for ophthalmologists to diagnose

ocularmotor disorders and to detect nystagmus, unusual fixation

movements and vergence difficulties. Measurements of association

and dissociation, and also of amplitude, frequency, duration and

direction of the tremors are important for otolaryngologists in

determining the state of the semi-circular canals of the inner

ear. The study of saccadic and pursuit movements during fixation

-2-



assists diagnosis by neurologists, whilst the characteristic eye

a

movements may also be used by anesthetists to determine the state
a *

of anesthesia of the patient.

The need for an accurate method of measuring such tremor
movements has been realised for over a century, but little
progress has been made in providing a system which accurately
measures these movements and, at the same time, incorporates many
of the attributes required by both the ophthalmologist and
patient. Although there are several reported methods of measuring
such tremor movements (for example Benghi, 1968; Young, 1975;
Thomas, 1977 and Davies, 1978), further modifications and
refinements are required to increase their accuracy, sensitivity,

versatility and also speed and simplicity of use.

Of the wvarious forms of tremor movement, nystagmus 1is
probably one of the most prominent and best-documented. It is
also the main type of tremor considered in this thesis. Nystagmus
involves a to—-and-fro oscillation of the eyes, and occurs in

about 0.1 per cent of the population (Nystagmus Action Group,

1986) .

The several different approaches used to resolve the
problems associated with nystagmus recording, can be classified
under three main measuring techniques. Mechanical methods include
physical attachments to the eyes, or the use of pressure sensing
devices. Optical methods include photography and 1light
reflections, whilst electrical methods include techniques such as

electro-oculography

More recent techniques of measuring eye tremor movements

involve scanning and T.V. methods, which identify specific

-3-



features of the eye such as the pupil, limbus or the corneal

reflex.

Extracting information from these features must be performed

without the interference of the eye-lids or the eye-lashes. Both

scanning and T.V. methods have the disadvantages of system noise,

shading and non-uniform illumination, making automatic

measurements generally difficult.

The second part of this thesis has therefore been concerned
with the design and development of a new semi-automated system to

detect and record eye tremors on an X-Y plotter with signal

processing circuits, and T.V. monitors and cameras.

The equipment whose design and construction is described in

the following Chapters, 1is for the simultaneous and automatic

measurement of relative and tremor eye movements. The devised

system has taken full advantage of the available video technology

to improve on the old classical methods of detecting ocular

movements. The system has been designed to be accurate,

sensitive, reliable and also simple to operate. At the same time,

however, the production and running costs have been minimised

since the system is envisaged for use in opthalmic departments of

hospitals. Hence, more commercially available equipments have

been used and modifications have been kept to bare minimum.

The accuracy and effectiveness of the system has been tested

on a number of patients from the London Refraction Hospital. The

results from these studies are used to evaluate the working

system and to discuss the implications on further research and

development of the equipment. Modifications to enable the

incorporation of additional components, such as micro-processors



for enhanced monitoring and analysis, are also considered.

It is envisaged that the cost-effectiveness of this system
will allow a more widespread study of ocular disorders, hence
permitting more precise diagnosis and at the same time enabling

a greater degree of opthalmological and neurological research.



CHAPTER 1

PHYSIOLOGY OF THE EYE

1.1 Introduction

The necessity of eyes to the survival and advancement of
animal species is made evident by the fact that the majority of
the more advanced species have well-developed, complex

visual organs.

The two eyes 1in man, for example, are essential for him to
comprehend and conceive the complexity of the outside physical

world, and to exploit it to his best advantage.

The eyes are one of the few organs with which a whole range
of quantitative and qualitative information is provided to the
brain, for example, distance, size, shape, colour and
composition, in addition, information such as depth, is available
due to the reception of two sets of parallel visual data by the

eyes. Another advantageous feature of the man’'s two eyes is that

they can move in all directions, together and in unison.

In order to be able to conduct research and to develop
instruments for the accurate measurement of eye movement, a good
understanding of the physiology of the human eye and its
associated muscles is first required. The following sections
briefly describe the characteristics of the eye which are
relevant to this study, and which can be used for measuring

ocular motility



1.2 Physiology of the Eye

The correct functioning of the eyes is dependent upon
optical, mechanical and neurological processes. Some of the
features of the eyes which are relevant to the development of

instruments for ocular eye measurements in this thesis are noted

below:
1.2.1 Optical Sections:

Fig. 1.1 illustrates some of the optical components of the

eye globe.

Axial Length 24.0mm
Anterior Radius of Cornea - 7.8mm
Thickness of Cornea 0.5 to 0.8mm
Thickness of Sclera 0:3 to-1.Omm
Width of Cornea 10.6 to 11.6mm

Fig. 1.1 Section of the Left Eye

The Retina, which forms part of the inner globe, consists of



light-sensitive receptors called ’'rods' and 'cones', which
constitute a fine network of nerve-fibres. The spherical Sclera
makes up about 60 percent of the globe and is a white, relatively
tough protective tissue. The transparent Cornea, 1is elliptical in
shape, forms the front part of the globe and has a good optical
quality. The Conjunctiva are a continuation of the eye-lids, and
cover the anterior part of the sclera. The transitional region
between the sclera and the cornea is called the Limbus and has a
width of about 1mm. The Anterior and Posterior Chambers contain
intra-ocular fluid which has a refractive index of 1.33. The Iris
is a diaphragm with a variable opening called the Pupil. The
diameter of the pupil, which is controlled by the Ciliary
Muscles, varies with 1light intensity so that at high

illuminations the pupil area is only 3mm2 but expands to about

45mm2 at low illuminations.

1.2.2 Mechanical Section (Eye Muscles):

Eye movements are brought about by the action of six eye
muscles, each responsible for the movement in a particular
direction. The six consist of four recti and two obliques as

follows

The Internal Rectus (Medial Rectus): This muscle 1s attached

to the eye globe at its equator, and is inserted 6mm behind the
limbus. It is the largest and strongest muscle, with a length of

41mm and an insertion of 10mm.

The External Rectus (Lateral Rectus): This lays between the
orbital fat and the bony wall of the orbit encircling the
equator, and is inserted 7mm from the limbus. It has a length of

41lmm and is the second strongest muscle.



Fig. 1.2 Eye Muscles

The Superior Rectus: This muscle crosses over the long
diameter of the orbit, and circles the equator of the globe. It

also has a length of 41mm and is inserted 7.6mm above and behind

the limbus.

The Inferior Rectus: This lays in the lower part of the
orbit, and is inserted into the sclera 6.5mm from the limbus. A

few of the strands of this muscle control movement of the lower

eye-1id.

The Superior Oblique: The size of this muscle is reduced as
it approaches the torchlea, but broadens out into a wider band as

it passes backward from the trochlea forming an angle of 50

degrees with itself. It is inserted in the sclera, behind the

equator, and also in the external quadrant of the globe. The

muscle, which lays obliquely on the globe, has a length of

18.5mm, and an insertion width of 16.5mm.

The Inferior Oblique: This muscle stretches outward and

upward, and is in contact with the lower surface of the inferior
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rectus muscle. It then rotates upward and backward, so that it

inserts into the sclera behind the equator and in the outer and

lower quadrant of this part of the eye. The insertion measures

from 7 to 9.5mm and is opposite to the insertion of the superior

oblique.

1.2.3Muscle Movements:

The action of each individual muscle is dependent upon its

origin, the centre of its rotation and its insertion. These six

ocular muscles can be divided into three pairs. Each antagonistic

pair of muscles acts independently to rotate the eye on a

particular axis, which always passes through the centre of

rotation.

1.2.3.a Action of Internal and External Rectus:

Fig. 1.3 illustrates the action of the internal and external

rectus in the right eye viewed from above. Here, 'O represents

the origin of the muscles, ’'I' the insertion and 'R' the centre

of rotation. These muscles rotate the eye around a vertical axis

W' which passes through the centre of rotation. The action of

the external rectus produces abduction whilst the internal rectus

produces adduction. In this instance no elevation or depression

of the eye globe takes place.

b.2.3. Action of Superior and Inferior Rectus:

The action of the superior and inferior rectus is shown in

Fig. 1.4. The insertions are oblique and make an angle of 30

degrees with the vertical axis. The muscles rotate the eye around
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Rectus

Vﬂ

Fig. 1.3 Action of Internal and External Rectus

the axis AA' which is parallel to the insertion 'I’, whilst the
superior rectus elevates and rotates the eye, the inferior rectus

depresses it and rotates it.

C.2.3. Action of Superior and Inferior Obligue Muscles:

The axis of eye rotation effected by the oblique muscles is
shown in Fig. 1.5. The insertion is on the posterior side of the
equator so that the contraction of the oblique muscle causes the
cornea to rotate upward. The axis of this rotation is parallel to

the insertion 'I' and makes an angle of 40 degrees with the

Fig. 1.4 Action of Superior and Inferior Rectus
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vertical axis. The action of the inferior oblique is to rotate
the eye up and out whilst that of the superior oblique 1is to

rotate it down and out.

d.2.3. A Summary:

A summary of the muscles and their effects on eye movement

is as follows:

Internal Rectus (MR) Turns eye in (Adductor)
External (LR) I *  out (Abductor
Superior v (SR) f * up & in (Elevator]
Inferior (IR) ff * down & in (Depressor)
Superior Opblique (SO) o " down & out (Depressor)
Inferior (10) " it up & out (Elevator)

It is clear therefore that no individual muscle can rotate

the globe on the vertical axis or move the eye directly up or

down and that at least two muscles are required to perform such

an action (Swann, 1931).

Oblique Muscles

—% 1-5 Action of Superior and Inferior Oblique Muscles
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Fig. 1.6 summarises the principal direction of action of
each pair of antagonistic muscles. The power of the eye muscles
is estimated to be 500-fold that required for normal eye

movements. Hence, a precise comparison of the two eyes is vital

to demonstrate slight sicknesses.

The movement of the two eyes in relation to one another can

be categorised as follows:

Versions are movements of the two eyes together and in the

same directions.

Vergences are disjointive movements and occur when the two

eyes move 1in opposite directions. These can be either convergent

or divergent:

ftg t.6 Principal Direction of Eye Muscles

Convergence 1is observed when the visual axes cross in front
of the eyes which therefore turn towards each other. It occurs

whenever the eyes look at objects closer than infinity.

Divergence 1s observed when the visual axes separate and

turn outward. A normal subject is capable of only a few degrees
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of divergence beyond the straight position.

The other types of movement which occur during tremor eye

movements are explained in the following section.

1.3 Different Types of Eye Movement

To be able to research and develop instruments to accurately
monitor eye movements, a full understanding of the different
types of movement and methods of measurement must be obtained.
Some of the known eye movements, which are relevant to this

study, are described below.

1.3.1 Saccadic Eye Movements:

These are the rapid and standard conjugate movements of
everyday life which are the results of the voluntary changes of
fixation from one point to another. They include the ’'jump and
reset' fixation, scanning and reading movements. These movements
have very high initial acceleration and deceleration (40000

degrees second and a peak velocity of between 400 and 600

degrees second-1 (Robinson, 1964).

1.3.2 Smooth Pursuilt Movements:

These are again conjugate eye movements which closely follow
moving objects within a range of between 1 and 30 degree second-!.
They are not voluntary and usually require a moving stimulus.

The acceleration and velocity appear to be limited (Robinson,

1965) .
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1.3.3 Smooth Compensatory Movements:

These closely follow the apparent movement of a fixation
point resulting from compensation for the active or passive

movements of the body or the head.

1.3.4 Nystagmus Movements:

These are characteristic saw-tooth pattern (to-and-fro) eye

movements and are made up of a slow shift whilst the eyes fixate,

and a fast return saccadic jump for re-fixation.

There is a 0.2 second time duration between the fast returns

which result in a typical frequency of usually not more than

about b5Hz.

A particular form of nystagmus, called 'gaze nystagmus',
is associated with a number of neurological disorders. The
amplitude of these movements can be large enough for direct
observation or can be small, requiring recording instruments. In
this study an attempt is made to record gaze nystagmus with an

horizontal amplitude of not less 0.5 degree in all directions of

gaze.

Nystagmus, as described above, could be either 'asymmetric'
containing a slow phase and a fast phase, or 'pendular' showing

small high-frequency oscillations of about 4 to 10Hz.

1.3.5 Torsional Movements:

Such movements occur when either the head or body rotates

about the eye axis. This produces rotation of the eye-ball about
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the line of gaze of up to 10 degrees.

1.3.6 Vergent Eye Movements:

These are movements of the two eyes in opposite directions
so as to fuse images at different distances and maintain adequate
binocular fixation. These movements are much slower and smoother
than conjugate eye movements, with a maximum velocity of about 10

degrees second—and a range of nearly 15 degrees.

1.3.7 Miniature Eye Movements:

These are very small movements which occur at all times.

They are also referred to as 'fixation movements' since they are

present even though the eye-ball is supposedly stationary. Their

amplitude is always less than 1 degree during fixation.

For the detection of any of the above eye movements, a point
of reference on the eye is required. The following section

describes some of the criteria for identifying this reference

point.

1.4 Physical Characteristics of the Eye which are used in the

Measurements

Different components or land-marks of the eye may be used to
monitor its movement. The more widely used eye characteristics

are described below:

1.4.1 The Retina:

The retina, which moves with the eye-ball, facilitates the
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visual position sensing and hence provides a subjective
assessment of the eye movements. The After Image technique was
one of the earliest quantitative methods, which used the retina,

for measuring the velocity of the eye during saccadic and pursuit

eye movements.

1-4.2 Cornea-Retinal Potential:

Between the cornea and the retina there usually exists a
potential difference of up to 1lmV, which is widely used as the
basis of an applied clinical eye movement technique or Electro-

Oculography (E.O0.G.) (Young, 1975).

1-4.3 Electrical Impedance

An impedance can be measured between two electrodes placed

at the outer canthi of the two eyes. This impedance may vary with
the eye position, and is due either to the non-homogeneous or to
the anisotropic nature of electrical characteristics of the eye-
ball tissues. Therefore changes in position of the eye tissues
alter the resistivity of the path between the two eletrodes

which can be a measure of the eye movement (Geddes, 1965).

1-4.4 The Corneal Bulge:

The cornea has a smaller radius of curvature than the eye-

ball, vyet its centre is close to the optical axis. This
characteristic is used in a number of important methods for
measuring eye movements. The corneal bulge, which can be felt
through the eye-1id of a closed eye, can be detected by a

pressure transducer placed over the eye-lid, and can therefore be

used to monitor eye movements.
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1.4.5 Comeal Reflections:

The corneal bulge is only a 25 degree spherical section of a
sphere. As reflections of a light source from the cornea, or any
convex surface, form a virtual image behind the surface, such
images can be photographed or recorded. The position of this
corneal reflex is a function of eye position. Rotation of the
eye-ball produces translational and rotational movements of the

cornea, which is used in Corneal Reflection Systems for measuring

eye movements.

1.4.6 Reflections from other layer of the eye - Purkinje Image:

Beside the corneal reflection, light is also reflected from
each surface of the eye where there is a change in refractive
index. Corneal reflections together with reflections from the
posterior surface of the cornea and the anterior and posterior
surfaces of the lens produce four Purkinje Images (Fig. 5.1).
After the first corneal reflection the next brightest Purkinje
image is the fourth reflection from the posterior of the lens. As
the eye-ball moves, the relative displacement between the first
and fourth images is used to measure the orientation of the eye

in space, independent of its relation to head position.

1.4.7 The Pupil:

The reflectance of the pupil and the iris are different and
under controlled lighting conditions, the pupil appears to be
much darker than the iris. This 1is because the majority of

incident light on the pupil is trapped in the eye-ball so that no
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reflection is received from it. However, by shining collimated
light along the optical axis of the eye, most of the incident
light may be reflected back so that the pupil appears
considerably brighter than the iris. In either case, the pupil
can be optically distinguished from the surrounding iris. This
distinction can be further sharpened by the use of infrared light

which is nearly entirely absorbed by the retina.

1.4.8 Other Land-marks:

Scleral blood vessels, folds of the iris and the retinal
vessels could all be used for imaging and tracking especially
when using a travelling microscope. Furthermore, artificial land-
marks, such as a globule of mercury placed on the eye could also
be used (Barlow, 1952). Other examples include the use of chalk
and egg membrane or a small piece of metal embedded in the
sclera. The latter method may be especially useful for

magnetically tracking the eye.

1-4.9 The Limbus:

The iris is always distinct from the sclera and is normally

visible. These features form the basis of the standard wvisual

assessment of the angle of gaze. The position of the limbus can

be measured relative to the head by the T.V. method of eye
tracking. The ratio of reflected white light between the bright
sclera and the dark iris could be measured by using photodiodes
and phototransistors and form the basis for photoelectric

measurements
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1.5 Conclusions

A pre-requisite to the development of instruments for the
accurate and successful measurement of relative and tremor eye

movements 1is, an appreciation of the functioning of the eye and

its component parts.

The measurement of relative eye movements must be to
identify anomalies in any of the six eye muscles. This entails a
test which requires the eye to move in all directions so as to
bring all six muscles into action. Furthermore, knowledge of the
different types of relative eye movements will help to

distinguish the correct movement and to analyse the results.

Apart from the different eye movements, the physical

characteristics of the eye must also be understood so as to
provide the necessary tools to measure tremor movements of the
eye. From the previous sections the limbus detection was an

attractive proposition, because of its high contrast and its

size.
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PART I

RELATIVE EYE MOVEMENTS

In the following Chapters of Part I, the more conventional

methods of measuring relative eye movements are critically

discussed, and the requirements of an automated system with

improved characteristics described. The design and construction

of the hardware for the automated system 1is also presented.
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CHAPTER 2

2.1 A Survey of Previous Methods and Instruments

2.1.1 Introduction:

Any effective test is required to be accurate, precise and

fast. Many of the methods described below, such as the cover
test, the red/green test and the head-tilt test, are qualitative
m nature and provide information which may, in conjunction with
other neurological investigations, localise and establish the
cause of the disorder. However, the more quantitative methods,
such as measurement in the various directions of gaze, the prism

cover test and the Hess screen test, will also allow the progress

of the disorder to be established.

Furthermore, many of the tests are only subjective, and
measure the deviation for distant fixation. Others may be used
for near and distant fixation, but only in the primary position.
If measurements in all nine cardinal fields are required, then

different tests are necessary, but this may change the fusion

entirely.

The methods reviewed below are for the detection, and also
the measurement of ocular muscles idimbalances such as

heterophoria, strabismus and ocular paralysis.

2.1.2 Direct Observation Method:

This is one of the earliest and quickest methods devised to

evaluate eye movements. Either one eye, as in the duction test,
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or both eyes, as in the version test, are studied.

2.1.2.a Duction:

Whilst one eye was covered, the other was fixed on a sharp-
pointed object which was moved to the various gaze positions. Any
departure from this fixation was therefore indicative of ocular
eye paralysis. This method was later up-dated by monitoring the
reflection of a moving light source from the cornea. Any
displacement of this reflection, relative to the pupil, similarly
demonstrated poor fixation. Because of the eye-lids, findings of
the duction test were more difficult to evaluate in the vertical
direction than in the horizontal direction (Hugonnier, 1969).
Although this was a very fast and relatively effective test, it

was crude and did not produce permanent records.

2.1.2.b Version:

In this method, both eyes were kept open and the head was

kept motionless. The patient fixated on a moving light source in
Bthe nine directions of gaze. The corneal reflection was centred
°n the dominant eye. However, if at any point, the reflection was
not centred on the deviating eye, this was indicative that

certain ocular muscle imbalances existed (Fig. 2.1) (Hirschberg,

1881; Hugonnier, 1969).

2.1.3 The Mackenzie Method:

Mackenzie, in 1833, suggested that diplopia could be

identified by the loss of power in the eye muscles when the
Patient follows the movement of a finger from side to side and

uPward and downward (Sloan, 1951).
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Fig. 2.1 Hirschberg Test. Taken from Von Noorden (1967)

oy | Bielschowsky's (or Head Tilt) Test:

When the eyes are at the primary position, tilting the head
towards a shoulder may result in differences in eye level,
indicative of the presence of ocular muscle imbalance. This is a
Simple test used to confirm a paralysis of the superior oblique,
and is performed by the patient tilting his head towards the
shoulder where he has paralysis, while keeping his head erect and
his €yes in the primary position. If the superior oblique muscile
is Paralysed, with the head in this position, the eye makes a
Very distinct movement of elevation, and diplopia is at its
Maximum. By tilting the head to the other side, diplopia may be

Weak or absent, with therefore no change in eye levels.

Many patients with super oblique paralysis, habitually carry

their head tilted to one shoulder. With his head tilted towards
the Opposite shoulder, the patient would experience a very large

Vertical deviation in his eye.
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The testing of eyes with the head tilted successively
towards on shoulder and then the other, was initially introduced
by Hofmann and Bielschowsky in 1900 and then widely developed by
Bielschowsky (1938) and is now commonly referred to as the Head
Tilt Test. This useful test gives constructive findings and can
be readily used in the examination of young children who as yet

can not respond to subjective tests.

Later, Bielschowsky (1938) performed the test by positioning
a light in the centre of a tangent scale at a distance of 2.5
meters from the patient's eyes but on the same level and in the
median plane of his head. A dark red glass plate, which was dark
enough to block all images except the red image of the light
behind it, was first put in front of one eye, then the other eye.
Instead of moving the light source, fixated by the patient, the
practitioner turned the patient’'s head so that he had to move his
eyes in the opposite direction in order to maintain fixation.
This rotation of the head induced various ocular movements giving
the practitioner the advantage of being able to control the
position of the head and hence the eyes of the patient. The
patient could therefore see the position of the red 1light,

relative to the tangent scale, and could indicate the number on

the scale which gave a measure of the deviation of his eyes.

2.1.5 Photographic Methods:

In these methods, photographs are taken of the eyes in the

Primary position and also in each of the directions of gaze where

the imbalance is the most pronounced. Such methods produce sets
of permanent records for the examination of ocular imbalances and
are also ideal for teaching purposes and presentations
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(Hugonnier, 1969).

2.1.6 Maddox Rod:

Maddox (1898) described the use of a tangent scale and a
glass rod to measure relative eye movements. A cross was
constructed which contained a central light, and markings of arc
degrees of eye movement at a distance of 5 meters. With the
patient seated in front of the cross, readings were taken with
the head at nine different positions. By rotating the head in
this way, rather than the cross, eye movement was stimulated. A
maddox rod was then held before one eye in such a way that it
could not be focused. The patient was then able to indicate where
the streak of the Maddox rod passed through the scale, thus
giving horizontal and vertical measurements of deviation (Fig.
2.2). This method was later modified by the use of prisms, which
corrected the displacement, and gave a measure of the relative

imbalance of the eyes (Solomons, 1978).

Fig. 2.2 Maddox Rod Test. Modified from Von Noorden (1967)

Two other similar methods are also described here. Duane
(1896) used a reversible screen which was black on the patient's
Side and white facing the practitioner. A red glass plate was
Placed in front of the right eye and the light source, rather
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than the patient’s head, was moved to nine cardinal positions.
Different images were located on the screen with pins, thus
indicating the displacement 1in degrees. Diplopia was then
evaluated on the white side of the screen, and subsequently a

reduced diagnosis chart was produced.

Later Stevens (1906) presented his tropometer, designed to
measure various rotations of the eye. This instrument consisted
of a telescope with either a 45 degree prism or a mirror at its
objective end so as to reflect light perpendicularly. Stevens
claimed that the tropometer offered a perfect means of measuring

the rotation ability of an affected muscle.

2.1.7 Electromyography:

This rather cumbersome method, which was first introduced by
Bjork (1952), required the patient to lie flat on an electrically
isolated material and to have electrode needles inserted into his
muscles. The discharge, due to the contraction of a group of
muscle fibres, produced a signal which was transmitted to an

amplifier and then to a C.R.0. as well as to a loud-speaker.

2.1.8 Cover Test:

This 1is a relatively fast method which can be used to
monitor eye movements in all directions. Although it allows many
facts about the status of a patient's neuro-muscular condition to
be established, the results, as in the version and duction tests,
cannot easily be plotted graphically so that permanent records

are not usually obtained (Von Nooden, 1985).

In this method the patient was asked to fixate on a small
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distant light source with one eye covered. If imbalances were
present, the covered eye would first deviate, but would then move
back to resume fixation when it was uncovered. The other eye,
however, maintained fixation and made no movement. This
deviation, and its direction of movements, determined the type of

muscle imbalances that existed (Duane, 1896).

To be able to document the results, prisms could be
introduced so as to quantitate the deviation in arc degrees. This
was done by firstly estimating the amount of deviation and then
placing a prism, with a strength less than that of the estimate,
in the appropriate direction in front of the eye so as to reduce
the deviation. The prism strength was then increased until there
was zero movement. Although this modification provided permanent

records, 1t extended the duration of the test (Hugonnier, 1969).

White (1944) suggested the following pre-requisites for a

successful cover test.
1. Sufficient light so that small movements can be observed.

2. The cover of the eye must not attract attention to its

position (The cover must not be focused).

3. The cover should not be moved more rapidly than the eye can

take up fixation.

The cover test may not reveal small deviations but, in
general, this limitation should not undermine its value of
simplicity. It also lacked accuracy since the results were

dependent on the observer’'s ability to judge the extent of

deviation (Borish, 1970).

Investigations of diplopia are based on two different groups

of experiments or tests, depending on the principles they apply.
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These two groups, which are the red glass test and the Hess-

Lancaster test, are described in the two following sections.

2.1.9 The Red Glass Test:

In this method, a single object was presented to both eyes
when one was covered by a red filter (Fig. 2.3). The red glass
had to be dark enough to allow the patient to only see the red

image of the object. The distance between the red and the

Measure of Deviation

Fig. 2.3 Principle of the Red Glass Test

1985) .

Hirschberg (1881), one of the first to suggest and employ

_29_



this method, used a candle flame as the object and asked the
patient to indicate the positions of the two subjective images of
the flame (c.f. Fig. 2.1). This test was carried out in front of
a wall painted with square divisions, each representing 5 degrees
deviation of the eye from the primary position. Previously,
Carter (1876) had suggested the use of coloured glass filters and
an elongated fixation testing object. Later, many other
researchers, such as Ziegler (1893), Duane (1896), Maddox (1898),
Jackson (1900), Nettleship (1900), Tiffany (1902) and Stevens
(1906), also used a candle and a red filter to 1investigate

diplopia.

This method was particularly useful when the patient was
intelligent, although it only produced qualitative, rather than

quantitative results.

Landolt (1879) used a tangent cross made up of tapes at 5
degree intervals and at a distance of 3 meters. The relative
positions of the red and white images could therefore be

determined by reading the distances of the tapes.

Corneal reflections have also been used to obtain
quantitative measurements of diplopia. With, the light source
held in front of the eyes, the corneal reflection in the area of
Pupil indicated an ocular deviation of between 0 and 20 degrees.
Corneal reflections appearing between the limbus and the pupil
border indicated a deviation of 20 to 45 degrees, whilst broad
und distorted corneal reflections on the sclera were
rePresentative of deviations greater than 45 degrees (Jones,
1970). a draw-back of these methods, however, was that they were
only of use on patients with large degrees of squints, since

small deviations could not be detected by using a single coloured
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filter (Sloane, 1951).

Sloane also described a method, which he found valuable for
everyday use. It consisted of a transparent piece of plastic
board with a light-weight handle. At its centre was placed a bulb
with a Maddox cross, indicating tangents up to -24 degrees
horizontal and -12 degrees vertical. The observer stood directly
behind a screen, held at a distance of 0.5m, so that he was able
to observe the patients' eye movements. The patient, with his
head fixed, and one of his eyes covered by a red filter, was
asked to point at the position of the red light over the
transparent screen, so that the angle of deviation could be read
directly. The same procedure was then repeated at different
angles of gaze. Krusius (1908) used a similar glass screen, which
was divided into small squares, for the above test. He employed
two luminous bulbs and observed the corneal reflection for any

deviations.

2.1.10 Hess-Lancaster Test (Red-Green Test):

This is the basis of the second group of experiments used to
investigate diplopia. In this method a red and a green object
were simultaneously presented to the patient’s eyes, when one eye
was covered by a red filter and the other by a green filter (Fig.
2.4). The apparent positions of the two objects to the patient
was a measure of the ocular deviation of his eyes (Von Noorden,

1985) .

Hering (1899) was one of the first to use this method. He
placed a red filter before the right eye and a green filter
before the left, and then moved the red and green targets, seen

monocularly with each eye, until they appeared superimposed. He
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used faint red and green lights as his targets so that the red

target was invisible through the green filter and vice versa.

Subjective Localisation

Fig. 2.4 Principle of the Red-Green Test

Williams (1901) constructed a cross with red lights and
green numbers on its arms. His patient was asked to wear a pair
of complementary red-green goggles and to sit in front of the
cross at a distance of 20 feet. Williams was then able to switch
"on" the vertical red lights and read the horizontal deviation on
the horizontal green numbers and also vice versa, by switching
the red lights "off" on the vertical arm and "on" on the
horizontal arm. Unfortunately, he only performed the test in the
primary position and made no mention of the various positions of
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gaze.

Hess (1908) popularized the use of the red-green test for
measuring diplopia. He constructed a red tangent screen on a
black cloth with 25 red spots at the intersections of the 15
and 30 degree lines. This is now commonly referred to as the Hess
Chart and 1s the projection of the lines of latitude and
longitude drawn on the surface of an imaginary sphere centred at
the eye, onto a plane screen, situated at a normal viewing

distance of about 50cm from the eye (Fig. 2.5) (Appendix I).

With the use of this chart in which each division represents
5 degrees, ocular movements could be easily recorded in terms of

degrees of eye rotation.

Fig. 2.5 Hess Tangent Screen
The patient, sitting about 0.5 metre away from the screen
and wearing a pair of complementary red-green goggles, was asked
to point at each of the spots with a green pointer. Thus the eye
looking through the red filter could only observe the red spots

and the lines of the tangent screen whilst the other eye, looking
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through the green filter, could only observe the green pointer on

the end of his stick (Fig. 2.6)

Fig. 2.6 One of Hess's
early methods of screen
test with red and green
glasses, showing the

screen and indicator

As the red spots were observed by one eye and the green
pointer by the other eye, true superposition of the two would
only occur if there was no deviation. Any separation of the two
images on the screen was therefore a measure of the extent of
diplopia. The results were then manually plotted onto a small
chart which joined the positions of the red spots together and
those of the green ones together, giving the deviations in the
nine cardinal positions. By reversing the red and green filters
the test was performed on the other eye, hence producing a plot

for each eye.

Although this was a quick and easy method giving permanent
records, the obstruction by the use of goggles posed problems for
the angles of deviation greater than 20 degrees. Furthermore,
colour-blind patients and aging of the colours of the filters

could cause fusional stimulus.
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Ohins (1906) constructed a complicated piece of apparatus
with movable green and red arrows on the vertical and horizontal
arms respectively. As the red arrow was also able to rotate, it
could be superimposed on the green arrow, and thus give a measure
of the torsional deviations. It was considered, however, that the
duration of the test was too long and the movements of the arms,

which were up to 2 metres long, were too troublesome and clumsy.

Sattler (1927) criticised Hess's method because of the lack
of provision for torsional movements and the use of 50cm distance
between the patient and the chart. He, therefore, provided the
practitioner with a long stick at the end of which was a green
pointer, so that he could direct the patient's attention for
proper fixation at the target. The patient was also provided with
a long black stick with a red pointer, so that he could indicate
the position of his fixation. Sattler commented that, for a
pronounced paresis, a 20 degree field was sufficient to identify
the imbalanced muscle, whilst a larger field was necessary with
weak paresis. However, his method was generally thought to be
difficult to conduct since the screen was a green chart painted

on a wall.

Lancaster (1939) replaced the sticks with torches and used a
white screen. The red torch was used by the examiner and the
green torch by the patient. To investigate muscle imbalances in
each eye the filters placed in front of the eyes or, the torches,
could be interchanged. The deviation of the eyes was determined
from the extent of relative deviation between the red and green
lights. These results were entered onto a small chart on which an
image of the screen was reproduced. The test had the advantage of
providing the examiner with a greater degree of flexibility to
examine a particular field of fixation. Its disadvantages were,
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however, the need for a dark room, a steady hand for the

projection of the light and the manual recording of results.

A modification to the Lancaster method was made by Anderson
(1947), who used torches to produce horizontal lines rather than
dots. He projected a red horizontal line in the middle of the
chart and asked the patient to project a green line over it. For
the different directions of gaze, the projection of the entire
chart was changed, but the red line was always projected at its
centre. This method, therefore, facilitated the recording of

torsional eye movements.

Burian (1941) used the effect of polarisation to measure the
extent of deviation. Here, the tangent screen was projected in
horizontal polarized light whilst a dot was projected in vertical
polarized light. The deviation was measured by placing polarized
glasses in front of the eyes of the patient, and then reversing
the glasses, so that the chart for the other eye could be
plotted. This method has, however, been criticised for the amount
of equipment involved and the time required to set up the

apparatus

Lees (1949) modified the Hess screen test by eliminating the
problem of colour-separation. This problem arose because of the
difficulties in manufacturing true complementary coloured
goggles, pointer and screen. Furthermore, aging may have effected
the colour stability of the materials. Therefore, for example,
the red pattern of the chart may have been faintly visible
through the green filter, or the green pointer through the red
filter. Hence, the dissociation obtained, may only have been
relative, with the results of large errors in the test. Even if
the colours were made truly complementary, errors may still have
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occurred if the eclipse of the red screen, which took place as
the pointer was moved across it, was noticed by the observer. The
monocular localisation of the pointer would have caused fusional
stimuli and distorted the true angle of deviation. Lees, who
developed his method at the Manchester Royal Eye Hospital,
noticed that with the Hess method, because of the low level of
contrast, many patients also had difficulties in recognising the
chart pattern or the pointer. Colour-blindness also contributed

to this problem.

Lees then constructed his system around a mirror with two
reflecting surfaces which could be placed in front of either eye.
The mirror was situated exactly half-way between two identically
printed Hess tangent screens at right angles to each other. Each
screen could be illuminated from the back for the pattern to
appear or disappear as required during the test. The patient was
seated in such a way that he could observe one screen directly
and the other wvia the mirror, so that the two Hess charts
appeared exactly superimposed. In order to avoid fusional
stimuli, the deviation was plotted as one of the screens was made

to disappear, leaving only a blank surface.

As illustrated in Fig. 2.7, the patient was seated close to
the mirror and facing the screen A. Whilst this screen was

observed with one eye, screen B was observed, through the mirror,
by the other eye. Screen A was blanked whilst screen B was
illuminated to show the Hess chart. The practitioner then
indicated a particular point on screen B and asked the patient to
indicate, on screen A, the position of the point. By momentarily
illuminating screen A, the practitioner was able to identify the

Position of the patients' pointer and manually record it onto a
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Fig 2.7 Lay Out of Lees Screens
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small printed Hess chart. The examiner could then place his
pointer at various positions of gaze on the screen and transfer

his findings onto the small chart, as with the red-green test.

This method was more accurate than the Hess test and gave
more rapid results. Amongst its other advantages were that
minimum cooperation from the patient was required and the
patient, due to the use of the mirror, was generally unaware of
the test so that even keen observers could not cause fusional
stimulus. Furthermore, permanent records were produced and the
deviation, which was illustrated graphically, was quick and easy

to interpret, even in the cases of multiple paralysis.

However, the alignment of the two screens was of paramount
importance and, therefore, a permanent installation could be
required as suggested by Lees (1949). At Moorfield Eye Hospital,
in London, the installed equipment had occupied an area of about
4m? The two screens were permanently mounted on two adjoining
walls at right angles, with the patient’'s chair in between. There

was also an area designated to the orthoptist to sit and observe

the results.

Furthermore, the alignment of the mirror and the eye level,
in relation to the centre of the chart, was critical if the test
was to be successful. In addition, the accuracy of this test
could be limited by the orthoptists' accuracy in estimating the
position indicated by the patient, and 1in reproducing his
estimates onto the diagnosis chart. The accuracy of the system,
therefore, was clearly dependent on the examiners' judgement and
experience. However, such experience could be detrimental to the
accurate estimation of the position indicated by the patient.

Quite frequently, orthoptists look for a previously defined trend
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in relative eye movements and interpret the position of the
patient’s pointer according to their expectations. As a result,
they use the diagnosis Hess chart to look for trends and not for
numerical results. Finally, the manufacturing cost was proved to

be more than the Hess test.

2.1.11 L.E.D. Screen:

Rouse (1980) attempted to automate the Hess test by
replacing the Lees screen with nine red light emitting diodes
mounted on a board, referred to as the target screen. The
patient, who wore a pair of red-green goggles, was able to adjust
a marking arm of an autoplot, which controlled the projection of
a green dot on the target screen. Once aligned by the patient,
the autoplot could then record the position of the green
projected dot in relation to the red L.E.D., 1lit by the
practitioner wvia a control panel. This method was a marked
improvement on the Hess-Lancaster test, but had the same

shortcomings of complete dissociation between the two eyes.

Furthermore, the patients' view was restricted by the
goggles and the room had to be "completely dark to avoid any
fusional movements stimulated by visible contours" (Rouse, 1980).
The alignment of the autoplot with the screen and its paper were

also thought to be cumbersome.

2.1.12 Miscellaneous Methods:

Kestenbaum (1946) described a quick but rather crude method
°f measuring diplopia without the use of goggles. A candle and a
Pencil were held before the patients' eyes in such a way that the

Patient observed two images of the candle and two images of the
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pencil. The pencil was then moved until one of its images was
superimposed on the image of the candle, and so the actual
distance between the candle and the pencil was a measure of

diplopia (Fig. 2.8).

—C e — >_

Amount of Diplopia

Fig. 2.8 Double Image Method

Investigation into ultrasonic scan systems had indicated
that these did not offer accurate methods of measuring eye

movements (Fuller, 1977).

The A-scan system of measuring eye movements was beneficial
in terms of speed, but did not produce a correct measure of eye
movement. This was because the system could only be applied from
the side of the eye, i.e. in the same plane as the eye's surface,
and could only measure lateral, rather than rotational, eye
movements. The B-scan system almost catered for this problem, but
then the speed of the measurement was limited by the speed of the
mechanical scan of the ultrasonic transducer. The C-scan system,
which gave a raster T.V. picture of the eye, was yet more limited
in speed due to the increased mechanical scanning required.
Hence, 1t could take in the order of seconds to produce a full
image of the eye. Furthermore, the method required too many
attachments to the eye, including a water bath as the medium to
match and transfer the transducer frequency to that of the eye

tissues (Restori, 1985).
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2.1.13 Conclusions:

Over the last century many different methods of diplopia-
field tests have been produced. The methods described above, all
achieved their basic objectives of determining and measuring
diplopia. Whilst the objectionable features of the tests were
tolerated, the more favourable aspects were extended and
exploited so that they all managed, with little difficulty, to

analyse and evaluate the extent of deviation in the eyes.

The testing distance varied from 50cm to 6 metres. Whilst
50cm was criticised for stimulating accommodation, and thus
influencing the angle of deviation, 6 metres was also criticised

for being too far for accurately observing the eye.

Tangents of the arc degrees scale was a more favourable
measure and was utilized by most of the studies. This gave larger

divisions for squares further away from the =zero point for

primary position.

Most of the tests moved the target rather than the patients'

head, although Lancaster (1939) stated that, for wider

excursions, the head could be turned. Movement of the chart,

however, was found to be even more precise and easier to measure

ihan movement of the head.

In order to limit a given field to the action of a single
muscle, many were tempted to test the eye beyond 15 degrees
deflection, hence requiring an increase in the size of the
tangent screen. Ohms (1906) and Scattier (1927) used screens
suitable to accommodate eye deflections of up to 50 degrees.

However, given the practical size of the examination room, the
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use of head movements is a more realistic method of measuring

large ocular deflections.

As more investigations were directed towards the recording
of relative eye movements, the benefits of &yes dissociation for
the patient, became more evident. However, this dissociation of

the eyes involved far more expensive pieces of equipment.

Whilst some of the tests revealed only the separation of the
double images, others also demonstrated the influence of torsion.
Since the evaluation of diplopia was far more important than the
evaluation of torsion, former tests had survived and were more

routinely used.

In general, the cover test and the use of prisms produced
accurate results, although the handling and placing of the large
number of strong prisms, was found to be difficult. The corneal
reflex method was not very accurate, but was quick and easy to

Perform.

Overall, the Hess-Lancaster and the Lees screen test, which
incorporated many of the best features of the other tests
reviewed above, including the production of a good record of
data, were considered to be the most favourable of the methods.
However, it should be noted here, that different methods were
suitable for different circumstances, and the knowledge of the
Principles involved in their theories and operations could only

bring a better understanding.

Initial Design Consideration

After a full survey of the available methods and

~-ustruments, it was apparent that the design of a system with all
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the advantages and objectives of existing systems without their

associated_disadvantages was a very difficult task. In this
1

section, itEZntended.to outline most of the considerations used

in the previous methods, so to produce the design specification

of a new automated system. These design considerations are as

follows:

1. It was clear from the previous sections that systems
which were based on the dissociation of the eyes for measuring
diplopia, had more merit than the alternatives. Lee (1949)
achieved this by presenting two separate screens, one to each
eye, hence providing complete dissociation of the two eyes. This

was hence to be adopted for the new automated system.

2. The distance between the patient's eye and the test
screen had been a matter of much controversy. Although criticised
for the stimulation of accommodation, many had used 50cm as a
comfortable distance. Sloane (1951), who had many years of
clinical experience, states:

"In the matter of diagnosis of an ocular paresis,
I have found no disadvantage in using the test at
a 0.5m distance as compared with the 2-metre
distance that I had been using with the double-
image type of test for the past 11 years".
A distance of about 50cm, therefore, was chosen as a

comfortable distance for fixation.

3. The extent of permitted eye rotation must also be
considered. Most methods utilized ranges from 0 to 20 degrees. 1In
this study, however, a range of up to 20 degrees vertically and
even 30 degrees horizontally was used to provide an adequate and

sensitive method for accurate measurement. This would also
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facilitate the identification of the action of each eye muscle

separately (c.f. section 1.2.3.d).

4, Early systems used equi-distant division charts to record
the degree of eye rotation. Later Hess, for the first time, used
the projection of the lines of latitude and longitude drawn on
the surface of an imaginary sphere centred at the eye, onto a
plane "tangent" screen. This 1s considered to be a more
favourable charting method as it produces a more representative

measure of eye rotation.

5. The ease with which the test was performed was also of
interest to both patients and orthoptists. The simplicity of the
test would reduce both the patient’'s anxiety and fatigue and

hence considerably improve the results.

6. One way of successfully introducing an automated system
into a hospital as a standard test was to reduce the duration of
the test. This could be achieved by making provisions for a
preliminary test, which would initially test for only nine
cardinal eye positions and then, 1if necessary, extend the number

of measurements.

7. Relieving the orthoptist from involvement in the test
during operation, would greatly increase the popularity of the
test in hospitals. The results of the measurements could

automatically be recorded without any supervision.

8. Provision should be made for the orthoptist to limit the

test to specific fields of diplopia without proceeding with the

entire test.

9. The space occupied by the equipment was another feature
of interest to hospitals. Although, a confined system would be
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beneficial to hospital departments which housed an increasing
amount of electronic equipment, principles involved in performing

the test should not be sacrificed by reducing equipment size.

10. Whilst relative eye movements are being recorded, it
would be advantageous 1f the system could also allow the

detection of other eyes disorders.

Other considerations, which were to be included in the
design, will be discussed later as their importance and

application become apparent.

2.3 Introduction to the Automated System

The aim of this part of the study was to automate the red-
green method of measuring relative eye movements, as accurately

cheaply and occupying the least space as possible.

This automated system was to be achieved by the use of video
technology which replaced the bulky Lees screens with T.V.
monitors, and automated the recording process of the test by
using the special characteristics of a T.V. screen in conduction

with a light pen (Section 3.3 ).

The automated system was to be designed to relieve the
orthoptist, reduce the possibility of human error and, hence, to
increase the accuracy of the test. For example, in the Lees
screen test, which is highly dependent on human Jjudgement
(section 2.1.10), inaccuracies can be 1introduced by the
orthoptist pre-judging or estimating either the position pointed
by the patient, or plotting his estimates onto a small printed
chart. With the proposed system, however, these errors could be
eradicated because the positions pointed to by the patient on the
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T.V. screen are automatically plotted without the orthoptist's

intervention.

The reliability of the results was to be increased by
replacing the 50cm long pointer with a joystick or light pen. In
the latter case, the T.V. screen was to be placed only 50cm away
from the patient who could more accurately control the light

pen’'s movement.

In previous methods an orthoptist was required to set up the
equipment at the start of the test, attend throughout its
duration and finally, check the results and switch off the
equipment. Automation, however, would considerably reduce the
running cost of the test since only one orthoptist could record

both relative and tremor eye movements simultaneously.

Although the final designs were not intended for mass
production, the initial cost of the equipment was to be kept as
low as possible. Thus every opthalmic department of a hospital

could purchase the equipment.

In section 2.1 it has been shown that the space required for
the Lees screen test is approximately four square meters. The
proposed apparatus was to be designed to take up no more space
than a normal sized desk. The design was to incorporate wheels
for the apparatus, giving greater mobility and relieving the need

for a fixed designated area.

As previously stated, the two Lees screens were to be
replaced by two T.V. monitors and the pointer by a moving square
(target) or a light pen. Fig.2.9 shows the T.V. set-up for such a
test to be undertaken without the presence of an orthoptist. The

Patient was to be seated in front of Monitor A and Monitor B, his



Fig.2.9 The Replacement of the Classical Hess Chart Test

By a T.V. System.

right eye observing Monitor A (the chart monitor) and his left
eye observing Monitor B (the blank monitor) with the aid of a
mirror, thus achieving complete dissociation of binocular vision.
The left eye observes a light pen held in his hand ready to be
used on the blank monitor. The patient’s brain synthesizes the
two observations as if Monitor A and Monitor B were superimposed
on each other. The patient thus see one charted screen with the

light pen over it.

For clarification, the whole process can be seen from two
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different perspectives; the patient’s perspective outlined above,

and an observer's perspective.

The observer sees that the patient points the light pen at
the monitor which displays a raster, as if the patient is not
seeing the Hess chart. An X-Y plotter responds to what the
patient is plotting on the raster using a moving target or his
light pen. Each movement of the light pen is then automatically

recorded on the plotter.

The Hess chart was constructed by 127 square dots . These
can either be displayed simultaneously or one at a time for the
patient to plot them in order of appearance. By pressing a
switch, the next pre-recorded square dot appears on the screen of
Monitor A. The square dots are then automatically plotted one by

one without any supervision by an orthoptist.

The sequence of appearance of the square dots was to be
recorded in a memory and this can be altered by reprogramming the
respective memory (cf. section 4.6.III). The initial sequence

recorded in the EPROM was to be the same as that used at present.

The 15 degrees deflection of the eye is covered from the primary

position and then expanded to 30 degrees if necessary.

The total system for recording the relative movement of the

eye can be divided into two parts, one an analogue section which

deals with the recording of the chart by the patient and the

other, a digital section which deals with the construction of the

* The square dots are generated on the T.V. screen and have the

same coordinates as the intersections of the lines of longitude

and latitude of the imaginary sphere mentioned in section 1.2.10
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Hess chart for observation by the patient. In the next two
chapters the above two sections (Monitors 'B' & 'A') are examined

respectively under the heading:

1. Blank Monitor -This was to be the same as the blank screen in
the Lees system, where previously the patient placed his pointer
and now places his light pen. On this monitor a raster of medium
intensity was to be displayed. In the case of using a light pen a
minimum value of intensity is required to activate the light pen.
In the case of having a moving target a black screen with a

bright target is sufficient.

2. Chart Monitor -This was to display the Hess Chart and
corresponds to the chart screen where the orthoptist placed his
pointer and where the square dots were made to appear
sequentially. In this chapter the options of using digital
circuits, a microprocessor or simply using a picture of the Hess

chart on cardboard are to be discussed.
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CHAPTER 3

HARDWARE DESIGN - BLANK MONITOR

3,1 Introduction

As explained previously, 1in the Lees screen test a blank
screen is used for the patient to show the orthoptist where he is
superimposing the Hess chart. The orthoptist then manually

records the position on a diagnosis chart.

In order to automate this process a system has been devised
to sense the positions where the patient is pointing. Either a

sensitive screen or a sensitive pointer is required.

A television screen is constructed by a moving electron beam
scanning the face of the cathode ray tube. This scanning is time
dependent and therefore the electron beam at a specific position
on the screen corresponds to a specified instant of time. Hence,
the position of the electron beam at a given instant can be
referred to as the time lapsed from the start of the T.V. field

to that given instant.

This characteristic of the television system can be used to
replace the Lees Blank screen. The T.V. screen can either be used
as a sensitive screen, for example, 1in conjunction with a
joystick or, an emitting (radiating) screen used in conjunction

with a sensitive pointer such as a light pen.

In the next two sections both of the above possibilities are

explored.
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3.2 Joy Stick System

A blank monitor was set up and together with the circuit in

I which
is movable across the total screen area of the monitor using a
joy-stick. This enables the patient to position the cross where

he sees the illuminated square dot.

To produce a cross, timers were driven by the line and the
field drive waveforms to give the required size and thickness of
the cross. In Fig. 3.1 the line and the field drive waveforms
from a T.V. sync, generator chip were taken to four timers T-%,
t3, Tg, and Ty and the outputs of each of these were taken
respectively to four other timers T2, T", Tg and Tg to produce
the lengths and thicknesses of the horizontal and vertical lines

of the cross.

Tl and Tg - Variable by the joy-stick between 0 and 64 us
(length of the T.V. line, cf. Appendix II) to determine the

horizontal position of the cross-shape.

Tg and Ty - Variable by the joy-stick between 0 and 20 ms (length
of the T.V. field) to determine the vertical position of the

cross—- shape.

Tg = 0.3us - thickness of the vertical bar of the cross-shape.

T = 624us - length of the vertical bar of the cross-shape.

Tg = 1.5us - length of the horizontal bar of the cross-shape.

Tg = 93.6us - thickness of the horizontal bar of the cross-shape.

The combination of these timers did not produce a cross-
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Fig. 3.1 First Design For The Moving Target
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shape ¢ )  but resulted in an inverted L-shape because

T, and T4 were equal to Ty and T; respectively. To over come this

problem more timers were used.

At this stage, instead of improving the shaping of the
cross, it was decided to produce a boxed sgquare. This has ths
advantage that if the square dots are the same size as the inner
square of the box, aligning them is much simpler and more
accurate. This is possible using only eight timers. The boxed
square has been produced by generating two separate squares, (a
small one inside a large one) and by passing the video signals of
both squares through an Exclusive-Or gate to get a boxed square.
The truth table for an exclusive-or gate gives a 'l' when the two
inputs are different. Hence two different size squares within

each other produced a boxed square.
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Here, it should be noted that the moving target could be in
any shape and most shapes would be acceptable for this purpose.
Given the width of an 18" T.V. screen to be 300mm it was decided
to have a large square of 6mm X 6mm and a small square of 4mm X
4mm viewed at a distance of 300mm from the T.V. screen. This size

boxed square was found to be quite wvisible.
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Screen Width Line Length

300mm 52us

6 2= 1.04us
300mm 52us

1 Tg= 0.17us
300mm 52us

4 T*= 0.69 us

Screen Height Line Length

312.5 lines

312.5 lines

312.5 lines

20ms

Ty= 0.064ms

20ms

T*= 0.384ms

20ms

4 Tq= 0.256ms

By chaining all the timers after timer Tj and T", the two
squares have been locked to each other and hence a single
is capable of moving the

joystick controlling both and

boxed square on the blank screen. and are the horizontal
and vertical displacements respectively. T-* can be any value

between 0 and 52uS and Tg between 0 and 20mS.

The circuit in Fig. 3.2 produces the boxed square described

above. The Jjoy-stick has been tested and the boxed square 1is
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large enough to be seen clearly and accurately positioned over
the square dots 1in the chart. The disadvantage lies in the
movement of the boxed square; - the inability of the operator's
hand to control sensitively the joy-stick in moving the boxed
square. This is not very practical for use by elderly patients
who find positioning the target by the Jjoy-stick extremely
sensitive. This is usually because of tremor in their hands. The
best commercially available joy-stick potentiometer does not give
a linear and smooth sweep of the target across the screen.
Moreover, the movement of the square has been full of jitters
unless expensive multi-turn potentiometers are used which
nevertheless cannot be employed in a Jjoy-stick assembly (maximum

sweep angle -25 degrees).

Most of the Jjoy-sticks used in video games have been
designed simply to close a switch which in turn enables internal
counters to run. These counters then move the target across the
screen. As long as the joy-stick is activated the counters cause
the target to sweep the screen. This type of joy-stick has proved
to be unsatisfactory because an optimum speed for the counters
has not been found, since the movement had to be slow enough for

no over-shooting to occur in positioning the target. However,

this slow speed results 1in an undesirable increase in the

duration of the test.

Alternatively, the joy-stick can have two switches in each
of the four directions. The first switch for slow motions and the

second for faster sweeps. However, this has been found to be very

labovlrious for elderly patients. The system can, however, be
equipped with such a joy-stick for use by younger and trained

patients.
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Another solution that has been considered is to use two
separate ten turn potentiometers; one for horizontal movements
and the other for vertical movements. This is complicated for an
untrained patient and does not help in presenting a simple
apparatus. However, the accuracy of this last method is one of
the best and the procedure simple enough for use by patients
between 10 and 25 years old. The use of ten turn potentiometers,
as opposed to 'ordinary ones', has been necessary since the
latter produced the same problems of Jjitter and excessive

sensitivity.

A simple and cheap method has been found which uses the
patient to point at the blank screen of the T.V. with a pen.
Their hand can thus rest against the screen of the monitor and
stop any hand tremor. This method has an advantage in that it
indicates the normal practice of pointing at things to draw
attention to them. The above reasons caused the use of a light

pen to be considered.

Some of the points raised here may seem trivial. However,
the procedure of the test relies on the cooperation of the
patient, and thus careful consideration must be given to these

points.

3.3 LIGHT PEN SYSTEM

The use of a light pen together with an X-Y plotter has been
included as a replacement for an orthoptist to record the results
of the test. This pen has been used to sense the position at
which the patient points, and to instruct the X-Y plotter to

record the position on a diagnosis chart. Thus the photodiode of
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the light pen detects the light emitted from the phosphor of the
T.V. screen, illuminated as a result of the electron beam from
the C.R.0. gun hitting the surface of the T.V. This produces a
short pulse in the light pen. Due to the scanning properties of
the T.V. screen, this pulse is repeated every 20ms (every field)
and has been regarded as the position of the light pen relative
to the raster of the blank screen - its distance from the start
of the field as the y-coordinate and its distance from the start
of the line as the x-coordinate of the pen for the X-Y plotter.
These distances, however, can be measured either by digital or

analogue methods.

3.3.1. Digital Methods:

The circuit in Fig. 3.3 shown below is a simple example for
a possible digital method. This includes a binary counter which
counts the number of lines from the beginning of the field sync,
up to the pulse generated by the light pen. This count enables
the vertical distance of the light pen from the top of the T.V.
screen to be measured. By converting this digital wvalue to an
analogue voltage (by means of a D to A convertor) it is possible
to get the x-y plotter to show this wvertical position. The
horizontal position can also be determined using a similar binary
counter driven by a crystal with a frequency of 11.5MHz. This
value is determined by the smallest horizontal movement of the
light pen recognised by the plotter. For example, if this
smallest horizontal movement is 0.5mm on a 300mm width T.V.
screen, then the period of the highest frequency is:

(52uS X 0.5mm)
—————————————— = 86.7ns giving a frequency of 11.5MHz.
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This requires a 10 bit counter and a 10 bit D to A convertor.
However the least significant bit is ignored to stop the pen of
the plotter jittering between two adjacent bytes and hence the
actual recognisable horizontal movement is reduced to 1lmm. (Fig.

3.3).

Fig. 3.3: Digital System for the Light Pen

3.3.2. Analogue Methods:

The circuit in Fig. 3.4 is another possible design to
determine the X and Y coordinates of the light pen using

analogue signal processing.

In this method the Sample and Hold amplifiers register the
coordinates by the aid of ramps which are generated by the line
and field drive waveforms and the pulse out of the light pen.
This pulse causes the Sample and Hold amplifiers to hold the

value of the ramp for the duration of a T.V. field until the next

pulse sent by the light pen.

The analogue method was tested and proved to be very
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satisfactory. The use of a simple Sample and Hold was found
adequate to give very accurate results which is a distinct
advantage considering the points raised in section 3.4.1IV.

Analogue was thus chosen as the most desirable method.

The chosen Sample and Hold amplifier is an inexpensive one
and commercially available. Thus the analogue method proved the

most cost effective considering the accuracy achieved.

3.4 Adopted Design

The final design for the analogue board is illustrated in
Fig.3.6 and its respective waveforms in Fig.3.5. At the time of
initial experimentation light pens were very expensive. For this
system a light pen was therefore designed. Light pens, however,
are now readily available and can be obtained at a reasonable
price. Nevertheless, reliable and efficient light pens are still
difficult to acquire. The designed light pen produces a positive
short pulse when its photodiode is struck by the photons from the
face of the T.V. screen. A detailed discussion is given in

sections 3.4.VI and 3.4.IX.

For the photodiode to detect the photons, a raster of
adequate intensity was constructed using the Mixed Video Blanking
and Mixed Video Sync, waveforms, obtained from the T.V. waveform
generator, 1in a simple voltage adder. However, this mixer could
not have been constructed using only passive components since the
low input impedance of the monitor would have loaded the mixer,

hence the use of an op-amp. was necessary.

To measure the position of the light pen on the raster, the
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Fig 3.4: Analogue System for the Light Pen

field drive was used to determine the y-coordinate of the light
pPen by integrating the area under the curve generated by the S-R
Flip-Flop (Fig. 3.6). This waveform was similar to a square
waveform with its negative going edge being the start of the
field and its positive going edge being the position of the light

Pen.
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For integration let the amplitude of the waveform out of the
S-R Flip-Flop be a, and the Y input to the X-Y recorder be Yeo.
Also let t-* be the time from the beginning of the field to the
position of the light pen, and T the period of the field drive

waveform, then:

1 1 T tx tx
YCO = 1 3 dt = - [at] = a-a—=a (1---
T™M1L T tl T T
when +]1 = 0 Yeo = a
when +1 = T Yeo = a - a = 0

An op-amp. integrator called the Smoothing Filter in section
3.4.VII, was used to produce the Yeo. As seen above when t” 1is
zero, that is when the light pen is positioned at the top of the
T.V. screen, the value of Yeo is a. However, when tj 1is the same
value as T, then the light pen is positioned at the bottom of the
T.V. screen, and the value of Yeo is zero. Thus the position of
the 1light pen at any other point on the screen gives a fraction
of the wvalue of a. These values were interpreted by the X-Y
recorder and hence the Y-coordinate of the pen of the recorder

was found.

Due to the above integration the output of the Smoothing
Filter was found to be a ramp of small amplitude sitting on a
d.c. voltage (non-ideal integrator). To smooth this even further
and hence eradicate the vibration on the plotter, a 3-pole low

pass filter with 20Hz roll-off frequency (section 3.4.VIII) was
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used.

The determination of the X-coordinate of the light pen
required further investigation. In the case of the y-coordinate
the light pen pulse was occurring in every field, though in the
case of the x-coordinate this pulse was not repeated in every
line. Thus a Sample and Hold technique was used enabling the
storage of the position of the light pen for 312 lines before it

repeated itself.

For the S&H circuit the pulse generated by the light pen was
sampled against a linear ramp. The ramp could have been taken as
the integration of the field drive, but this use of the ramp
would give a very insensitive movement in the X-direction because
the slop of the ramp would be its peak voltage (3V) divided by
the duration of the field (20mS). To improve the sensitivity the
slope of the ramp had to be increased. This can be done either by
increasing the voltage or reducing the time duration. The former
was found to be expensive and impractical since the voltage runs
into hundreds of volts. Therefore, the latter was achieved by
integrating the line drive (section 3.4.IX), hence reducing the
ramp duration 312 times and increasing the slope of the linear

ramp.

This ramp was sampled by a pulse generated at the position
of the light pen. The light pen pulse had to be differentiated
and delayed for one T.V. line (64us timer) as described in
sections 3.4.IV and 3.4.V. The S&H circuit thus sampled the ramp
at the position of the light pen for a duration of one line and

held the sampled value for 20ms until the next field.

This produced a d.c. voltage with its value representing the
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X-coordinate of the light pen (Fig. 3.5.H). When the pen was at
the beginning of a T.V. line the d.c. voltage was at its minimum

and when the pen was at the end of the T.V. 1line the d.c. voltage

was at its maximum.

A noise of 64us duration was present in this d.c. output due
to the sampling period of the S&H circuit. This noise was

smoothed with a Smoothing Filter as described in section 3.2VII.

The circuits of the block diagram (Fig.3.6) are described in

detail in the next nine sections.

Wl T T T T TT T T U e

PR P y-Coordinate
E | o : L o

/4\/_ ¥—Coordinate
H

Fig. 3.5 Waveforms for the Block Diagram in Fig.3.6.

3.4.1 Sync. Generator:

The light pen system has to synchronise with an accurate and
stable incoming field and line drive waveforms. For this purpose

a T.V. sync. pulse generator was placed at the heart of the
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Fig. 3.6 Block Diagram of the Light Pen Circuits
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system. Available T.V. sync. generators, at the time of initial
experimentation, were often either made in American NTSC system

or did not produce the syncs. in accordance with CCIR standards.

The best and cheapest CCIR T.V. Synchronising Pulse
Generator available was found to be a TTL compatible Ferranti
ZNA134J. This 16 pin chip was found to be capable of producing
all the required videc waveforms (Fig. 3.7) with a single +5volt
supply. Its accuracy and stability was guaranteed by a resonant
crystal of frequency 2.5625MHz in series with a wvariable
capacitor of wvalue 60pF. Z2K-ohms pull-up resistors can be used in
all outputs for increasing edge speed and sourcing capability

together with the internal 10K-chms resistors (Fig. 3.7).

o 7 5 f——————e [ine Drive
ml;— 1 1§ f—————— Field Drive
e Mix Sync.
r
] 4 Mixed Video Blanking
% 13 Mixed Cathode Blanking
14 Even Fields
. 8

___4| F_dfl____

2.5625  60pF
MHz

Fig. 3.7 Sync Generator Chip

3.4.I1 Integrator:

In order to measure the position of the light pen on the
T.V. screen, it was necessary to generate a linear ramp of 64uS
duration for feeding the Sample and Hold circuit. Ramp generation
using digital methods was investigated and the simplest method

was found to be the direct integration of the line drive
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waveform. A simple RC network is sufficient for ordinary
integration but to get the best linearity over the ramp it was
decided to use an a.c. op-amp integrator (Clayton, 1979). A
simple RC network is not linear for large amplitude (Part A to C
Fig. 3.8), but using an op-amp enables us to use only a small
section of the charging curve even with a large amplitude. (Part
A to B, in effect multiplying the value of VA by the value of the

gain of the op-amp A) (Appendix IV).

Fig. 3.8 Charging Waveform
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From Fig. 3.9

equation (1) becomes

Vs -V » d(Vo-vg>
=P oo = r but ig = 0
R dt 9
- C but V_:AV vg
R R dt ¥ A
Where A is a negative value
vi dl(1/A)-1]1Vo Vo 1
Commmmm - = but —  is small
R dt AR AR

Vvt d[(1/A)-1]Vo
dt
1 1
( - —-i)vo if - =0
A A
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CA3029 and finally a CA3140. The latter was chosen due to its
wide bandwidth and its ability to function without external phase

compensation.

Using the integrator as in Fig 3.9 would soon cause the op-
amp to drift into saturation due to amplifier bias current and
offset voltage. To prevent this, the d.c. feed back loop was
closed by a large value resistor (Rf] in parallel with the
capacitor C. This provides a d.c. path through Rf and hence
disables the op-amp to act as a d.c. integrator. A similar effect
could also have been achieved by using an F.E.T. transistor to
switch on during each flyback to discharge the capacitor, thus
resetting the circuit to zero. The final circuit diagram for the
integrator follows. ( The effect of the 10uF capacitor and diode

D are explained on the next page).
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It is important that the ramp generated by this circuit
should be linear and stable, for if the ramp is not linear the X-
coordinate of the moving pen of the X-Y plotter is also not
linear. If the ramps are not stable and jitters are present then
the same jitter appears in the X-Y plotter. To generate a linear

and stable ramp the following four precautions were taken:

1) An integrating capacitor with high leakage current causes
the dvc/dt to lose constancy, since ic drifts due to leakage.

This was overcome by using a InF polystyrene capacitor.

2) The input to the integrator had to be free of any d.c.
voltage since this limits the maximum amount of the output swing.
If a d.c. voltage 1is present at the input of the op-amp the
output also carries a d.c. voltage depending on the wvalue of
Rf/R-p The supply voltage to the op-amp was -5V so the total peak
to peak swing was 10v. If a +10mV d.c. 1is present at the
inverting input, -10 X 10 X Rf/R® = -3.6V appears on the
output, giving a positive output swing of 8.6V and a negative
output swing of 1.8V. The maximum output swing before any

clipping is thus -1.8V, a reduction of 72 per cent.

For the reasons given above, a decoupling capacitor was used
to remove the d.c. voltage from the 1line drive. Since the
inverting input of the op-amp was at virtual earth, the input to

the integrator can be represented by the circuit shown below:
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This is a differentiator and if the value of the capacitor
is not high enough, relative to the 7.5 K-ohms resistor, it tends
to differentiate the square input and therefore does not produce

a linear ramp. If the input is the following square waveform:

and decoupling capacitor is not high enough then the output would

look like this:

It was found that in order to produce a linear ramp by the
integrator the aiming voltage for the charging period of the

capacitor had to remain constant.

If the charging equation of the capacitor is

v =V (1 - e t/CR) where V = aiming voltage

av
___ e-t/CR

dt CR

Therefore the rate of change of voltage with time (the ramp)
is proportional to V, the aiming voltage. Hence the line drive

waveform had to have its flattened portions exactly horizontal.

3) Although the mixed sync, waveform from the sync,
generator chip was the actual length of the displayed T.V. lines,
the line drive waveform was integrated as the mixed sync,
waveform caused the integration over the field sync, period to

introduce a gradual lifting of the ramps at the end of the field,
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which resulted in a vertical shift of the ramp and thus gave
different X-coordinates for the plotter’s pen's wvarious Y-
coordinates while the X-coordinate of the light pen remained

unchanged

4) Hum in the system either on the power supply or on the
line drive itself changed the relative position of the ramps to
each other. A diode D was used to clamp the output to the earth
and thus each ramp was held in a fixed position relative to each
other. Thus the plotter's pen did not drift due to hum when the
light pen was stationary. It was also ensured that when the
movement of the light pen was completely vertical the X-

coordinate of the plotter remained the same.

The linearity of the ramps was checked using a Marconi
oscilloscope type TF1331A. This oscilloscope has the facility of
a calibrated X and Y shift and hence enables the systematic
measurement of the slope of the ramp and thus a check of its
linearity. This linearity was later confirmed by plotting the
Hess Chart using the signal produced to display the chart itself
(section 4.6) rather than by plotting the chart using the light
pen signal. The percentage of the non-linearity introduced by the

op—amp is calculated in Appendix V.

3.4.I11 Raster Mixer:

The purpose of this circuit was to produce a noise free and
stable raster so that the 1light pen's position could be
determined from it. Initially a check was made to measure the
delay caused by producing such a raster. This delay together with

the delay caused by the light pen circuits creates a discrepancy
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between the coordinates of the light pen and the pen of the
plotter. The delay in producing the raster was found to be a
function of (1) the electronic circuits of the monitor, (2) the
time taken for the electrons to travel from the cathode to the
screen in the T.V. Cathode Ray Tube, (3) the time taken for the
phosphor on the screen to glow. Delay calculations are found in

Appendix X.

As demonstrated, in Appendix X, of the three delays the
latter one was the largest and therefore the longest delay was
approximately a few u-seconds. This delay did not have any effect
on the Y-coordinate but it shifted the X-coordinate by a few u-
seconds. Since it was always constant it could be ignored.
However, 1in section 3.4.V the effect of this delay is completely
absorbed in a 64uS artificially generated delay. The question of

the delay having been satisfied, the raster was constructed.

In Fig. 3.11 a resistor matrix was used to superimpose the
Mixed Video Blanking waveform from pin 4 of the pulse generator
on the Mixed Sync, from pin 3, to give a waveform with the
correct amount of blanking together with equalising pulses

(Appendix VI).

An op-amp, CA3029, was then used to act as a buffer stage

with a set gain of 1.43.

Rf 4.3
The Gain =1+ — =1+ -- = 1.43
Rx 10

47pF capacitors and 1lK-ohms resistors were used for phase

compensation.
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4.3K

Fig. 3.11 Raster Mix Circuit

Since the output of the sync, generator was too high for the
op-amp, a lK-ohms resistor was connected between pin 4 of the op-
amp and earth to reduce the input signal. and R2 were the 2K-
ohms pull-up resistors needed for the sync, generator. This
produced a noise free and stable raster with optimum brightness
for the eye and the light pen. It was found that if the raster
was too bright, the eyes were stressed causing inaccurate
results. Meanwhile, the raster had to have enough intensity for
the light pen to pick up adequate signal in order to produce a

stable pulse output, hence a balanced intensity was desirable.

3.4.IV Sample and Hold:

The principle application for Sample and Hold amplifiers is
to maintain the value of an analogue input constant during the
Hold period and precisely follow its analogue input during the

Sample period. These two periods are known as the two modes of
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S&H amplifiers. In the sample mode, the output follows the input.
When the mode switches to hold, the output of the S&H ideally
retains the last value it had when the command to hold was given,
and it retains that value until the logic input dictates sample
mode, at which time the output ideally jumps to the input value

and follows the input until the next hold command is given.

In this design, the analogue input was a ramp described in
section 3.4.I1 and its logic input was the pulse out of the light

pen circuits.

There were many single chip Sample and Hold circuits
available. It was found that the hold time was much longer than
the sample time thus it was decided to use LF398 which is a very
cheap single chip Sample and Hold amplifier. The circuit is shown

in Fig. 3.12.

As a low cost S&H circuit was used all its limitations were
examined to ensure satisfactory operation under required testing

conditions. These are described below:

Aperture time: The value of the aperture time 1is not
critical since the response of the patient in recording the
coordinates of the light pen on the plotter is much longer than
the aperture time. Also at constant room temperature the aperture
time remains constant. Thus this consideration can be ignored as

the recorded chart is shifted by a constant amount.

Acquisition Time: The acqguisition time of the Sample and
Hold did not affect its function for two reasons. The first was
that during the recording of its coordinates the light pen was

stationary on the T.V. screen hence the wvalue of the output of
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the Sample and Hold remained constant. Second was that the width
of the logic input to the S&H was much longer than the

acquisition time (next section).

Fig. 3.12 Sample and Hold circuit and its Waveforms

Droop Voltage: The output droop rate with a 0.00luF
capacitor was 3X1O_7 Vs_l, hence for 20ms (duration of a T.V.
field, or the hold period) the droop voltage was 0.6mV. If the
total output swing of the S&H amplifier was 3V and the width of

the T.V. screen 300mm then the equivalent horizontal displacement

of the light pen was 0.06mm which is negligible.

In total, the S&H functioned most satisfactorily and helped
in producing both a very stable and sensitive signal representing

the X-coordinates for the position of the light pen.
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3.4.V Timer (Delay):

The Sample and Hold amplifier tracks its analogue input when
its logic input is high and holds the last value of the analogue
input when the logic input becomes low. Therefore the logic input
has to be low during a complete field to hold the analogue value
until it is refreshed by the following logic pulse whose leading
edge 1is the position of the light pen and its trailing edge is

where the S&H amplifier stops tracking.

From the waveforms in Fig. 3.5 one could see that the width
of the pulse connected to the logic input had a considerable
effect in the value of the output of the S&H. For this output to
represent the exact position of the light pen ideally the width
had to be zero. This is clearly impossible, thus the width of the
pulse was set at exactly 64us (length of a T.V. line) so that the
value at the leading edge equalled precisely the wvalue at the
trailing edge. The S&H amplifier would therefore continue to
track the input until the exact position on the next line was
reached. This was made possible since the ramp generated for the
analogue input was the integration of the T.V. line itself (Fig.

3.10)

The precise horizontal position of the light pen was thus
established although the noise at the output of the S&H was
increased. However, this increase does not pose any serious
difficulty as the smoothing filter is well capable of suppressing

this noise.

This delay of 64uS can be achieved by a timer or monostable.

The delay time = CR where C and R are the timing components of
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the timer. If C and R each have an average tolerance of 10% then

the delay time has a tolerance of 20 per cent.

The delay time is anything between 50us & 80us. With these
figures the Sample and Hold has a totally wrong value and
sometimes even represents the value of the flyback portion of the

ramp.

To overcome this problem, it was decided to try to measure
this 64uS delay by a digital circuit. To do this a number of
different frequency clocks and counters were used. The digital
method was not very successful, however, due to the following

reasons.

1. If the crystal clock is independent of the clock for the
line and field drive then the drift between the two clocks makes
the output of the counter Jjump between two adjacent logical

states when the light pen is stationary on the raster.

2. If the crystal clock is the same as the clock for the
line and field drive then when the light pen is moving smoothly
over the raster, the output of the counters moves in steps and if
the light pen stopped between two adjacent logical states then

the output starts to vibrate between the two states.

3. Finally, 1if the clock is generated from the beginning of
the light pen signal, then one can count a delay of 64us
digitally. This however, involves designing a separate and non-
crystal clock. The use of a timer was therefore reconsidered. An
adjustable timing component was used and this was set at 64uS
with adjusts on board (A.0.B.) facility to compensate for the

tolerance of the components.
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Different timers and monostables were tested and timer 555
proved to be adequate to give a stable 64us delay. This was
checked by observing the stability of the plotter's pen when the

light pen was stationary. The circuit for the timer is shown in

Fig. 3.13.

The 0.22uF capacitors are used for decoupling purposes. One
capacitor is placed across the supply and the other is used for
improved operation across the Control Voltage and ground. The TTL
compatible output of the timer proved to be adequate and was fed

to the logic input of the S&H circuit.

Fig. 3.13 Timer Delay of 64us

3.4.VI Light pen: (Appendix III)

There are many good light pens available on the market
especially light pens designed for T.V. application such as T.V.
games. However, the cost of these light mics are so high that it
was decided to design a light pen suitable for this research

project.
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Many different photodiodes and phototransistors were tested.

BPX61 is a typical fast photodiode with a rise time of 50ns.

Since B x Tr = 0.35 Where B = Bandwidth

g

Tr Rise time = 5 x 10—

Then B 0.35/Tr = 0.35/(5 x 10"9)

B = 7TMHz

This was quite adequate for use in the light pen but its

2
current with incident light was only 0.06uA/mW/cm . The IPL33
photodiode was not as fast as the BPX61l since its rise time (Tr)

was 250ns which meant:

B = 0.35/Tr = 0.35/(250 x 10"9]

B = 1.4MHz

Its bandwidth was not as high as the BPX61l, but its
sensitivity was over ten times greater. Its current with incident
light was given as O0.7uA/mW/cm . This 1s a very important
improvement for a light pen used in hostile environment such as
in the wvicinity of a T.V. monitor with its C.R.T. and its
phenomenal amount of interference and noise. Nevertheless, this

frequency was acceptable in T.V. applications.

For this diode, as a result of the fall in the bandwidth,
the frequency response was checked by disconnecting the x and y
deflectors of the C.R.T. in an ordinary T.V., so that the beam of
the gun was only projected onto the centre of the T.V. screen.

The gun was then modulated with very short duration pulses at a
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frequency of not more than 50Hz so that the average beam
intensity was very low, 1in order not to burn the phosphor of the
T.V. screen. By placing the photodiode in front of the
illuminated dot one can observe the output of the pen and compare

it with the input pulse.

modulated input pulse

output of the light pen
8uS

Provided that the op-amp used in conjunction with the
photodiode has a wide bandwidth response, the 8us width of the
output of the light pen is due to the after-glow of the phosphor
of the T.V. screen. Given that under normal conditions the
effective width covered by the photodiode on the T.V. screen is
less than lus scanning time, then the width of the output of the
light pen would be even less than 8us. Hence it was shown that
the frequency response of the photodiode IPL33 was more than

sufficient.

Other types of photodiodes such as light-activated switches
were tested but their frequency response and sensitivity to

visible 1light did not prove to be adequate.

The circuit for the light pen is shown in Fig. 3.14.

The amplifier used was an F.E.T. input op-amp with a unity
gain bandwidth of 20MHz. Ordinary op-amps such as a 741 and a
CA3029 have low input impedance, hence the reverse current

through the photodiode would be lost, while an F.E.T. input op-

_82_



74LS132

Fig. 3.14 Light Pen Circuit
amp 357 with its 1O12 ohms input resistance and 1OpA input offset

current would pick up the small reverse current of the IPL33

photodiode (VO=IDR, R = 1.8M Ohms, ID = 0.7uA/mW/cm2 when the

negative input of the op-amp was at virtual earth).

Some comparators were also tested but none of these,
including a LM311 with input offset current of only 6nA, gave a
result as good as the 357 J.F.E.T. op-amp with its high input

impedance

The diode and its F.E.T. input op-amp were housed in a
heavily earthed box with a tube channelling the light so that
the screen of the T.V. did not interfere with the functioning of
the light pen circuits. The output of the op-amp was then passed
through a Schmitt trigger gate to clean the edges of the pulses
and to square them by reducing the rise and fall times, as shown

in Fig. 3.15a . The reason for the presence of so many pulses at

* The hysteresis property of the Schmitt trigger was particularly
helpful in producing stable and effective pulses representing

the position of the light pen over the monitor screen.
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Fig. 3.15 a. Light Pen Waveforms

b. Effective Area of the Photodiode Relative to T.V. Lines.

the output of the photodiode is that the effective area of the
photodiode covers many lines on the T.V. screen, shown in Fig.
3.15b. The top and bottom lines, covered by the photodiode,
produces very weak and unstable pulses for two reasons. The first
is that the pulses were only picked up for a short period and the
second is that being at the corner of the effective area the
light intensity was considerably less. Hence the amplitude of
these pulses was found to be less than those at the centre of the
photodiode. After observing the waveform, it was realised that
the first few pulses were unstable because the angle of the light
pen held against the T.V. screen was not always constant and that
the actual place of measurement of the position of the light pen
was the centre of the effective area of the photodiode. Therefore
by passing the output of the Schmitt trigger gate through a

divide by four counter it was possible to ignore the first four

-B4-



pulses and to recognise the 5”h pulse as the actual position of

the light pen. This pulse was then inverted before the S-R flip-

flop stage.

The three 2.2pF capacitors were used for phase compensation

depending on the shape and construction of the light pen box.

3.4.VII Smoothing Filters:

In the case of the X-coordinate output the smoothing filter
was used to eradicate the noise generated (with a duration of
64us) during the sampling time of the Sample and Hold I.C. In the
absence of the smoothing filter, large jitters would appear on

the plotter, every 20ms, in the direction of the X-axis.

In the case of the Y-coordinate output, the smoothing filter
was to integrate the square waveform generated by the S-R flip-
flop to give as straight a line as possible, or alternatively, to
average the area under the curve. This gave a saw-tooth waveform
of a very small amplitude (Further smoothing and explanation in
the next section) with a large d.c. offset. The amount of the
d.c. depended on the area under the curve and was representative

of the Y-coordinate.

The circuits of both filters are shown in Fig. 3.16. An
optimum value of R and C in Fig. 3.16 was chosen so that no
jitters appeared on the plotter, whilst shortening the response
time of the pen of the X-Y recorder, relative to the movement of

the light pen.

It has been proved (cf. Appendix V) that for an integrator;
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Fig. 3.16 Smoothing Filters

Therefore at the pole wQCRf = 1

2TT CRE
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when C 2.2x10 F

and Rf = 62x10” Ohms

fo=1.2Hz.

Low Pass Filters with Roll off Frequency of 1.2Hz.

Through experiments it was found that low pass filters with
a roll-off frequency of 1.2Hz are sufficient to cut out any high
frequency noise from the signal. For the X-coordinate, the
frequency of the 64uS noise, generated by the S&H circuit, was
certainly higher than 1.2Hz and its amplitude small, with respect
to 4dB dropping at 20dB decade-", to obliterate it without any
difficulties. However, for the Y-coordinate, the frequency was
not as high and its amplitude as small as the X-coordinate and
this, although attenuating much of the a.c. voltage, still
transferred some of the higher frequency components to the output

(For more information c¢.f. section 3.4.VIII).

By observation it was also found that the roll-off frequency

of 1.2Hz was high enough not to produce a slow response time of
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the plotter’'s pen to the movement of the light pen. This was
worth considering for the use of the instruments, by trained or

fast and confident patients.

Initially electrolytic capacitors were used and this
resulted in a non-linear output, but by using solid tantalum
capacitors, this problem was rectified. One possible explanation
could have been the leakage current for electrolytic capacitors
which was found to be 3uA, and 1luA for solid tantalum. This
suggests, therefore, that the leakage current could not be the
cause for such a non-linear output. Finally it was found that the
electrolytic capacitors were not stable since, the value of C,
(g=VC) was not constant and varied with the amount of charge q.
(Tantalum capacitors are themselves electrolytics but the
internal construction is different from those known as

electrolytic capacitors).

The function of the 10K-ohms variable resistor at the
output of the x-coordinate op-amp was to make the output voltage
amplitude variable 1in those cases where a plotter lacked a

variable amplitude control.

The output of the R-S flip-flop was either 0 or 5V. If the
light pen was at the top section of the T.V. screen then the
output of the R-S flip-flop was a short duration pulse and thus
the area under the curve was small giving a minimum d.c. output
from the smoothing circuit. If the light pen was at the bottom
section of the T.V. screen then the output of the R-S flip-flop
was a long duration pulse and the area under the curve was large
giving a maximum d.c. output from the smoothing circuit. This

caused the smoothing circuit to saturate. To overcome this
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problem the R-S flip-flop's output was shifted so that it could
change between a negative value, -2V, for example, and a positive
value of (-2 + 5) + 3V. The purpose of a 100K-ohms resistor at
the inverting input of the Y-coordinate op-amp was to shift the

output of the S-R flip-flop tegatively

In conclusion, these smoothing filters together with the 3-

pole low pass filter provided jitter-free outputs.

3.4.VIII 3-Pole Low Pass Filter:

In the last section it was shown that the roll-off frequency
of the Y-coordinate smoothing filter was 1.2Hz at +4dB, dropping
at 20dB decade-1. Therefore the gain at 12Hz was -16dB and at
120Hz was -36dB. This attenuation was found not to be enough and
resulted in a saw-tooth waveform at the output of the smoothing
circuit. Its frequency was 50Hz, hence by placing a low pass
filter with a roll-off frequency of 20Hz, it was possible to
produce a clean enough d.c. signal to the plotter for Y

deflections.

As, in section 6.4.VII an active 3-pole low pass filter was
already designed and used, the same circuit was adopted here

(Appendix XI). The circuit is shown in Fig. 3.17.

Fig. 3.17 3-Pole Low Pass Active Filter
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The design was based on a Chebyshev filter type with 1dB
ripple and rapid (60dB decade-") cut off with minimum number of
components, using capacitors, resistors and an op-amp. This had a
roll-off frequency of 20Hz and 10O0OK-Ohms resistance level for a
compromise constrained by the amplifier input current offset and
drift on the one hand, and the desire for small capacitor values

on the other.

The variable resistor at the output of the filter was to
vary the voltage amplitude as in the previous section to cater

for those plotters with no variable amplitude control.

3.4.IX S-R Flip-Flop and Differentiator:

As explained in section 3.4.VIIT, the purpose of this
circuit was to generate an output of zero Volts from the
beginning of the field to the position of the light pen, and 5
Volts from the position of the pen to the end of the field

waveform.

Thus the S-R flip-flop would be set by the light pen signal
and reset by the field drive waveform. The circuit is shown in

Fig.3.18.

For use in the y-coordinate smoothing filter the output of
the S-R flip-flop was needed to be inverted since the output of
the smoothing filter was also inverted. For the X-coordinate the
output had to be differentiated using an R-C network. This
differentiated signal was then passed through a gate to obtain a
proper negative going square pulse suitable for the timer

circuits. The timer was only triggered by the negative going edge
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of a pulse.
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As shown in Fig. 3.19, the output of the light pen counter
could not have been used for the timer, since there were many
pulses and their widths were not constant. The output of the S-R
flip-flop could not have been used either, since according to the
timer data sheet the trigger voltage had to return to + V before
the completion of the set timing period T. Thus by
differentiating the S-R flip-flop's output the pulse width to the
timer was always constant and smaller than the period T. The
output generated by the S-R Flip-Flop was fed to the timer

circuit and proved to be suitable and compatible.

3.5 Summary

The monitors and the X-Y plotter used in this section were
kept free from any modifications hence ensuring the production of

a low cost system.

The system was designed with both the digital and analogue
concepts in mind. Hence, the simplest circuits were always chosen
according to the superiority of the design whether it was digital

or analogue.

Expensive commercial light pens were considered and although
extensive research was conducted, eventually a sensitive, low
noise and low cost light pen was designed. This provided low

noise signals for use by the subsequent circuits.

The Sync. Generator proved to be very useful and produced
very accurate waveforms which were used throughout the circuits

both in this and subsequent chapters.
The inputs to the system consisted of the power supply +5
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and -5 Volts and the light pen signals. Its outputs were two d.c.

signals to the X-Y plotter representing the horizontal and

vertical coordinates of the light pen on the T.V. screen.

It must, however, be mentioned that due to the complexities

attributed to television interlace, the designed circuits were

only driven by the even field output (Pin 14) of the SNA134J chip

in Fig. 3.7.
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CHAPTER 4

HARDWARE DESIGN (CHART MONITOR)

4.1 Introduction

As has already been discussed, one eye of the patient would
be directly observing a blank monitor together with its light pen
(Chapter 3) and, his other eye, through a mirror, would be
imaging the Hess chart. This chart was to be displayed over a
second T.V. screen, so that either the whole or part of the chart

would be exposed to view.

The Hess chart, as stated previously, 1s the projection,
onto a plane screen situated at a normal viewing distance from
the eye, of the lines of latitude and longitude drawn on the
surface of an imaginary sphere centred at the eye. The chart
printed onto the T.V. screen was to be designed in such a way to
generate small bright squares at the intersections of these

latitude and longitude lines.

The positioning of these square dots must be very accurate
(c.f. Appendix I) and their brightness tightly controlled for
good superposition of the chart onto the blank screen. For
generation of such a display, a few different methods were

considered which are outlined as follows:

4.2 Dank Memory

One of the ways of producing the Hess chart on the T.V. was
to have a bank of memories storing the total area of the T.V.

screen. In this way the complete chart was to be memorised in
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ROMs; which could be simply addressed by a counter. This method,
although not wvery complex, was found to be expensive and

therefore not viable in this project.

4.3 Video Display Generators

Using a V.D.G. in conjunction with a microprocessor was
found to be a very advantageous method. However, at the time of
designing this circuit all V.D.G. 1I.C.'s available were NTSC
(U.S.) system and not compatible with PAL television (such as
A.M.I. S68047 or Motorola MC6847Y). Also the maximum resolution
on Graphic 7 (A.M.I., 1978) was 256 display elements in columns
and 192 display elements in rows, whereas the required resolution
was 400 display elements in columns and 315 display elements in
TOwWS. The best way of producing the Hess chart in future would
be by using a high resolution V.D.G. in conjuction with a
microprocessor, so that control would be easily obtained over
every individual square dot. This could also provide a suffix in

alphanumerics identifying each square dot.

4.4 Cushion Effect

The Hess chart is a symmetrical square chart with its
corners pulled outwards and the centre of its four sides pushed
inwards (Fig. 2.5). This shape 1is also the effect of the T.V.
screen, when the correcting magnetic bars on the Cathode Ray Tube
are missing (cushion effect). If only one line of the Hess chart
was to be stored in a memory and repeated to construct a Hess
Chart in a perfect square format then one would be able to
produce the chart on the T.V. screen by removing the correcting

magnetic bars and adjusting the coils of the C.R.T. to give the
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chart.

This is a very long and tiring process and not practical on
every single T.V. used for this purpose. There is also some doubt

about the accuracy of the chart produced by this method.

4.5 Microprocessor (The Use of Software)

A microprocessor could be used to calculate the coordinates
of the chart and draw it on the T.V. whilst the beam is scanning
the screen. This needs a very fast microprocessor and a lot of

software design.

4.6 Adopted Design (The use of Hardware)

In effect the method adopted here for the production of such
a chart was, more or less, the same method as would be used in a
microprocessor hardware design. The design has the advantage of
higher speed and the obliteration of unnecessary sections of
hardware found in a microprocessor system. The final design for

the digital board is illustrated in Fig. 4.1.

The field drive and the line drive waveforms were fed into
two counters - one counting the number of lines and the other,
the number of cells on each line. The outputs of the counters
were compared with the outputs of two EPROM memories filled with
the coordinates of the Hess Chart. If the outputs of the
comparators - one for vertical coordinates and the other for
horizontal coordinates- were high then the respective point on
the T.V. screen would be 1lit up. Also each pulse output from the
comparator would cause the location of the memories to jump to

the next coordinate.
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Provisions were made for the chart either to be displayed in
its entirety, or by a pre-programmed sequence, or by individual
selection of each square dot. To display only one square dot on
the chart, all the others were inhibited by providing a window
for each square dot and closing all but one. This was facilitated
by the two counters (divided by 15), and their outputs were then
compared with a memory storing the coordinates of the windows.
For the pre-programmed sequence, the locations of the memories
were chosen in a set sequence using a counter. This was to enable

the patient to follow the test by himself without outside help.

To be able to display only one square dot at a time in any
desired sequence, the outputs of the window counters were
compared with a fourth memory, the locations of which were
controlled by a keyboard encoder connected to a keyboard
identical in shape to the Hess Chart such that each dot had its

own switch.

With the help of switch one could either display the
complete chart or only one square dot of the chart. S4 would
enable the square dot to be chosen in a pre-set succession or in
any sequence. In the next five sections the design of the circuit

is described in detail.

4.6.1 Horizontal Coordinate Generator:

In this section the horizontal coordinates of the chart, are
to be constructed. This was to be gated with the wvertical

coordinates for the generation of the full Hess chart.

a) Clock: The frequency of the clock, which was the heart of
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the entire system, was determined by the required horizontal
resolution of the chart produced on the T.V. For good chart
recognition on a 20" T.V. screen, viewed from 30cms, a 4mm width
for each square dot on the chart was considered to be

appropriate.

The square dots are arrayed in an arc shape, and the chart
is constructed digitally. Thus for sufficient accuracy for the
construction of the arc the clock period had to be half the width
of the square dot. This meant that each square dot could only be
displayed by half of its width from its adjacent dot. Thus using
a 4MHz clock one would be able to display a matrix with a

resolution of 208 cells of 250ns duration. These cells were

about 2mm wide on a 400mm wide screen (20" T.V.).

Although the clock was sitting in the heart of the system,
however, it had to be synchronous with the waveforms out of the
T.V. sync, generator I.C. This prompted the design of an
enabled/disabled clock, driven by the mixed wvideo blanking
waveform of the sync, generator. The circuit for the 4MHz clock
is in Fig. 4.2. and the explanation of its operation is found in

Appendix VII.

The mixed video blanking waveform was fed to the clock, thus
inhibiting the clock during vertical and horizontal blanking and
ensuring synchronisation of the two. A 2K-ohms variable resistor
was used to adjust the clock to 4MHz frequency. The two inverting

gates at the output of the clock acted as buffers to produce

* A T.V. line is 64uS, but 12uS of it is blanked, hence only 52uS

was displayed on the screen:

I (52 x 10”76) / (250 x 1079) = 208 cells.
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clean edged pulses.

For the reason given in section 'e' the clock pulses
required a small Mark Space ratio. Therefore some of the

components of the clock had to be changed to the ones shown in

Fig. 4.3.

220p
|1
i

IK x
L
|
ool Lo | iy
Moo o |—~{@)— 7400 7400
13 10 2 5 Qutput

Mixed Video Blanking

Fig. 4.2 4MHz Clock Circuit

1500p
11

1K | x 4

S6p

L

Mixed Video Blanking

Fig. 4.3 Final Design for the Clock

b) Clock Divider: With a frequency of 4MHz and a screen of
400mm, there were 208 cells to produce across the screen using
counters. To be able to count up to 208 cells an eight bit
counter was required. At first the eight bit binary counter

CD4040B were considered, but this had a propagation delay of 200
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to 400ns which was far greater than the clock pulse period. Hence
two SN7493 4-bit binary counters were used in cascade. These had

a propagation delay of only 13ns. The circuit is shown in

Fig.4.4. Both counters were inhibited during vertical and

horizontal blankings. (The clock also was inhibited during this
period). The eight outputs were all taken to digital comparators
(0x to Qq).

Fig. 4.4 Clock Divider

c) X-Coordinate Memory: Each square dot in the chart was 4mm
X 4mm. Each T.V. line had a thickness of 0.5mm, hence there were
four T.V. lines in each square dot. Because the T.V. lines were
interlaced, there were in actuality eight T.V. 1lines in each
square dot. Each clock pulse was 2mm thus giving two clock pulses
per square. However, using a monostable to obtain the full width
of the sqgquare dot, one would be able to use one clock pulse per
square dot, hence each square dot in the chart needed four
locations in the x-coordinate memory B. The use of a monostable
together with interlacing characteristic of the T.V. system

helped to reduce the amount of memory required.
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There were 127 square dots to produce, therefore a total of
508 locations required in memory B , using EPROM 2708. The data
had to be in hexadecimal format (a requirement of EPROM 2708) and
the content of the memory is shown in Appendix VIII. The circuit
is shown in Fig.4.1. A counter was used to address the memory
with its clock input connected to the output of the digital
comparator, hence, with each comparator output pulse, the counter
would be clocked once and the EPROM addressed to the next
location. This produced a closed loop which continued to address
all the locations of the EPROM until all the counters were reset
by the field drive waveform. The eight outputs of the memory were
all taken to the second set of inputs of the digital comparator

(Mx to M2).

d) Digital Comparator: The function of this circuit was to
compare the 8-bits from the clock divider (Q* to Qg) and the 8-
bits from memory B (M-* to Mg), and to give a high output whenever
the two inputs corresponded. A two input exclusive -NOR is such a
digital comparator (see table below), and one would be able to
use eight of them to construct an eight input digital comparator.

The circuit is shown in Fig. 4.5.

As the two input exclusive-NOR 74266 is an open collector
TTL gate, it, with correct pull up resistor, may be paralleled
with each other to perform the Wired-AND function. (Texas

Instruments, 1978).

_yCC__ yOH
RL (max)

n x “OH + n x xih

-102-



+5

CXjtput
A B
0 0
0 1
1 0

Fig. 4.5 Digital Comparator/Exclusive-NOR

n = 8 Ecx-NOR

N = 1 TTL at output
IOH = 250uA

IjH = 40uA

VCC

+ 5volt

VQH min = 2.4volt

R” (max) = 1.2K-ohms

VCC “ VOLmax
RL (min) =

JOL " N x JIL

Vgl = 0.4volt
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I, = 1.6mA

R Ry (min) = 720 ohms
L The pull up resistor was chosen to be 1K-chms. The

output of the comparator was fed to a monostable.

@) Monostable: As explained in section “¢* the monostable
was used to give the width of the square dots in order to save

memory size. The circuit is shown in Fig. 4.6.

From Vertical Coordinate

; Sl
—.\ Mono-Stable D_

From Comparator _..__/’_ 4121
Srall Mark Space Fatio To Memory Counter A
Clock
L

To T.V. Mixer

Fig. 4.6 Monostable

The timing value of the monostable was made variable so that
the size of the square dots could be adjusted to suit different

eyesights.

It was imperative to produce a linear chart, but different
outputs of the counter had different delays (Asynchronous
Counters) and this had to be synchronised with the incoming clock
pulses. Therefore to overcome this problem the output of the
comparator was gated with short clock pulses (small mark space
ratio). In this way the spaces between output pulses were egual
and the presence of the monostable ensured that the pulses for

the display were long enough to be recognised by the memory B
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counter.

4.6.11 Vertical Coordinate Generator:

In this section the vertical coordinates of the chart are to
be constructed. The circuit is shown in Fig. 4.7. and as can be
seen the basic design is approximately the same as the one in the

Horizontal coordinate section 4.6.1.

The line drive waveform was fed as a clock input to a 12 bit
counter which was reset at the end of each field. Since the lines
were interlaced, there would therefore be a count of 312 lines

and not 625.

Because each line was only 0.5mm thick, only the even lines
were used for the construction of the chart thus halving the
memory size. Hence the outputs of the counter were Q2 to Qg. This
reduction of the counter's output from 9 to 8 helped in keeping
the number of the inputs to the digital comparator to the

standard of 8 and hence using only one 2708 EPROM for memory A.

The chart had 127 square dots, but many of them shared the
same lines. Therefore the total number of locations in the memory
A was found to be only 69. The content of the memory is found in

Appendix VIIT.

The construction of the digital comparator and its
calculation for RIL, and the EPROM A and its counter is the same
as that in the Horizontal coordinate section 4.6.1. The output of
this section was gated with the horizontal coordinate generator

(Fig. 4.6) for input to the T.V. mixer circuit.
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Output

Fig. 4.7 Vertical Coordinate Generator

4.6.I111 Window Inhibited:

As explained previously, it was often necessary to display,
at any one time, only one square dot of the chart. The circuit,
illustrated in Fig. 4.8, was designed to achieve this by blanking
the whole of the picture except for a particular window which

allowed only one square dot of the chart to be displayed. For
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example, opening window number 87, displayed the centre dot of

the Hess Chart (Fig. 4.9).

To be able to construct a perfectly uniform square grid,
with each of its component windows containing only one of the
non-equidistant square dots of the chart, careful and precise
calculations of window dimensions had to be made. The optimum
dimension of each window was found to be 15 clock pulses
horizontally and 30 lines vertically. With this format no window
contained more than one square dot. It was necessary however,
that the centre square dot had to be located at the centre of its
window. For example, the coordinates of the centre square dot

were 111 clock pulses Horizontal and 81 double lines Vertical.

To produce the vertical and horizontal coordinates of the
windows, the respective Line Drive (divided by 2) and the clock
frequency, were divided by 15 using two 74191 synchronous up/down
counters. The load inputs were set to 'zero' and the counters
were set to count 'up' to 15 (Fig. 4.10) (Texas Instruments,

1978) .

A ripple clock waveform was generated only if the 4 outputs
of the 74191 counters were all '0' or 'l'. Therefore at the
beginning of the Line Drive waveforms or the Field Drive
waveforms there was no ripple clock waveform available since the
outputs were holding to the last state of the count. To ascertain
that the outputs of the counters at the end of the count cycle
were always 'low', the counters were loaded to 0000 and counted
up to 1111. The loading waveform was generated by the output of
an 'exclusive-OR' with inputs of the ripple clock and the

line/field reset waveforms (Fig. 4.8).

-107-



The 208 clock count divided by 15 was 14 windows
horizontally. The vertical lines were 312.5 divided by (2 x 15),

giving almost 11 windows vertically.

To be able to make a matrix of 13 by 11, the outputs of the
divide-by-15 counters were fed to two 7493 binary counters
(Fig. 4.8). The outputs of these counters were compared with the

contents of the memory C using a digital comparator as explained

in section 4.6.I.d.

Fig. 4.8 Window Inhibit Circuit

* Since the first column of windows are not used there are only

13 windows horizontally.
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The content of memory C was used (Appendix VIII) so that the

patient, using a simple switch clocking a counter, addressing

EPROM C, could follow a set sequence for drawing the chart point

by point. The sequence, which is an extension of the classical

test, is shown in Fig. 4.9.

Switch S5 would clock the counter until the sequence was

completed and any more clocking would have no effect unless the

counter was reset by pressing switch S3. The format of the

sequence could be changed by rewriting the content of memory C.

Both 52 and 53 are antibounce switches.

0ooo

0ooo

0001

0010

0011

0100

0101

0llo

0111

1000

1001

1010

0001 0010 0011 0100 0101 0110 o111 1000 1001 1¢;1g0 1011 1100 1101
e | ug | 33 | 126 | 117
! s . ra 4 | 5 (4 T - b fo | I iz |13

W | 1eY | 39 [T | ng | S | 32 | 133 | 1AL | 125 | 36 | 4¢ | 53~ Mo- of Sequence
7 g 7| 2o | 3 22 | 28 | 29| 25 | 24 | 27 | 28 | 27 = Binary Humber
wo | 1o [ 102 | 25 | Wiy w3z [ to |1 [ 122 ] N | 45 |48 | s2
38 1 3% | 36 |3 | a7 | a8 | 0 | &t | 4z | 43 | Y& | &5
oy | /o5 | 102 | /o0 | 2% | N2 “?“?zo 15 | 42 | 4y | 4T | S
41 | 50 £/ | 52 | 53 |5 |55 | s¢ | 57 | 5% | 59 | 50 | &)
108 (104 |10t | 77 | 13 |23 | 8 I+ | %0 | W | 43 | % | S0

| g8 |8 |67 |68 |67 |0 |7 |2 |3 | T |75 | Fel7r
3 |20 | 22 | ¥ [ g [ 2 AR REE AE.8F
al X2 |83 |84 | 85 |44 | Zr | &% | 827 | %0 | % | 72 | 93
9 | 20 | &7 | 85| & | 17 |V | 20| 5S¢ | 55 | 57 | 60 | €9
97 75 Ty | 0 | fot doz | oz Jtoy | a5 | Mx | lor | o3 | fo
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Fig. 4.9 Table for Memory C and Window Number
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The output of the comparator was gated with the waveforms
generated in sections 4.6.1 and 4.6.II so as to produce only one
square dot of the Hess Chart on the T.V. screen. Switch
enabled the operator to either display the complete chart or only

one square dot (Fig. 4.8).

4.6.1IV Keyboard Control:

During the Hess screen test it was frequently necessary to
display the square dots of the chart regardless of the sequence
stored in memory C, specially to repeat parts of the test where

during the automatic test the results were found to be ambiguous

Fig. 4.10 waveforms for 74191 Counter
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or, for some patients, only a specific area of the vision needed
to be tested. For this purpose a keyboard encoder was used to be
able to display any dot by Jjust pressing its respective push
button on a keyboard. (The keyboard consisted of 127 push button

switches placed on a board isomorphic to the Hess Chart itself).

The encoder used could only handle a matrix of 10 x 9,
whereas the window matrix was 13 x 11. Therefore, if X and Y are
the two matrix outputs/inputs of the keyboard encoder, it was
also required to use the shift facilities of the encoder, such
that 64 of the push button switches connected the X outputs to
the Y inputs of the encoder with the remaining 63 switches
connecting the X outputs to the Y and the shift inputs. In this
way the X output was supplying the Y, and shifting the encoder

for the next set of switches (Fig. 4.12). However, the X outputs

Fig. 4.11 Block Diagram for the Keyboard Encoder

-111-



were narrow pulses and the shift input needed to be high at the
time of the pressing of the push button. For this reason a
monostable 74121 was used at the input of the shift to make sure
that the pulse to the shift input was long enough to be

recognised. (Fig. 4.11).

This encoder in conjunction with an EPROM could produce the
same data required for the digital comparator in section 6.4.III.
Thus by an 8 pole switch, one was able to either display the
chart in a preset or pre-programmed sequence, or to choose any
part of the chart by simply pressing the appropriate push button
{Fig. 4.11). The content of this EPROM (Memory D) is shown in

Appendix VIII.

# MNormal @ 5Shifted Pushbotton Switches

Fig. 4.12. Layout of keyboard's matrix wiring
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4.6.V T.V. Mixer:

The outputs of all four sections, after going through some
combinational logic, are added to a video waveform through a

mixer. The mixer circuit is shown in Fig. 4.13. A CA3029 op-amp

Fig. 4.13 Mixer Circuit

was used together with its respective external phase compensation
components. The input resistors (62, 4.3 and 1lK-ohms) were used
to mix the correct proportion of the mixed sync, waveform and
the digital pulses. The output was connected to pin 8 via a 100

ohms resistor to reduce the output impedance of the op-amp (RC3,

1970) .

4.7 Summary

The final system proved to be a complete substitute for the

Lees' (1949) screen test and offered many more advantages and new
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scope for further research in the analysis of the relative

movements of the eyes by ophthalmologists.

This section was designed using digital methods and the
constructed Hess chart proved to be very accurate and practical.
The picture of the generated chart was crystal clear with good

intensity and sharpness.

A T.V. monitor was the only commercial equipment required
and once again the design did not enforce any modifications to

the external equipment.

All the waveforms were synchronous and no noise problem was
experienced. The inputs were either generated by the switches or
waveforms from the video sync, generator. Power supplies of +5, -
5 +12 and -12 Volts were used specially for the EPROMs.
Precautions were taken for the supplies to the EPROMs that were
readily available and the EPROMs were chosen for their ease of
changing and updating their data, particularly for altering the

sequence of the automatic test stored in the memory C.

Although all the four memories required very little memory
size, four 2708 were used for convenience. Further discussions

are made in chapter 8.

Note In section 4.6.I.C each square dot consists of 8 lines,
however, as the circuits are driven by even fields, only four

lines of each square dot are 1lit.
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PART II

EYE TREMOR MOVEMENTS

In the following Chapters of part II, the previous systems
of measuring eye tremor movements are discussed and, as a result,
the attributes of an effective, semi-automated system chosen. The
design and construction of the hardware for the T.V. system is

therefore presented.
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CHAPTER 5

5.1 A Survey of the Previous Methods and Instruments

5.1.1 Introduction:

A prerequisite to the design and development of a new semi-
automated tremor detection system is the determination of the
attributes and specifications required. The following
characteristics should be borne in mind when the more

conventional methods are reviewed.

a. To be of appropriate resolution, linearity and dynamic
range.

b. To have a flexible level of sensitivity for different
applications.

c. To be stable over time.

d. Not to interfere with the patient’s normal vision.

e. It should, however, be relatively insensitive to lateral
head movements and hence eliminate the need for rigid
head fixation.

f. It should simultaneously measure horizontal, vertical and

torsional movements.

g. It should be insensitive to ambient light, eye blinking
and electrical interference.

h. It should be easy to operate and not be cumbersome for
the patient who 1is without prior experience or

extraordinary motivation.

However, as in any research, ideal methods only become

practical when some of its standards are compromised and trade-
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offs and optimisations are accepted to be a natural path towards

realisation.

5.1.2 Direct Obserwvation:

This was the first technique used to monitor human eye
movements and simply involves the observation of a subject's eye
without the use of any optical aids. Apparently, with a little
practice, eye movements can be detected to an accuracy of 1
degree (Yarbus, 1967). This method is still used today as a
preliminary clinical examination for establishing the presence or

absence of nystagmus.

More accurate measurements of tonic eye movements are
possible, provided a travelling microscope is used. This allows
the measurement of torsional movements which are difficult to

measure by any other method (Merton, 1956).

Although it is a very simple and inexpensive method, it
lacks gquantitative data and permanent records are usually not

kept.

5.1.3 Mechanical Transducers:

Mechanical transducers are old methods, which are now only
of historical interest, and operate by interfering with normal
eye movements. Raehlmann (1878) was the first to propose that eye
movements could be monitored by firmly attaching some solid
object to the surface of the eye or to the eye muscles. Many
different modifications of this method have been subsequently
used. For example, De La Barre (1898) used a plaster-of-Paris

contact lens to which was attached a bristle which then
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transcribed the eye movements onto a smoked drum. Other methods,
included the use of a small concave mirror on the contact lens
which by reflecting a strong ray of light onto a photographic
plate could accurately reproduce and magnify all the eye
movements. Although many disadvantages were associated with this
latter method, the most notable was the speed with which the spot

of light moved across the sensitive plate.

Other mechanical methods that were used included the resting
of a glass rod on the upper eye-1id and which, by attaching to a
mechanical lever system, could magnify the movements (Ohm, 1928).
A silicon strain-gauge, taped to the upper eye-1lid, was also used
by Faraday (1969) to measure periods of eye movements during

sleep.

A more sophisticated mechanical method was by monitoring the
change in capacitance, through the change in frequency of an
oscillator, between a small fixed probe positioned near the eye
and the eye globe, as the eye ball rotated (Bengi & Thomas 1968).
Here, the small probe acted as the fixed plate of a variable
capacitor and the eye ball as the earthed moving plate. Bengi &
Thomas also suggested a method of communicating rotational
movements of the eye, through a piece of soft rubber, to a
piezoelectric cantilever strain-gauge. However, these two methods
are not very accurate and tend to be uncomfortable for the
subject. Further difficulties arise in the latter method since
the probe cannot be sterilised, electrical isolation in the
vicinity of lacrimal secretions is difficult and also the brittle

piezoelectric crystal could break and cause danger to the sclera.

Sandeman (1968) designed a device to measure small
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positional changes in the eye of a crab. One end of a light-
weight wand was attached to the crab's eye, whilst its other end
was placed between two metal ball sensors. Any eye movements
therefore altered the potential between the two sensors which
were connected to differential inputs of a balanced amplifier.
With this simple equipment fairly large movements of the eye,
with an accuracy of 0.01 degrees of rotation over 25 degrees,

could be measured.

Thomas (1977) used a piezoelectric strain-gauge transducer
for measuring the pressure generated by the corneal bulge behind
the eye-1lid. The advantage of such a method is its 200Hz

bandwidth.

5.1.4 After-image Methods:

Tn early quantitative technique for the determination of the
duration of fixation and the velocity of eye movements was
through the use of after-images. The number of after-images in a
given region was indicative of the duration of fixation whilst
the number and spacing of after-images, during a particular eye
movement, was used to estimate the velocity of that movement. The
basic principle is to flash two successive images of duration,
not less than the tremor movement of the eye onto the patient'’s
retina and then asking him to alter an adjustable vernier until
it becomes equivalent to the gap between the after-images. This
gap 1s then a measure of the movement of the eye during the

successive flashing images (Barlow, 1952).

5.1.5 Sound Methods:

This 1s one of the simplest methods of monitoring eye
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movements recorded in the literature. Ewald Hering (1879) by
listening to the muscles of the eye, during its movements, was
able to distinguish between two types of movements for fixation,
the first was a steady background noise which corresponded to eye
tremor and drift and the other was that of dull clicks which

corresponded to microsaccades.

Another method utilizing sound is based on ultrasound waves
which are generated in air by a piezoelectric transducer, and
which are reflected by most materials. The reflected energy is
combined with the source energy so that the phase of the
reflected energy is altered and a predictable electrical response
is produced. Such a response has formed the basis of a non-
contacting method for measuring small eye movements (Haines,
1977). Surprisingly, better results were obtained when the eyes
were closed since the surface of the eye was found to be a poor

reflector of ultrasound waves.

5.1.6 The Counting Method:

The patient is asked to view a uniformly repeated pattern
and then to count the number of lines in the pattern. The pattern
is then reduced until it assumes a shimmering appearance and the
individual elements are no longer identifiable. The angle
subtended by the gap between elements is a measure of the amount

of tremor movement in the eye.

5.1.7 Direct Photography:

This is mainly done by attaching some bright foreign object

to the eye and then photographing the eye during movement (Dodge,
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1901 & Judd, 1905). This is an accurate method but it requires
the head position to be rigidly fixed and it also consumes a vast

quantity of film.

5.1.8Corneal Reflections:

The corneal reflection principle can be considered as a
special case of direct photography recording using the corneal
highlights. Incident beams of light are reflected off the front
of the cornea and, therefore, produce a highlight on the corneal
surface. Since the corneal bulge is of a smaller radius than that
of the eye ball, the corneal reflex moves in the same direction
as that of the eye, relative to the head. For small angles, the
apparent displacement of this reflex will be considerably less
than half the displacement of the eye itself and will move in the
opposite direction. Its linear range 1is limited to about 12
degrees and head movements, especially lateral ones, need to be
restricted since they can introduce significantly more error than
the other methods. The sensitivity of this method is, therefore,
half of that which uses the limbus as a detectable feature of the
eye. In this latter method, incident light reflected from the
convex surface of the cornea form diverging light beams which are
imaged through a concave lens onto a film plate or onto moving

film for continuous recording.

In early recordings, a temporally located light (on the
peripheral field) reflected highlights onto the cornea which were
photographed by a camera, as a time trace, on moving film.
Simultaneous recordings of vertical and horizontal movements were
achieved by splitting the corneal reflex by the use of prisms

into two beams; one for each of the recordings (Buswell, 1935).
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An accuracy of -0.5 degree was achieved by strict head fixation

using either a chin rest or a head rest.

This method had two main advantages. The first was that the
contrast between the cornea and the highlight was sufficiently
high enough to allow easy detection, especially when a T.V.
camera was used instead of film. The other advantage was that
both vertical and horizontal movements could be easily recorded.
Because of these advantages Mackworth and Mackworth (1958)
investigated this method for determining the way in which the eye
moves over natural visual scenes. They also used a head-mounted
light source and corneal reflex cameras. The video output from
one T.V. camera, viewing the corneal image, was then mixed with
the output of the second camera, viewing the scene which the
subject was observing. The total resultant image was that of a
bright spot, which followed the movements of the subject's eye,

superimposed on a picture of the scene.

Marchant (1967) also used the same method but instead of
simply monitoring the corneal reflection highlights, he tracked
the centre of the pupil using image-disector tubes and followed
the optical landmarks through photoelectric scanning. Eye
movement was recorded by measuring the distance between the
centre of the pupil and the corneal reflex highlight. However,
because of the exposed cornea and its non-spherical nature at the
limbus, all corneal-reflection methods are limited to about -12
degrees rotation of the eye. Furthermore, as for the methods of
direct photography, these methods suffer from sensitivity to
lateral head movements. Errors of 1 degree eye rotation could

result from a lateral head displacement of 0.lmm.

Although this method of movement recording, was initially
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prohibitive because of the amount and cost of film used, these
problems were later overcome by the use of T.V. cameras.

Furthermore, because the weight and moment of inertia of the
helmet and camera were found to be troublesome for free head
movements, the camera was mounted separately and the visual

information carried via a fibre optics cable.

As mentioned previously, the eye excursions are limited to
"2 degrees vertically or horizontally, whilst the reflex range is
ultimately limited by the size of the cornea and its partial
disappearance behind the lids. In addition to the inaccuracies
resulting from head movements, other factors, such as variation
in corneal shape, the thickness of lachrymal fluid, corneal
astigmatism and the production of other reflections by eye-

glasses, 1limit the accuracy to 1-1.5 degrees (Hall, 1972).

Finally, Corby in 1976 used a pupil centre - corneal reflex
centre distance method together with a real time, on-line mini-

computer to track eye motions.

Corneal reflections are also used to find the point of
regard. This method is used to measure the subject’s angle of
gaze with respect to a light source. It is based on the fact that
the corneal reflex of a subject, looking directly at the light,
will appear at the centre of the pupil when observed from a

position at, or very near the light source (Young, 1975).

Merchant & Morrissette (1974) used a single light source to
produce a corneal reflex on the pupil which was always in line
with the centre of corneal curvature. The apparent displacement
of corneal reflection, from the centre of the eye, was thus

equivalent to the apparent displacement of the centre of corneal
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curvature from the centre of the eye, which was of course a

function of eye rotation.

Salapatek (1966) and later Haith (1969) used multiple 1light
sources, for use with infants. The T.V. picture of the eye
contained the corneal reflex of some or all of the six infrared
sources that were used, so that the position of gaze could be

determined with the aid of T.V. cameras and video recorders.

The advantages of this method are that the head is free from
attachment, so that large head movements are permissible and that

infrared light is used instead of visible 1light.

However, the disadvantages of the system are that it is
expensive, bulky and complicated to use and also relatively slow
(since it is limited to the speed of T.V. systems, ie. 50 samples

per second), and of low accuracy.

5.1.9 Reflections from Attachments to the Eye:

In the corneal reflection method, any head movements were
found to reduce its sensitivity, Dbecause of the curvature of the
cornea. Therefore, if the cornea was replaced by a flat mirror,
the measurements would become essentially insensitive to small
head movements. In practice, a contact lens mounted with a small
flat mirror was used (Orschansky, 1898) which permitted eye
movements, about all three axes, to be recorded. The use of
ordinary scleral-fitting contact 1lenses unfortunately allow
appreciable slip even when the subject is trying to hold his eye
steady (Barlow, 1963). Yarbus (1967) designed Yarbus-type lenses

which although they were held to the eye by suction, still gave
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large errors with large eye movements. Ratliff and Riggs (1950)
demonstrated that their lenses did not slip during either
fixation or large movements even though the moment of inertia was
deliberately increased by attaching a 20 gram mass to the lens.
They also indicated some of the critical wvariations in the
fitting and manufacturing of contact lenses. Some probable causes
of slippage are also discussed by Byford (1962). In all, most
practitioners would probably agree that contact lenses are
unsuitable for the accurate measurement of eye movements

(Carpenter, 1977).

One major problem as discussed in the contact lens section
(section 11) is the contamination of the mirror surface by
lachrymal fluid and grease. To avoid this problem, Boyce (1968)
mounted the optical mirror on a stalk so that it was remote from
the surface of the contact lens. His results suggested the

optimum design for the mirror mount.

As an extention to this section, Riva (1979) utilized the
Doppler effect produced by moving particles, to measure eye
movements. As laser light, scattered by a moving particle, 1is
shifted in frequency by an amount proportional to the particle's
velocity, the speed of eye rotation can be similarly determined,
so that the distance travelled by the eye can be calculated. The
method can be hazardous as 90 per cent of the light is absorbed
by the cornea (Feuk, 1971). A further disadvantage is that the
moving blood corpuscles in the cornea may also produce doppler

effects and confound the results.

5.1.10 Double Purkinje Image Method:
A further extension to the corneal reflection method of
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measuring eye movements, 1is the double Purkinje image method.
This has the advantage of greater sensitivity and also of

offering a more accurate record.

The front surface of the cornea is not the only optical
surface which reflects incident 1light; secondary, reflected
images are also formed by the back of the cornea and by both

surfaces of the lens (Fig. 5.1).

Fig. 5.1 Incident Light on the Eye

As light passes through the eye, reflections occur from
different surfaces within the inner eye. The reflection from the
front of the cornea is known as the corneal reflection or, the
first Purkinije image (Pl). A second image (P2) is reflected from
the rear surface of the cornea, and the third image (P3) from the
front surface of the lens. These two images are not used,
however, since P2 is very dim and P3 is formed in a plane far
from the others. A fourth image, P4, is reflected from the rear
surface of the lens. This is also a dim image but as it is formed

by a concave surface, it is real and not virtual.

Comsweet and Crane (1973) used images Pl and P4 to devise

an eye tracker. Like the relationship between the corneal
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reflection and the pupil centre, described previously, under the
condition of eye displacement, the two mentioned reflections
would move together and, under the condition of eye rotation they
would move differentially. Although this had the advantage of
allowing the eye tracker to be free of introducing errors due to
lateral head movements, eye rotation recording did not allow any

head rotations.

In this method a light source produced two Purkinje images,
each of which was focused on a four-quadrant photocell yielding
signals proportional to the position of the off-centre image. The
output of the first photocell was used to move a mirror so that
the image was always at centre. The second output was used to
drive an X-Y position-recorder. In this way the movable mirror
automatically cancelled any lateral component which may have been
present, so that the position of the second output was directly

related to the eye rotations.

The instrument had numerous advantages. It was operated in
the infrared region, so that it did not interfere with normal
vision and did not require attachments to the eye. Furthermore,
it had a sensitivity of about 1lmin. of arc and operated over a
two-dimensional wvisual field of between 10 and 20 degrees in

diameter.

However, the method suffered from the following
disadvantages:
a) Difficulties of calibration, the complexity of use, and the
high costs.
b) Interference from the 3rd Purkinje image was difficult to
overcome since 1its image often fell onto the 1st and 4th

photocells. It therefore required pivoted mirrors, driven in
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altitude and azimuth, by two separate servomotors. Hence, it
required mechanical components which reduced its compactness,
ease of operation and high standard of calibration.

c) Although lateral head movements do not affect the measure-
ments, most head movements are rotational and therefore require
the use of a bite-board.

d) As the field of view is limited to the pupil diameter, a low
light condition is necessary. But a high infrared illumination is
required in order to bring the fourth Purkinje image above the
noise level.

e) The optics need to be fairly close to the eye and these of
course obstruct the view.

f) Problems are encountered when subjects wear glasses.

Later, Crane (1978) used an optometer to keep the eye
automatically focused on infinity while a double Purkinje-image

eye-tracker recorded the horizontal and vertical movements of the

eye.

5.1.11 Contact Lens Method:

One way of recording eye movements is by placing a part of
an optical or electromagnetic path in, or on, a contact lens

which is tightly attached to the eye.

Common contact lenses, used for cosmetic or correction
purposes, float on a film of tear over the cornea and therefore
do not follow eye movements well. Lenses which consist of two
spherical sections to fit over both the corneal bulge and part of
the sclera, could remove some of the obstacles, providing that

the lens avoids contact with the sensitive limbus. Fender (1964)
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discussed different methods of stabilising contact lenses, for
example, by developing a negative pressure between the contact
lens and the eye by filling the cavity with a 2 per cent sodium
bicarbonate solution which by osmosis moves out through the
tissue. Yarbus (1967) used a valve on an exit hole through which
a small amount of fluid was allowed to escape after applying the

lens.

The suction of air from the cavity has also Dbeen
investigated, but the rate of irrigation by the cornea limited
the time of its effectiveness. Generally the contact lens methods
can be divided into two sections, one is optical, and the other

is electromagnetic.

5.1.11.1 Optical Contact Lens:

This is the most common use of the contact lens method where
one or more plane mirrors, which are attached to the lens,
reflect light onto a moving, or stationary, photographic plate, a

photocell or a four quadrant photocell.

The use of plane mirrors has several advantages over the
corneal reflection method. For example, the change 1in the
reflection angle 1is twice that of the rotation of the eye as

opposed to only 1.3 in the corneal reflex method.

Futhermore, it does not suffer from the imperfections of the
cornea, which may affect the readings, and also, as for the 1st
and 4th Purkinje images, the angle of reflection depends only on
eye rotation and not on linear displacement (Ratliff & Riggs
1950). Matin (1964) embedded mirrors directly on the lens, at

nearly every angle, so as to reflect infrared beams.
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However, as this technique suffers from changes in mirror
properties, due to tear film, the mirrors or lights must be
mounted on stalks. Byford (1962) positioned a light source on one
side of an optical edge, so that a shadow of the edge was
produced on a suitably placed screen. Movements of the source at
right angles to the edge, and parallel to it, caused the shadow
to move in a corresponding manner. Compared to the present
techniques available for recording eye movements, the above
method has no apparent advantage, whilst it has several
disadvantages, for example, the weight of the miniature lamp
attached to the stalk; the weight of the attachment itself and

the associated blinking problem; and the vibration of the stalk.

However, most of these optical contact lens methods have
become out-dated mostly because of their general inaccuracies,
whether they employ a stalk or not. In addition, mirrors embedded
on a contact lens can be contaminated by tear fluids or grease
whilst mirrors mounted on a stalk can interfere with eye
blinking. There 1is also considerable danger in fitting the
contact lens with negative pressure, and also the possibility of

deforming the cornea.

5.1.11.ITI Electromagnetic Contact Lens:

Robinson (1963) introduced the concept of the
electromagnetic contact lens. He used a search coil, embedded in
a contact lens, through which an alternating voltage was induced
by a uniform alternating magnetic field. 1Its amplitude was thus
proportional to the sine of the angle between the plane of the

coil and the direction of the magnetic field as demonstrated by

-130-



Fig. 5.2. By adding a second, large perpendicular magnetic field
and a second coil on the contact lens, movements about all 3 axes
could be recorded. An accuracy of 2 percent of FSD, or 15 seconds
of arc and a bandwidth of 1000Hz was claimed by Robinson (1963).
As well as embedding the coil into the contact lens, Robinson
also attempted to move it onto a scleral ring, fitted in the same
way as a contact lens. With an appropriate frequency for the
magnetic field a great sensitivity could be achieved for the

measurements,

However, one of main sources of error was found to be the
leads joining the contact lens coil to the amplifier which could

be reduced by tight twisting.

Fig. 5.2 Electromagnetic Contact Lens

Collewijw (1975) replaced the coils in the contact lens by
flexible ferromagnetic rings which were fitted onto the limbic
area. The ring was cast out of silicone rubber with an induction
coil of 9 windings embedded within it. Once placed in the eye,
the ring became firmly attached and could only be removed by

lifting its edge. Because of the special design of the ring there
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were no movements of the ring over the surface of the eye.
However, the application of the ring required the use of
anaesthetic and the method still involved the attachment of a

foreign object to the eye.

Zeevi (1982) used the differential inductance variations of
two C-shape coils resulting from the movement of a ferromagnetic
ring attached to the sclera. A tuned bridge and a synchronous
detector, were also used to attain a higher sensitivity over a
wide range of 80 degrees with linearity of -4 percent deviation

reducing to -0.6 percent over the range of 20 degrees.

The two symmetrical coils, wound on the ferromagnetic C-
shape cores, had to be about 4mm from the ring which made the
procedure that much more difficult. This method was also
sensitive to the presence and movement of any ferromagnetic

objects in its wvicinity.

Many different modifications to this method have been

introduced. Some of these are summarised below;

Renieu(1982) offered a system which was based on double

magnetic induction and allowed for an eye coil free from leads.

Peters (1982) used a magnetic dipole for measuring miniature

eye movements.

Bour (1984) wused a polished metal ring, placed on the
sclera, to improve the signal amplitude and the patients'

comfort,

Stuart (1984) replaced the contact lens coils by a gold foil

hooked over the lower 1lid which therefore had minimal contact
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with the inferior limbus area. This was particularly useful when
prolonged testing periods of the retinal function was necessary.
Furthermore, the electrode was so light, flexible and smooth that

it hardly stimulated the corneal nerve endings.

In general, all the contact 1lens methods requiring
attachments to the eye, cause discomfort to the patients and the
very tight fitting lenses usually require the application of
anesthetic. Barlow (1963), by using after image methods, revealed
that scleral fitting contact lenses slipped through several mins,
of arc. Although light-weight, suck-on, limbal-seating cups
demonstrated much improvement, complete stabilisation could not
be relied upon. The frequency response of the system was
generally determined by the stability of the lens when following
the eye. Fender (1964) estimated that the lens slipped behind the
eye by about 1 arc min. for 1 degree of eye movement, and 6 arc
min. for 9 degrees. This method offered the best resolution down
to 5-10 second arc, although this was achieved at the expense of
the range. The systems were normally used for the study of
miniature eye movements, but were generally considered to be

uncomfortable and expensive.

5.1.12 Electro - Oculography (EOG):

EOG is based on the difference in potential between the
cornea and the retina; the cornea is approximately 1mV more
positive than the other side of the eyeball (Du Bois - Reymond,

1849) .

It was initially considered that these potentials resulted
from the action of the eye muscles. However, it is now believed

that there is a permanent potential difference between the fundus
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and the cornea due to the higher metabolic rate of the retina.
This provides an electric field, in the eye tissues, which is
displaced during eye movement and can be recorded by electrodes
attached to the head. Two electrodes are attached to outer canthi
for horizontal measurements whilst a third electrode, attached
over the bridge of the nose, measures vertical movements. The
nature of the electrical system was described by Mowrer et al,

(1936) .

The recorded potentials range from 15 to 200uV, with 4uV for
every degree of eye rotation. However, these signals are
difficult to detect in the presence of large muscle-action-
potential artifacts. In addition to these background noises are
components produced by the contacts between the electrodes and
the skin. The system also requires to be shielded against
external electrical interference. Furthermore, EOG is also far
from being constant in magnitude, since it is influenced not only
by the metabolic state of the eye, but also by wvisual
stimulation. Byford (1963) recorded eye movements simultaneously
by electo-oculography and with contact lenses, and concluded that
the "Corneo-retinal potentials in no way reflect faithfully the
time-course of saccadic movements”. He also showed that changes

in potential were not always associated with eye movements.

Fisher (1982) used the EOG method, in conjunction with an
on-line mini-computer, to automate the recording of eye movements

during the reading of text by the subject.

The system works upto -90 degrees, over a bandwidth of 0 to
10Hz, but due to the noise level of records taken by EOG, the

accuracy is limited to between 1 and 1.5 degrees. However, EOG
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has the largest range for eye movement measurements, especially

in the vertical direction. Other problems associated with the

system are as follows:

1) Cross coupling between the vertical and horizontal electrodes.

2) The non-linearity of the field.

3) The overshoots in the signal due to the motion of the upper
eyelid.

4) The drift voltage in both electrodes and the d.c. amplifiers
during d.c. recording.

5) The basic non-linearity after 30 degrees deviation of the eye.

6) Variation in light intensities and electrostatic potentials
and the patients state of alertness.

7) The general background noise due to low voltages.

8) The preparation of the patient’'s skin for electrode attachment.

9) The earthing of the body of the patient, wusually through his

ear.

All the above disadvantages required toofrequent calibration

of the system (Schlag, 1983).

5.1.13 Impedance Oculogram:

Sullivan & Weltman (1963) introduced an alternative method
of electrical measurements of the eye position called impedance
oculogram. This system uses skin electrodes to pass small high
frequency currents through the eyeball to measure the electrical
impedance changes due to eye movements. Its advantage over the
EOG method is that it avoids the artifacts of the muscle-action

potential.
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5.1.14 Photoelectric Methods:

As electrical signals can easily be amplified, displayed and
stored, the use of photoelectric cells in the direct-viewing

method may prove to be very advantageous.

The sharp boundary between the iris and the sclera (the
limbus) is easily identifiable and can be detected optically and
tracked by a variety of methods, as discussed below. A dark
circle painted on the upper lid, when the eyes are closed, could

also provide a clear sharp edge for the photocells.

The entire iris is not always visible since it is partially
hidden by the eyelids. For this reason the circumference of the
iris cannot be traced and its centre determined; otherwise the
tracking would be a relatively simple procedure. Therefore other
methods, such as pupil tracking, are necessary to determine its

centre,

If only horizontal eye movements are to be measured, the
left or the right edge (limbus) of the iris can be detected by
either measuring the differential reflected light from a fixed

area of the eye, or by tracking the limbus with scanning systems.

For vertical movements, either the level of the eyelid, the
pupil position or the vertical motion of a visible part of the

limbus can be tracked.

All previous limbus tracking systems measure the position of
the limbus relative to the photodetector. In animals, the
perimeter of the sclera is generally invisible so that limbus
detection becomes a rather difficult procedure. In such

cirumstances pupil detection becomes a more feasible alternative.
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The pupil offers a number of distinct advantages over the
limbus. It is smaller and hence unobscured by the eyelids for a
greater range of eye movement. Furthermore, if collimated
illumination is used, the light reflected from the interior of
the eye produces a bright pupil to an observer looking along the
illumination axis (Merchant & Morrissette, 1974). This can be
used in pupil detection systems for tracking the circumference of
the pupil and hence determining its centre for eye tracking.
However, although the edge of the pupil is usually crisper and
forms a sharper boundary than that between the sclera and the
iris, the contrast between the cornea and the pupil is not as
great as the contrast between the cornea and the sclera,
especially in black-eyed subjects. Hence in scanning methods, the
video can not always detect the boundary between the cornea and

the pupil. The method is described in detail in chapter 6.

All photoelectric limbus tracking systems use invisible,
usually infrared, illumination which does not interfere with the
patient’s sight or the sensitivity of the system. The results are
usually good with a high level of accuracy through a reasonable
range. As the output is an electrical signal it may be of high

frequency response.

In the pupil detection system, the centre of the pupil is
not strictly the optical axis of the eye. However, the deviation
of 5 to 6 degrees between the two, can generally be calibrated
out. Furthermore, the diameter of the pupil is not constant and
may vary as a result of both psychological and physiological

influences.

These photoelectric systems are quite simple to set-up and
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cause minimum discomfort to the subject. They all share a common
disadvantage that head movements, relative to the transducer,

will be interpreted as eye rotation.

For example, 1f the rotational radius of the eye is
considered to be 13mm, then a displacement of 100 microns of the
head will be read as an angular deviation of 0.5 degree of the
eye. This problem could, however, be reduced by using Rashbass &
Westheimer's (1960) method and also by using light-weight head

attachments

Photoelectric measurements can be sub-divided into the three
following procedures: scanning methods, feedback methods and

differential systems.

5.1.14.a Scanning Systems:

This method involves scanning a part of the eye with an
electron beam, and observing the changes in the intensity of the

reflected beam.

One such scanning method uses a very small spot of light,
focused on the subject’'s retina, which is respectively scanned
across the optical disk (Cornsweet, 1958). The reflected light is
projected on to a photomultiplier, which translates it into an
electrical voltage applied to the vertical amplifiers of a C.R.O.
The horizontal sweep of the C.R.0. represents the sweep of the
scanning spot. The differential light absorbance of blood
capillaries and the white sclera background gives a vertical
deflection on the oscilloscope whenever the scanning beam crosses
a blood capillary. Hence the distance between the start of the

scan and the oscilloscope deflection, due to the presence of a
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blood capillary provides a measure of the p”srlion of the eye,

and any variation in this represents eye movements.

Since an ophthalmoscope is used in this method, a smaller
area of the eye is observed, so that the blood capillary is

scanned more closely and results in a more accurate measurement.

An alternative scanning method is by using a T.V. system to
monitor the position of the limbus, as suggested by Bechai (1977)
and as further explained in chapter 6. It is based on the same
principles as for the previous method, but the limbus is scanned
instead of the blood vessel, and a T.V. camera is used in place

of the light beam and the photomultiplier.

In a later section of this chapter a method is described
which uses a T.V. camera with an image dissector for precise

tracking of the corneal reflex (Ishikawa, 1971).

Another method used by Rashbass & Westheimer (1960) is to
simultaneously record both reflected and scattered light from the
eye by the use of two photodiodes. The waveform from the diodes,
during a single sweep of the 1light beam generated by an
oscilloscope, shows two clearly differentiated components; one is
a step, caused by the beam crossing the limbus, whilst the other
is a pulse generated when the reflected beam is detected by the
photodiode. Under translational movements, both waveforms are
equally displaced from the start of the sweep. However, if the
eye rotates; the waveforms move relative to one another and give
a measure of the rotation of the eye. Although this method allows
small head movements, it only has a linear range of about 8

degrees.

In general, scanning methods are very promising since they
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have a high level of accuracy without requiring any attachments
to the eye or the head, or necessitating any elaborate
calibration or modification of the equipment. This method is
favoured in our case of tremor measurement and will be later

discussed in detail.

5.1.14.b Feedback Method:

Rashbass (1960) also used the feedback technique for
tracking the limbus. In this method a spot of light, generated
from a C.R.0., 1s transposed onto the limbus, so that any eye
movements either increase or decrease the intensity of the
reflected light, this difference of intensity is then used to
deflect the spot back onto the limbus, so that in effect the beam

follows the movement of the limbus.

5.1.14.C Differential Reflection Methods:

The position of the eye can also be recorded by allowing the
moving iris to vary the total light reflected back onto either a
single photodiode or, two or more photodiodes. This measurement
can be achieved either by using broad illumination with
constrained fields for photodetection, or by focusing slits or
circles of incident light with broad detection regions onto the

eye.

Torok (1951) 1imaged one half of the eye onto a small
horizontal slit placed in front of a photomultiplier. Horizontal
eye movements, therefore altered the amount of white sclera
visible to the photomultiplier which measured the position and

movement of the eye. This simple device, which has a linear range
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1
of only about 10 degrees, can give 10OmV degree~ and a time

resolution of only about 10ms (Carpenter, 1977).

This crude system can be improved by using infrared instead
of visible light which would reduce the effect of ambient light
and would not disturb the natural movement of the patient's eye.
It can also be improved by using two photodiodes instead of one
suggested by Stark & Sandberg (1961) and Brown (1977). The method
is based on differential light reflected from the sclera, on
either side of the iris. The whole assembly is mounted on goggles
worn by the patient, and although this eliminates the need for a
head rest, the goggles may obscure the patient’s vision. The
method also eliminates the requirement of slits. The system has
been claimed to have a high sensitivity performance (Findlay,

1974) .

Eizenman (1984) wused an array of sensor photodiodes to
receive reflected infrared light from the eye. Light energy in
the 1st Purkinje image , at the sensor plane, was converted to an
electric current by a one dimensional array of 18 tightly-packed
photo-transistors. Although the system has a low dynamic range,

system noise is less than 30 arc-sec. and linearity is 2 degrees

second”l.

This method was improved by Jones (1973) and Brown (1980)
who carefully positioned the slits of the two photodiodes so that
both vertical and horizontal movements could be recorded. The
slits were positioned at an angle of 45 degrees to the
horizontal, and at right angle to each other. This method
eliminates the problem of the upper and lower parts of the limbus
being hidden by the eye-1lids. The system is relatively accurate

and cheap to construct although it reqguires a sensitive
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calibration procedure.

The photoelectric technique was also used by Wheeless (1965)
for monitoring horizontal and vertical eye movements. He used
fibre optics to focus two horizontal slits on the limbus and two
vertical slits on the boundary of the iris and pupil. He also
modulated the light from the photodiode by the use of chopper
wheels. This light was then demodulated at the same frequency
so as to prevent interference from fluctuations in ambient

illumination.

Other researchers, such as Comet (1983), also measured eye
movements by the same photoelectric method, but this time through
a closed eye. Comet used three photodiodes as proximity sensors.
A layer of white make-up on the eye-1id was required to give a
good reflective area. Corneal movements, behind the eye-1id,
altered the distance between the eye-1id and the photodiode, so
that the voltage of the photodiode was accordingly altered. This
method has been extensively utilized in studies of eye
movement using after-image phenomena. It is relatively cheap to
use and can measure both horizontal and vertical eye movements
although the eye under the test has to be closed. The system is,
however, not very accurate or sensitive, with the linear range
for horizontal eye movements varying from -15 degrees to +20
degrees, and for vertical movements ranging from -10 degrees to

+10 degrees.

Shirley (1980) used a similar method by creating a light-to-
dark surface on the eye-1lid by the use of a black eye-pencil and
a strip of aluminium foil. To overcome the problem of head

movements the optical fibre, used to direct the reflected light,
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could be attached to the head so as to hang over the eye-lids.
Because of the lack of direct contact with the patient’s eye, the

method did not suffer from any hygiene problem.

5.1.15T.V. Methods:

The use of television (T.V.) systems for recording eye
movements has continually increased over the last few years. It
is apparent that the use of video and T.V. circuits has modified

and, 1indeed, simplified almost all the older preceding methods.

Mackworth and Mackworth (1958) employed T.V. technigques to
record the position of the patient's eye when focused upon a
particular scene. Whilst one T.V. camera was used to view the
scene, another camera was used to pick up and magnify, by about
100 fold, the displacement of the corneal reflection of an
incident 1light source. Outputs from these two cameras were
combined to give a picture of the scene with a bright 1light,
which indicated the position and movement of the patient’'s eye,

superimposed onto it.

Lewellyn and Thomas (1960) and also Haith (1969) continued
along similar lines and eventually developed a method for
recording ocular movements in infants. The advantage of their
method was that no attachment to the eye or the head was
necessary, although the manual measurements of the eye positions
were generally cumbersome. A further restriction was that the

T.V. cameras had to accept infrared light which was used as the

light source.

Ishikawa (1971) used a modified T.V. camera with two types

of sweep. The main sweep was the same as a normal T.V., with
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312.5 lines per field. The second sub-sweep, was at, or near, the
corneal reflection and had a frequency of 15.75KHz. The main
sweep was used for monitoring purposes whilst the sub-sweep was
used for the accurate measurement of the corneal reflection. The
instrument was claimed to instantaneously measure the position of
the eye with a 1linearity of upto -15 degrees 1in both the
vertical and horizontal directions. Furthermore, the minimum,
detectable eye movement was claimed to be about 0.01 degrees with
a frequency of up to 15KHz. However, the high cost of production

and the complexity of the instrument limited its widespread use.

Sheena (1973) proposed two digital methods for measuring eye
positions. One method was to view the eye with a video camera in
which the contrast level had been increased to such an extent
that only the black iris and the white sclera were displayed by
the monitors. It was further suggested that with the use of
mathematical computation circuits the centre of the iris could be

located and also the position of the gaze.

The second method proposed by Sheena was to use a standard
T.V. camera with suitable contrast and level detection circuits
to extract the crossing points between the iris and pupil from
the video signal. Digital circuits would then be able to locate
the T.V. line which crossed the vertical centre of the pupil.
This signal could then be superimposed on the output from a
second camera viewing a scene, which represented the subject’s
point of regard. Unfortunately no data or description of the
circuits was provided for either of the methods for further

reproduction or analysis.

Monty (1975) also suggested the use of EG & G/HEL oculometer

systems, although these may encompass an entire laboratory. For
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example, a studio was required to serve as a test room, a camera
room was necessary to house both the optical devices for
monitoring eye movements and also the apparatus for projecting
stimuli, whilst a control room was needed to contain the
computers and devices for controlling the experiment. The high
cost of the system and the large amount of space required to

house the system, limited its use.

Foulds (1981) used a custom-built, charge-coupled device
(C.C.D.) video camera, for monitoring eye movements. The C.C.D.
camera was placed on a pair of eye glasses to remove the
confounding effects of head movements. Furthermore, the main
circuits of the camera were connected to the C.C.D. via a light
cable, so that the weight of the camera did not pose any problem.
An accuracy of -0.5 degrees was claimed but, in practice, an

accuracy of only -2 degrees was achieved.

As discussed in the section on scanning systems, such
methods could be expanded to also utilize T.V. systems so as to

monitor the rotation of the eye.

Hainline (1981) used a commercially available infrared video
eye-movement monitoring system (Applied Science Laboratories,
Model 1994), but with extensive modifications to measure eye
movement. In this technique corneal reflections are generated by
collimated infrared rays reflected onto an infrared T.V. camera.
Part of the incident light is also reflected by the retina giving
a very bright pupil. As the cornea is a different radius of
curvature to the rest of the eye, the reflection from the pupil
and the cornea move differentially during eye movement, but

together during head movement. The reflections from the pupil and
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cornea form an image on the T.V. camera, and from the X and Y

positional coordinates of the eye, its movement can be monitored.

Kasai (1982) wused C.C.D. cameras to monitor images at 200
frames per second for both eyes. The measurements were of a very
high resolution of up to -0.06 degrees for methods extracting the
pupil edge, -0.1 degrees for using binary images and -0.13
degrees for detecting the corneal reflections. However, this
method, due to complex design modification, was highly expensive

to produce and did not use commercially available instruments.

Bechai (1977) used a mathematical model which measured the
degree of rotation of an ellipse 1in space (a projection of a
circle), to calculate the extent of movement of the iris or pupil
projected onto the face of a very precise video camera. A T.V.
line through the centre of the iris was selected and processed
through a high-pass filter and a differentiator. A pulse,
generated by a level detector, turned a counter on with its
leading edge and turned it off with its trailing edge. Hence, the
horizontal coordinates for the two points determined the length
of the ellipse and so, with the aid of a microprocessor, the

degree of movement of the iris could be found.

A few other researchers tried to measure eye movements using
the ellipticity of the pupil during eye rotation. The pupil is
found to be circular in shape when viewed perpendicularly, but
elliptical during eye rotation. Hence by measuring the
eccentricity of the pupil, the extent of eye rotation can be

determined (Young, 1975).

Robinson (1963) embedded a plane mirror and, in a separate

experiment, a search coil in a contact lens and determined their

-146-



apparent ellipticity during eye movement. The advantage of both
the above methods i1s that they are only dependent on eye rotation

and are independent of head translation.

5.1.16 Conclusions and Summaries:

Despite the large number of different methods surveyed here,
and modifications of these methods for measuring eye movements,
no single technique can be identified as the most superior,
possessing all the advantages of the ideal method, yet lacking
all the associated disadvantages. The suitability of the
different methods and techniques described above is clearly
dependent on the features required from the system. The
subsequent paragraphs are the summaries of the performance of

these methods (Young, 1975).

Measurement Range was found to be about -10 degrees for
corneal reflection, contact lens and photoelectric methods. T.V.
methods had ranges from -10 to -30 degrees while E.0.G. methods

enjoyed ranges of up to -50 degrees.

Accuracy was high (about 3 to 15 seconds) for contact lens

methods and for the rest between 1 to 2.5 degrees.

Frequency Response for the T.V. methods was limited by the
frequency response of the T.V. frames and, for corneal reflection
methods, by the speed of the film. Double Purkinje image methods
had a frequency response of as high as 300Hz and for contact lens
method was good, depending on the negative pressure between the
eye and the lens. E.0.G. frequency response was low, of the order

of 0.01 to 15Hz.

-147-



Interference with Normal Vision was worst for contact lens
method, medium for corneal reflex and photoelectric methods, low
for T.V. and double Purkinje methods and no interference was

encountered for E.O.G.

Patient’s cooperation was essential for contact lens,
corneal reflex and photoelectric methods. E.0.G. needed some

cooperation and T.V. methods very little.

Training of the Patient was necessary for almost all the
methods, especially for the contact lens, but this could not
really make a difference to the wvalidity of the tests. Except
contact lens and corneal reflex methods, children could be

tested on almost all the other systems.

Calibration and Set Up Time was found to be long for corneal

reflex, E.O0.G. and contact lens, but not so long for the others.

Attachment to the Head or the eye was a bite board or a
chin-rest for corneal reflex, double Purkinje, photoelectric and
T.V. methods, although for the latter two this could be replaced
by spectacles carrying the photodiodes or the video camera.

E.0.G. needed electrodes and contact lens method contact lenses.

Head Stabilisation was critical for corneal reflex, contact
lens and photoelectric methods. However, E.0.G. and double
Purkinje methods did not require this. For T.V. methods a bite

board sufficed.

Patient’s Discomfort was high for contact lens method,

medium for the corneal reflex and low for the rest.

Cost of Operation was high for corneal reflex if hard copy

of the results was required. Also for contact lens it could be
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high due to the cost of grinding the lenses. Other methods

carried very little operating cost.

Young (1975) also remarked that negative pressure for the
contact lens method could be hazardous and that the E.0.G. 1is

more suitable for the eye velocity measurements than eye

position.
E.O.G. methods of recording eye movements are very commonly
used and they satisfy the ideal requirements d, e and

particularly h as set out in the introduction of this chapter.

Corneal reflections are generally thought to be good methods
but do not satisfy requirements b, d, e and g. Also vertical
movements are problematic and impossible for torsional movements.
Optical contact lens methods are good when used by experts but

require rigid optical alignment for general use.

As photoelectric methods are now commercially available they
are becoming increasingly popular and they satisfy requirements
a, ¢, g and h. T.V. methods are rather new and still in the
developmental stage. They satisfy all the requirements mentioned
in the introduction with the exception of e, £ and g. However,
with some modifications, they could also measure vertical eye

movements

In this survey it is evident that the two methods with the
most potential for further research are the T.V. and
photoelectric methods. They are capable of providing tests with
minimum discomfort to the patient leading to true results

obtained under normal and relaxed conditions.
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5.2 Initial Design Consideration

In the last section the extent to which research was

conducted into the recording of eye movements, was demonstrated.

Here, it was envisaged to design a system which, with
minimum cost and simple circuits, would record the eye tremor
movement whilst the relative Hess chart test was being performed.
Hence, the environmental condition of the latter test should also
be made adequate for the detection of eye tremor. Listing some of

the initial design considerations, would be as follows:

1. In the last section it was shown that one of the most
suitable and attachment-free methods of detecting eye tremor was
using a T.V. camera. The contrast between the luminance of the
iris and the sclera was particularly of interest when using a

black and white video system.

2. As the direction of gaze was to be determined by the
relative movement test, the main objective of the tremor movement

test was to detect the amplitude and the frequency of the tremor.

3. As explained in the last section, nystagmus is
characterised as a saw-tooth pattern of eye movements with finite
amplitude and frequency. Changes in direction of gaze would cause
changes in nystagmus amplitude and therefore, it would be of the
utmost 1interest to ophthalmologists to be able to measure
nystagmus amplitude and frequency at different positions of gaze
where the relative movement test is done, 1i.e. at the direction

of each square dot.

4. As the nystagmus amplitude was considered to be more than

one degree of eye rotation, the system was to be able to detect
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at least 2 degree oscillations without any difficulties.

5. As far as possible it was intended not to make any
electrical and mechanical modification to the external equipment
used. However, if such a modification were necessary this was to
be kept to its minimum for obvious reasons. Although changes in
the frame or line frequency of the video signal improved the

results, due to high cost this was not considered.

6. The relative eye movement test was to be conducted under
normal lighting conditions. 1In practice the available amount of
light directed onto the patient's face during the test was to be
the illumination radiated out of the blank monitor due to its
raster, where the light pen is situated. Fortunately, the patient
would be facing this monitor directly and not through the mirror.
Therefore, the raster of the blank monitor should be bright
enough and the camera, hidden behind the instruments, sensitive
enough to be able to pick up the necessary signals for detection

of tremor.

7. As the tremor measurements are to be made in the
direction of each square dot, the tremor system was to be
designed so as to enable detection when the direction of gaze is

at -30 degrees horizontally and -20 degrees vertically.

8. A similar design consideration to the relative movement
system was the qgquestion of available space in hospitals. The
intention was to be able to detect nystagmus and record the
result without extending the size of the system to more than an
ordinary desk. This was to be achieved by situating the camera
under the chart monitor and keeping the designed hardware to its

minimum,
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9. The wuse of a laser was not favoured because of its
unimown side effects to the eye, and its dislike by the patient.

90% of laser light is absorbed by the cornea (Riva, 1979).

10. The distance between the camera and the eye was to be
such that the camera would not interfere with the vision and
possibly be even hidden away, and that the image of the eye
should be large enough not to decrease the sensitivity of the

system. Possible use of zoom lenses was also to be considered.

11. The duration of the test is dictated by the time taken
to conduct the relative movement test because both are conducted

concurrently.

12. The designed system should be linear for measurements at

different directions of gaze.

13. It should also be a stable system with wvariable

sensitivity.

14. As in the relative eye movement measurement a chin rest
was to be used. Here the condition of the head to be fixed was

also necessary.

Other considerations are to be discussed later, as their

importance and applications become more apparent.

5.3 Introduction to the Automated System

Psychologists believe that most human beings will be more
conscious when observed directly and may act differently to when
they are in a natural environment without any external

interference. This means that for obtaining true results on eye
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movements, the patient must be totally unaware of the test which
he is undergoing. Hence, 1looking back to the methods described in
section 5.1, one cannot fail but to recognise that the T.V.
method was the most suitable way to observe, detect and record

eye movements without attracting the attention of the subject.

Using a T.V. camera to detect and measure Nystagmus had the
advantage of not connecting any electrode to the patient’s head
or any attachment to the eyeball and performing the test under
normal lighting conditions. These are important factors for
detecting eye tremor, without creating an artificial situation
which deters the patient from behaving naturally. The use of a
hidden T.V. camera will certainly provide the best means for a

quick test and without too many calibration procedures.

The aim in this part of the research was to utilise a T.V.
camera for this purpose and keep the instrumentation simple and

without major modifications to the commercial components used.

Another objective was to perform the test whilst the
relative movement test was being made. In this way the patient
would be busy concentrating on the latter one and would not
notice the procedure of the tremor detection test. This also
would help in keeping the whole instrumentation as compact, and
the cost of production as low as possible, especially where
almost all the previous approaches in T.V. tremor detection have

been either costly or required the use of one or two rooms.

Although, T.V. methods were not as accurate as some other
methods, such as Double Purkinje Image, for the purposes of
recording nystagmus, they have proven to be more than adequate.

Most nystagmus measuring instruments have an accuracy of one
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degree or less (Mellers, 1980) so the instruments were to be
designed for an accuracy of -0.5 degree eye rotation. Close-up
lenses were also to be used to improve accuracy and minimise the
effect of noise in the video circuits. Here, it was intended to
facilitate the recording of eye tremor or nystagmus in all
directions of gaze, and the Hess chart was to be used to record
this at 5 degree steps of eye rotation in all four directions

from the primary position.

In T.V. methods physical characteristics of the eye must be
used to measure eye movements (section 1.4). The limbus is the
most distinct feature of the eye which clearly shows eye
movements and its contrast and size remain very much the same
between different people. This landmark was to be used in search

of eye movements.

The eye was to be observed by a T.V. camera and the picture
was to be displayed on a T.V. monitor. To be able to detect the
position of the limbus and track its movement accurately, the
area of sensitivity for detection was to be confined to a very
small part of the video waveform. The horizontal position of the
limbus was to be determined by the horizontal sweep of the T.V.
line crossing the centre of the iris. The time from the beginning
of the line or sweep to the limbus is a measure of the horizontal
position of the eye. To improve the accuracy of this measure the
time was not to be measured from the start of the sweep but from
the beginning of a generated "Data Allow" (A short horizontal
white 1line) which 1s shorter than a T.V. line (64us) and 1s
placed manually over the line crossing the centre of the iris

(Fig. 5.3).
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Fig.5.3 A Human Eye together with the Data Allow

Three potentiometers were to be used in placing the Data
Allow. Two of the potentiometers were to control its horizontal
and vertical position and the third one was to control 1its

length.

Any movement within the cross section of this white line
(Data Allow) would be measured relative to a fixed point (the
beginning of the Data Allow) and hence the waveform of the eye
movement was to be plotted on a moving graph paper. From this
plotted curve the amplitude and the frequency of any nystagmus
was to be measured. This of course would only give the
measurement of horizontal nystagmus and not of the vertical or
oblique ones. However, nystagmus usually appears in the
horizontal direction and hence most nystagmometers are designed

accordingly (Barber, 1980).
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CHAPTER 6 HARDWARE DESIGN

6.1 Introduction

For tremor detection, using video technology, the first step
was to identify a signal representing a landmark on the eye and
then monitor its movements. This was to be done by recognising
the border between the sclera (white) and iris (black) and hence
generating a pulse hereafter called the Limbus Pulse. Since the
eye movement was represented by the movement of the limbus pulse,

this was to be monitored and recorded.

In this chapter, after the generation of the Data Allow
signal, the use of the limbus pulse and three methods of
processing the analysis of its position (or its tracking)are

discussed and the design adopted described.

6.2 Data Allow Generation

As explained in the previous chapter the Data Allow line
was white a line on the T.V. screen which allowed the wvideo

information to pass through to the tremor detection circuits.

Any change of waveform during the Data Allow was detected in
the circuit to be explained later. Due to the design
characteristic of this detection circuit the Data Allow had to be

very stable.

Another specification for the Data Allow was the ability to
be moved wvertically and horizontally so that it could be placed
over the 1limbus of the eye. Also its length was to be made

variable so as to increase the detection sensitivity, without the
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danger of going over the range of the Data Allow. The circuit for
the generation of the Data Allow is in Fig. 6.1 and its waveforms

are shown in Fig. 6.2.

Timer T" would set the vertical position of the Data Allow
with a range from 64us to 20ms determined by its timing
components R & C. Timer T-* would not give the vertical coordinate
of the Data Allow in terms of "number of lines" but in "seconds".
Hence a J-K flip-flop was used to convert this given time to
number of lines, Dby clocking the J-K flip-flop with the 1line
drive waveform, so that the trailing edge of the vertical delay
T was for example either at the beginning of line 128 or line
127 and not somewhere in between the two. (All 558 timers needed

a 2 K-ohms pull-up resistor).

The output of the J-K flip-flop was then fed into a second
timer Tg to set the horizontal coordinate from the beginning of
the line to the start of the Data Allow. This was variable from 0

to 64uS with the use of variable timing components.

Because of the design of the tremor circuit, the length of
the Data Allow would affect the sensitivity of the test.
Therefore, for optimum performance, the length of the Data Allow
was made to be variable. This alterable length helped in
adjustment according to the size of the eye appearing on the T.V.

screen. Timer Tg was to set this length.

If the eye tremor was a measure of the time between the
beginning of the Data Allow and the limbus pulse, then the
stability of the Data Allow waveform was critical to the accuracy
of the results. Timers 558 were tested and proved to be stable

enough, however, the first timer Tj was set in the order of
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milli-seconds (for a maximum of 20ms), therefore the amount of
instability, when T4 was at its maximum, was very high compared
to the values of T2 and Tg which were set in the order of nano-

seconds and micro-seconds.

This was overcome by using the J-K flip-flop as a buffer
stage between and Tg timers. Although the output of
suffered from instability, the flip-flop was only to be set by
this output and reset by the line drive, thus the trailing edge
of the Q-output of the flip-flop was as stable as the line drive

which was generated by the central sync, generator chip.

Fig. 6.1 DATA ALLOW Circuits

Through experiment it was discovered that if T-p Tg and Tg
were all on a single chip, the instability of Tj was transferred
to T2 and Tg internally hence giving a very unstable Data Allow.
Thus a separate timer chip was used for Tj which stopped it
interacting with the functioning of T2 and Tg. This produced a
very stable T2 and Tg, hence producing a stable Data Allow

waveform (Fig. 6.2).
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Fig. 6.2 Waveform of the Data Allow Circuit

6.3 Design Concept

As already explained in section 5.3, the idea was to
generate a pulse from the limbus of the eye so that by the
movement of the limbus the pulse would also move. This was done
by recognising the limbus and hence generating the Limbus Pulse.
After this generation the task of extracting the amount of

movement from the limbus pulse is discussed under the following

three categories:
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6.3.1 Digital Methods:

This was to measure the distance between the beginning of

the Data Allow and the limbus pulse digitally.

For improved accuracy in this method the base clock rate had
to be very high. As described in the next section, the eye
movement in the vertical plane corresponding to one arc-degree of
eye rotation is 0.332mm. For detection to an accuracy of 30 arc-
seconds the circuits must be sensitive to about 7 to 15 arc-
seconds of rotation which gives a plane movement of 0.039 to
0.083mm at the surface of the eye. On a 52us 1line of a T.V.
screen covering 80mm wide image of the eye and the face (using
zoom lens on the T.V. camera) this would give a base clock rate
of 18.5 to 39.5MHz. Designing the circuit for such a high clock
frequency could involve considerable cost and hence this method

was not considered.

6.3.2 Filtering Methods:

Another way of extracting movement information from the
limbus pulse was to use filters. The pulse generated at the
limbus of the eye was repeated every 20ms (one field). Assuming
that the frequency of Nystagmus of the eye was in the order of
5Hz, then these narrow pulses were varied in width by a few nano-
seconds at that frequency. Using a band-pass or a low-pass filter
one was able to measure the amplitude of the 5Hz component and

hence the movement of the eye.

The radius of the rotation of a human eye is 19mm and if the
eye moves 1 degree, then the eye has moved in its plane by about

0.33mm.
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When the eye moved for one cycle the T.V. system had
completed 5 cycles. Therefore in each field the T.V. system
should recognise 1/5 of the total movement of the eye which was
(1/5 x 0.33) 0.066mm. In other words 0.066mm was the maximum
movement of Nystagmus that had to be measured by the T.V. system.
If the T.V. camera was observing the eye and covering an area
60mm wide then one could say that 52us (the effective length of a

T.V. 1line) was covering 60mm, thus:

60mm 52 x 10”8 s

0.066 x = 5.72 x 10~8 s

This was the corresponding movement of the eye on the T.V.
system in terms of seconds. But using filters meant that the
amplitude of the 5Hz component was sampled every 20ms which was

once every field, thus:

20 x I0”"3 s 100%

5.72 x 10”8 x = 0.000286%

This was a very small percentage of the amplitude for the

measurement by the filter method, which meant that the width of
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the Limbus Pulse changed by 57ns (0.0003% of the 20ms field).
This change was so small that it was lost in the noise at the

output of the filter hence this method was also not considered.

6.3.3 Analogue Methods:

In this method the movement of the Limbus in terms of time
was converted into voltage using a Sample & Hold circuit together
with a ramp which was generated by integrating the Data Allow
waveform. Since 10Ous (length of the Data Allow) gives the full
range of voltage at the output of the Sample & Hold, this reduced
the period in which the limbus movement was sampled to only 10us
as oppose to 20ms of the field in the previous method. The Sample
& Hold circuit held the sampled voltage for 20ms until the next
Limbus Pulse appeared. Hence, 1if the length of the Data Allow was

10us:

10 x 10"6 s 100%

5.72 x 10-8 x = 0.572%

The percentage of movement of the eye in the T.V. system was
much greater in this method. Thus it was chosen as the method to
detect the Nystagmus. The method is explained fully in section
6.4. This entailed producing a pulse (limbus pulse) the leading
edge of which was at the same position as the leading edge of the
Data Allow line. The position of this edge was constant and the
trailing edge of the limbus pulse was the position of the limbus

itself which moved due to Nystagmus (shown in Fig.6.3).

The construction of such a pulse could prove to be
difficult since the recognition of the limbus (which is an area

of transition between two colours fading into each other) from a
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Data Allew Pulse

Pulse for Recognising the Nystagmus
{ Limbus Pulse)

Fig. 6.3 Data Allow and Measuring Pulse.

video waveform was not easy. This is because the edge of the
pulse produced by the limbus is not relatively fast enough and

also there is too much noise in the video waveform.

One way of recognising the limbus was to differentiate the
video waveform so that spikes were produced from the fast
transitions in the waveform. The circuit in Fig. 6.4 was tested
for this method but proved to be inadequate. Differentiation
unlike integration is a noise amplifying process. Also an ideal
differentiator as shown in Fig. 6.4 was far different to a

practical differentiator (Clayton, 1979).

For the reasons stated above,the differentiation method was
not reconsidered because the video waveform out of the camera was
already too noisy and any more amplification would hamper the

recognition of the limbus. R
T
]
CF‘{fE} 1R“Rx“ax
Input -
=1} °_1 ey o Output

Fig. 6.4 A Differentiator
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Another simple method was to raise the voltage of that part
of the video waveform which contained the pulse transition of the
limbus and compare it at a suitable point so as to recognise any
movement of the transition. However, the amount of white noise
sitting on the video waveform from the camera made it rather
difficult to recognise precisely the exact point of sampling by
the comparator. Fig. 6.5.

To overcome this problem one could amplify the wvideo
waveform to Clipﬁ both at top and bottom of the waveform and
hence increase the slope of the transition due to the limbus.
Also a comparator could be designed having a positive feedback to

act like a Schmitt trigger.

The results of the above two methods are shown in Fig. 6.6
(a) & (b). The waveforms shown were recorded when the eye was
stationary and the variations were simply due to the noise of the
video waveform from the camera being transfered through the

system.

Another problem considered was that the system was to be
designed for the Data Allow to be placed over the limbus to the
right of the eye. Then the transition of the video waveform, due

to the limbus, was negative going. If, however, the Data Allow

* Because the output voltage of the amplifier Jjumped from its
minimum to its maximum then the slope of the transition of the
limbus was the same as the slew rate of the amplifier which was

9V/us.
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Fig. 6.5 Noise Problem Illustration

Vertical Sensitivity 100mV/100mm

Horizontal Sensitivity 50mm/S

Fig. 6.6 The Noise of the System when:

a) Amplification Method was used.

b) Comparator with Positive Feedback was used.
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was to be placed at the left of the eye then the transition would
be positive going and hence it was required that the wvideo

waveform be reversed for the system to be able to function.

Also, 1if the colour of the eye was not black but light green
or blue then the height of the transition would not be the same
hence there was a need to change the d.c. voltage of the video
waveform or change the d.c. voltages at which the comparators
were sampling. The use of a clamping circuit was considered.
However, since the change of colour of the eye or the change in
the light condition altered the amplitude of the video waveform
and not its d.c. level, the clamping circuit did not prove to be

useful.

During the design the overshadowing problem was that of
noise which came mainly, or perhaps, totally from the wvideo
camera . For this reason many cameras were tested. These were;
Link type 109B, black and white Sony AVC3250CE, Marconi V-00-
3305-01, colour J.V.C. KY1900 and a specially designed Jackson
camera for the City University. Eventually because of cost, the
black and white Link camera had to be modified to suit this
project. After the modification which was approved by Link
Electronics Ltd. the results proved to be even better than using
an expensive Jackson camera. The modification of the Link camera

is described in detail in Appendix IX.

* The ramp at which the measuring pulse was sampled was another
possible source of noise. This was investigated by sampling it
against an artificial digital pulse representing the limbus. The
ramp was found to be extremely stable and no noise was detected

at the output of the system.
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The use of different video camera tubes made some
contribution in reducing the noise in the video waveforms. Also
in order to perform the test under normal light conditions tubes
with high sensitivity (Silicons) were tested. Among the vidicons
tested a newly developed tube (Chainicon) from Toshiba was
considered. Similar to a Silicon tube, Chainicon is extremely
sensitive and yet its resolution 1is as high as a 'high

resolution' l1-inch vidicon.

In the final design provisions were made for a U-Matic video
recorder to be used in order to record the eye movements. This
was to obtain the frequency and the amplitude of the Nystagmus at
a later date or, for the purpose of this project, to modify the
design for a better recognition without the presence of a

patient

The system designed would attain its objectives with the
help of video field syncs, and line syncs, waveforms out of a
T.V. sync, generator. These syncs, also drove the video camera
which observed the eye movements. If the eye movements were to be
recorded and analyzed at a later date, then either the sync,
generator had to be synchronised to the video player or the
syncs, were to be recorded on the tape at the time of recording
the eye movements. Two sound channels on the video recorder were
considered for this purpose, but their limited frequency
bandwidth proved to be insufficient. Hence the eye movement was
recorded with the Data Allow line superimposed on the picture.
Then the Data Allow waveform was extracted from the recorded
video and was used to synchronise the system to the wvideo
recorder. The amount of noise introduced due to the wvideo

recorder is illustrated in Fig. 6.7.
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a)

Vertical Sensitivity 100mV/100mm

Horizontal Sensitivity 50mm/S

Fig. 6.7 Comparison of Noise When There is No Eye Movements:

a) With the Video Recorder

b) Without the Video Recorder

6.4 Adopted Design

The designed system for detection of the eye tremor is
illustrated in Fig. 6.8 and its respective waveforms are shown in

Fig. 6.9.

The Data Allow waveform was generated using the Field and
the Line Drive waveforms as explained in section 6.2. The Data
Allow was then mixed with the video waveform from a camera
directed at an eye (waveform 'b', Fig 6.9). This mixed waveform
was then fed to a T.V. monitor for observing and controlling the
position of the Data Allow over the image of the eye. It was

further fed to a video taperecorder in order to record the
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Fig. 6.8 Block Diagram for the Eye Tremor Detection
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movements of the eye together with the Data Allow waveform. This
allowed the detection and measurement of Nystagmus for future
experiments. Waveform 'b' (Fig. 6.8) was also fed to an analogue

: %
switch as well as a Data Allow extractor circuit.

Data Allow
ANa XAl
: '..""\—’—'v—-’qu_\'_
e Data Allow
e
d ///\___
e e Py
1
P
i
"
f
£ Limbus Pulse

Tl

Fig. 6.9 Waveforms of the Block Diagram

for the Eye Tremor Detection
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* The output of the video taperescorder was also fed to the Data
Allow extractor circuit when the camera was switched 'OFF' and

the taperecorder was providing the wvideo waveform.
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Once the Data Allow was extracted it was used for switching
the mixed waveform 'b’ "ON’ during its period and "OFF" for the
rest of the field. This produced a video waveform with a duration
the same as the Data Allow (waveform 'e’) and in turn was fed to
a circuit to produce a limbus pulse for use in the Sample and

Hold circuit.

The ramp for the Sample and Hold circuit was produced by
integrating the output of the Data Allow extractor circuit. The
output of the Sample and Hold was smoothed by a 3-pole low-pass

filter and was plotted by a moving paper plotter.

In the following sections each circuit will be described in

detail:-

6.4.1Mixer:

Many different amplifiers were tested for use in the mixer
circuit. Although op-amp CA3029 had been used in previous mixers,
its bandwidth was inadequate for the purpose of this mixer.
Amplifiers LF357, MC1445 and NE592 were tested and the latter, a
monolithic two stage differential output video amplifier, proved
to have a high gain and wide bandwidth response without requiring
external phase compensation. The circuit for the mixer is shown

in Fig. 6.10.

The Data Allow waveform and the video waveform from the
camera were mixed using two 3.4 K-ohms resistors at the input of
the amplifier. A 1 K-ohms resistor was used to adjust the d.c.
level of the mixed waveform. Using a 20 K-ohm variable resistor
the gain of the amplifier could be changed from 0 to 400. This

resistor was adjusted for a suitable gain so that the Data Allow
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in the mixed waveform was just before clipping.

Data Allow
To Video Recorder To T.V. Monitor

* Camera T 22
| To Data Allow Extra

Fram Video Recorder To Analogue Switch

Fig. 6.10 The Mixer Circuit

The output resistance of the amplifier was 20 ohms, hence
there was no problem of driving a video recorder. The cutput was

a.c. coupled for the T.V. monitor and other circuits.

6.4.1I1 Data Allow Extractor:

When using a camera the Data Allow waveform was generated by
its circuit (explained in section 6.2). However, when a patient
was not availlable and the test was carried out using a wvideo
taperecorder, then the Data Allow waveform was not ‘available from
its circuit* and had to be extracted from the video recordings.
The circuit for this purpose is shown in Fig. 6.11 and its

waveforms are shown in Fig. 6.12.

For this purpose an LM311 voltage comparator was used with a

pull-up resistor of 2.2 K-ohms. The output of the comparator was

* Because the Data Allow Generator was not synchronous with the

output of the video taperecorder.
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fed to the logic input of the Analogue switch. The output was

also inverted and fed to the integrator circuit.

Fig. 6.11 Data Allow Extractor

6.4.1I11 Analogue Switch

The purpose of this switch was that any bright spot on the
T.V. screen (sometimes due to reflection of light in the eye or
cornea reflections) would not be processed for tremor detection
and only the information during the Data Allow would be
processed . When the test was being carried out live, the signal
for opening and closing the analogue switch was provided by the
Data Allow Generator by linking points X in Fig. 6.8. But when
the video waveform was provided by the video recorder and not the
camera then the link between points X was broken and the Data
Allow Generator provided the input signal to the switch. In this

case the analogue switch could not act as a safety circuit any

* Any bright spot on the T.V. screen corresponds to a high
voltage section of the video waveform. Hence this high amplitude
video waveform could be incorrectly recognised as the position of

the limbus in the Limbus Pulse Generator circuit.
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Fig. 6.12 Data Allow Extractor Waveform

more. However, in practice this did not cause a major problem and

the bright spots did not affect the operation of the circuit.

An analogue switch type DG200 was first used. Its switching
time was lus which was too long compared to a 1Ous Data Allow.
Hence a faster analogue switch type TL610 with a switching time

of only 100ns was finally used.

6.4.IV Limbus Pulse Generator:

The Limbus Pulse is a pulse the leading edge of which was
set at the same position as the leading edge of the Data Allow
line. The trailing edge was the position of the limbus on the

T.V. screen.

The circuit to produce the Limbus Pulse is illustrated in

Fig. 6.13, and its waveform in Fig. 6.14.
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Fig. 6.13 Limbus Pulse Generator

Fig. 6.14 Waveform of Limbus Pulse Generator

From the circuit in Fig. 6.13 when the 1 K-ohms variable

resistor was set at 1 K-ohms:

If the negative input was low then the output was 5V.

.. voltage at positive input was IV.
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If the negative input was high then the output was OV.

voltage at positive input was 0.92V.

Hence using a comparator LM311 with a positive feedback (51
K-ohms resistor), any rising voltage which exceeded IV and any
falling voltage which exceeded 0.92V was detected. This produced
the Limbus Pulse in an inverted form and using this hysteresis
method of voltage comparing, eliminated wobbling of the trailing
edge of the Limbus pulse due to small white noise sitting on the

video waveform.
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The output of the comparator was then inverted for an
upright Limbus Pulse to be fed to the Sample and Hold circuit.
Nystagmus was measured using the trailing edge of the Limbus
Pulse, hence its stability was of the utmost importance. This
trailing edge (Fig. 6.14) was formed when the output of the
Analogue Switch fell below 0.92V which was set by the potential
divider 4.3 K-ohm and 1 K-ohm resistors. Any noise or instability
in the power supply line introduced instability in the reference
voltage of the comparator (0.92V) hence a stable power supply was
designed and a number of smoothing capacitors were used to

produce as clean a supply as possible.

To be able to monitor the output of the limbus pulse
generator, 1ts output was fed back to the mixer circuit to be
displayed over the T.V. screen. The output voltage of the mixer
circuit, explained in section 6.4.1, was added to the inverted
output of the limbus pulse generator so that the intensity of the
Data Allow line on the T.V. screen, from its start to the
position of the limbus, was different to that from the limbus to
its end. To the examiner, this change of intensity was a source
of assurance that the system was operating well and he could,
therefore, constantly monitor the exact point at which the limbus

was being recognised.

Fig. 6.15 Limbus Pulse, Data Allow & Video Signal Mixer
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As shown in Fig. 6.15 the output of the limbus generator was
inverted again and added to the output of the video mixer. This
was then amplified using a uA733 video amplifier and its output
fed to the T.V. monitor. Hence, this monitor was displaying the
image of the eye and the Data Allow placed over the limbus partly
in black (that portion of the data allow before the limbus) and

partly in white (the remaining part after the limbus).

¥.4. Integrator:

To be able to determine the position of the Limbus, the
Limbus Pulse was used to sample a linear ramp. Nystagmus was to
be measured during the Data Allow hence a ramp of the same

duration was needed.

The simplest method of generating such a ramp was to
integrate the inverted Data Allow pulse using an op-amp.. The
theory of an op-amp. integrator has already been explained in
section 3.4.II. The circuit and the waveforms are shown in

Fig. 6.16.

The positive input of the op-amp. was shorted to earth since
its input offset voltage was 5mV compared to its output voltage
of 3V. The input waveform was coupled by a 1luF capacitor and then
clamped to earth by a 1.5 K-ohm resistor. The time constant CR
was chosen to be 12 K-ohms x 810pF which was 9.72us. This value
was multiplied by the closed loop voltage gain of the op-amp.

(Appendix 1IV).

Closed loop voltage gain = — = --- = 225
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H CR = 9.72 x 10% x 225

Fig. 6.16 Integrator Circuit and its Waveforms

This is much greater than the period of the Data Allow
(10us), hence producing a linear ramp during this period which

was then fed to the Sample and Hold circuit.

6.4.VI Sample and Hold:

As explained in section 3.4.IV a single chip Sample and Hold
I.C. type number LF398 was chosen, the circuit of which is shown

in Fig. 6.17.

The purpose of this circuit was to use the Limbus Pulse to

sample a ramp. When the Limbus Pulse was high the circuit was
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sampling and when it was low it held the last value of the ramp
until the next T.V. field (Fig. 6.18). Hence the trailing edge of
the Limbus Pulse determined the wvalue of the ramp and any
movement of this edge caused the 'held' value of the ramp to

change.

5 =5

The Ramp

Output to the Filter

Limbus Pulse o T

Fig. 6.17 Sample and Hold Circuit

At this stage, using logical circuits, an artificial Limbus
Pulse was produced and used to sample the ramp and hence the
linearity and the stability of the ramp was confirmed. This also
established the stability of the whole system, and verified the

low level of the system noise.

The Ramp /—’/\

— Hold ————— Sample —a— Hold——

Limbus Pulse

SgH Cutput

#ff”“ﬂﬂﬂfﬂf_

Fig. 6.18 Inputs and Output of the Sample and Hold I.C.
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The output of this circuit was then fed to a 3-Pole Low-Pass

filter.

6.4.VII 3-Pole lLow-Pass Filter:

The output of the Sample and Hold consisted of a d.c. value
which represented the position of the Limbus and a 1lOus (width of

the Data Allow) ramp.

This ramp (Fig. 6.18) was to be removed for a smooth reading

on the plotter.

The change in the value of the d.c. voltage was the change
in the position of the limbus. But the maximum rate of change of
the Limbus (Nystagmus) was not more than 10 cycles per second.
Hence a low-pass filter with a cut-off frequency of 10Hz removed
the ramp (which consisted of higher frequencies) and provided a

smooth output to the plotter.

The design used in section 3.4.VIII was also used here. The
circuit and the frequency response are shown in Fig. 6.19

(Appendix XI).

6.5 Summary

The method of detection of the eye tremor movements was
chosen with careful consideration of signal to noise ratio and
cost. An analogue method proved to be the most suitable
approach,and it would offer results which would be analogous with
previous formidable and laborious methods such as the
photoelectric measurements. These results would be obtained
without the knowledge of the patient or obstruction to his

vision, and hence his eye behaviour would be under natural
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conditions.

Besides the modified black and white T.V. camera other
commercially available instruments used were: a black and white
monitor, a moving paper X-Y plotter and a U-Matic wvideo

taperecorder.

The inputs to the system consisted of the power supply,
field and line drive waveforms and the video signal out of the
camera. Its output was a low frequency signal to the X-Y plotter
representing the tremor movements. Conclusions and discussions

are in chapter 8.
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Fig. 6.19 3-Pole Low-Pass Filter

(a) The Circuit
(b) Frequency Response
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CHAPTER 7

SYSTEM CONSTRUCTION, TESTING AND APPLICATION

7.1 Introduction

The integration and amalgamation of the two systems, namely,
the detection of relative and also tremor eye movements
facilitated the simultaneous operation of the two tests. This
involved designing a suitable structure to house all the
instruments, placing the patient in a comfortable position for
the test, supplying the correct voltage to all the instruments
and circuits, and also driving all the monitors with the

necessary waveforms.

7.2 Construction of circuits and the test desk

As envisaged, the total "package’” of instruments and
circuits were constructed on a mobile test desk designed for this

purpose (Fig. 7.1 and 7.2).

The circuits and printed circuit boards (Appendix XE) were
designed to sit on a single horizontal sliding tray on top of the
test desk. This helped to keep the desk as compact as possible
whilst allowing easy access to the controls and to the circuits
for repairs. An adjustable chin rest was positioned so that the
patient’s forehead rested on a metal bar 'G" (Fig. 7.1), so as to
restrict head movements, but still permit vertical and horizontal
alignment of the head. Whilst one eye directly faced monitor A,
which presented a plain raster with a light pen over it, the
other eye, via a small mirror, faced monitor B which displayed

the Hess chart. The mirror, chin rest and both monitors
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Monitor C

Plotter D

Fig. 7.1 Elevation view of the test desk
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were attached to metal bars so that they could all be slid
horizontally, for testing each eye separately and for
accommodating the patient's particular dimensions. The X-Y
plotter 'D', and the monitor 'C', which was required for the
tremor test and which displayed the Data Allow bright 1line
superimposed on the image of the patient's eye, were positioned

on top of the test desk. The eye under test was observed with the

Fig. 7.2 Picture of the Assembly of the T.V. Monitors

and the test desk
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aid of a black and white camera F', hidden between the two
monitors 'A' and 'B'. All these components were constructed on a

purpose-built, mobile wooden structure.

Finally, changes in the construction of the light pen were
made by substituting the pen-shaped metal casing surrounding the
photodiode with a flat piece of perspex (Fig. 7.1.a) which could
hover over the surface of the T.V. monitor. This enabled a

greater degree of control of the modified pen and permitted

easier scanning by the patient.

7.3 Power Supply:

Four voltages were required to supply all the circuits
used. The total maximum current for each voltage was calculated
to be 1.2 A (for +5V); 200 mA (for -5V); 250 mA (for +12V) and 20

mA (for -12V).

A suitable power supply unit was designed so that when
switched on, both -5V and -12V voltages were instantly available
and then, with the aid of two relays, +5V and +12V voltages were
turned on. Moreover, the design allowed the +5V and +12V to
switch off first, and also made provisions for the +5V to be

short-circuited in case the +12V was short-circuited.

The above provisions were necessary because, 1in the
circuits, four 2708 EPROMs were used with specifications stating
that the -5V should be applied prior to +5V and +12V, and ~5V

must also be the last power supply switched off.

The circuit of the power supply is shown in Fig. 7.3.
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Diode D2 was to ensure that +5V was short-circuited when
+12V was shorted. Diode D” and the 0.luF capacitors were used to
suppress any spikes generated by the relays. The double-pole
switch, used for the mains, was to ensure that the +12V and +5V
supplies were switched off before -5V. This was done by shorting
+12V, and hence +5V at the time of mains cut-off. However, -5V
switch-off was delayed due to the 10000uF capacitor across its

line.

7.4 50-OHM Line Driver

The camera had to be supplied by four waveforms from the
T.V. Sync. Generator. Hence the Line Drive, Field Drive, Mixed
Video Blanking and the Mixed Sync, waveforms were all passed

through two 50-OHM Line Drivers 74128.

This prevented the camera overloading the Sync. Generator.

The circuits are shown in Fig. 7.4.

Fig. 7.4 50-OHM Line Driver

7.5 Relative Movement Measurements

In this section the results of the tests on the instruments
designed for the measurements of the relative eye movements are

presented. Printed circuit boards were prepared and the T.V.
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monitors were set up as outlined in chapters 3 & 4 and also in

Fig. 7.2.

The first task was to plot the Hess chart, as generated by
the circuits shown in Fig. 4.1. This was then used as the small,
diagnostic chart onto which the test results were transferred.
Therefore, the chart monitor was set so as to display only one
square dot of the Hess Chart. The output of the generator, after
the switch $-* and before the mixer section (Fig. 4.1), was then
connected to the input of the S-R flip-flop , in the light pen
circuits (Fig. 3.6), instead of the light pen. Therefore, by
selecting different square dots, the pen of the X-Y plotter could
indicate the position of that square dot, and hence plot the

complete Hess Chart on the X-Y plotter with a red pen.

This plot was measured and the linearity and the accuracy of
the system was checked, and found to be satisfactory. Initially,
the chart was plotted on A3 size paper, although in day to day
tests the chart was plotted on A5 size paper resulting in a four-
fold amplification. In these conditions, the linearity was
measured to be 100 percent correct. That is that the relative
distances between square dots corresponded to the calculations
presented in Appendix I. The accuracy was of course limited by
the frequency of the clock illustrated in Fig. 4.1, which was
4MHz horizontally, and also to the number of T.V. lines in one

field of the T.V. system, which was around 300 lines vertically.

After the above linearity check, the connection between the
chart generator circuits and the light pen circuits was broken.
The same red chart was then used for a control group of patients

who had normal vision, and also for six patients with known eye

-190-



disorders on whom the test was carried out. Each of the patients,
with their heads resting on a chin rest, looked through a mirror
with their left eye at Monitor 'A' (Figs. 7.1 & 7.2) , and at
Monitor 'B' with their right eye. They then placed the light pen
over the Blank Monitor (Monitor 'B') so as to reproduce the chart
on the X-Y plotter in black. The discrepancy between the black
and the red charts was a measure of the imbalance in the action

of the extraocular muscles of their two eyes.

Before the start of the test, the patients were informed
that if, during the procedures, they missed or were unhappy about
the recording of some of the square dots, they should not be
concerned as the practitioner could always return and repeat
those points again. The psychological effects of this assurance
on the patient are considered important, as anxiety could have

affected the results.

7.5.1 Case Studies
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7.6 Tremor Measurements

In this section the results of tests on the instruments
designed for the measurements of the eye tremor movements are
presented. The circuits were constructed and set up as explained

in chapter 6 and Fig. 7.2.

7.6.1T.V. Method Test using an Artificial Model Eye

The validity of the instrument, its calibration and a check
on its freedom from noise were made possible by the simulation of
eye tremors produced on an artificial model eye. These movements
were produced by a vibrator whose frequency and amplitude were
controlled and monitored by an oscillator. The first task was to
examine the linearity of the circuits and to make a few
preliminary tests. A Link camera was placed in front of, and
about 10cm away from, an artificial eye mounted on a rotary
assembly connected to a mechanical vibrator. The block diagram of
this is shown in Fig. 7.16 and its picture in Fig. 7.17. The
oscillator was set at a frequency of 3Hz, with a voltage

amplitude giving a rotation of 0.5 degree to the eye.

The plastic model eye used was shaped and coloured exactly
as a real eye, and was placed on a rotary dish 19mm away from the
centre of rotation. As the centre of the dish was the centre of a
protractor, it was easy to measure the amplitude, in degrees, of
rotary eye movements. In this way the voltage of the oscillator
directly controlled the amplitude of the vibrators' movement and

hence of the eye.

The oscillation of the artificial model eye was detected by

the system and plotted on a moving paper plotter. The plot is
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shown in Fig. 7.18.

Artificial Eye

the Artificial Eye Assembly

Fig. 7.17 Picture of the Artificial Eye Assembly

The system was also tested with both 1.0 and 1.5 degrees

rotation of the artificial eye (Fig. 7.19).
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Vertical Sensitivity 400mV/100mm

Horizontal Sensitivity 10mm/S

Fig. 7.18 Artificial Eye Rotation of 0.5° at 3Hz

1 Degree

1.5 Degrees

Vertical Semsitivity 400mV/100mm
Horizontal Sensitivity 10mm/S

Fig. 7.19 Artificial Eye Rotation of 1.0 & 1.5° at 3Hz

The artificial eye was also manually rotated by 0.5, 1.0 &

2.0 degrees at an approximate frequency of 0.5Hz, as shown in

Fig. 7.20.
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As can be observed from Figs. 7.19 and 7.20, the amplitudes
were not the same for the two frequencies of 0.5 and 3Hz. Hence,
it was necessary to investigate the frequency response of the
system. For this purpose, the bandwidths of the equipment were

studied as discussed below.

It was possible that the mechanical vibrator, its oscillator
and power amplifier could introduce a non-flat frequency
response. So as to overcome this problem, the amplitude of eye
rotation was set at 1.0 degree, as read on the protractor, each

time the frequency was varied.

7.20 Artificial Eye Rotation of 0.5, 1.0 & 2.0° at 0.5Hz
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To be able to test the frequency response of the designed
circuits, a simulated limbus pulse, free from the limitations of
the camera, had to be generated. In the circuit shown in Fig.
7.21, this simulated limbus pulse was fed into the circuit under
test. For the purposes of this test, the 3-Pole Low Pass Filter

was excluded.

Fig. 7.21 The System Under Test for Frequency Response

As illustrated in Fig. 7.21.a the ramp, generated by the
integrator circuit, was sampled against a sine wave from a
variable frequency generator in a LM311 comparator. The
output was a series of pulses with differing widths. After
ANDing this waveform with the Data Allow waveform, new
pulses were produced consisting of the leading edges of
the Data Allow and the trailing edges of the comparator's
output. This was a simulated limbus pulse waveform the trailing
edges of which were moving to-and-fro at the same frequency
as the sine wave (2-11Hz). This waveform was cleaned, using a

threshold comparator, and then, by processing through the

system under test, its frequency response was evaluated by
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Sine Wave

Ramp

! Comparator’s Output

TLTLTLTL

' Data Allow
Simulated Limbus Pulse

Not to Scale

Fig. 7.21.a Waveforms of the circuit in Fig. 7 .21

Fre- Amplitude Amplitude Amplitude Amplitude
quency
Circuits Circuits Circuits Camera
+ Filters + Filter + Camera daB’'d
Hz volt dB'a’ volt dB 'b’ mm mV dB'c' (='c'='b")
2.0 .51 -.97 44 -2.25 22.5 90.2 -5.2 -3.00
3.0 .51 -.97 .39 -3.30 16.8 67.2 -7.80 -4.50
4.0 .50 -1.14 .34 -4.49 14.1 56.4 -9.32 -4.83
5.0 .49 -1.31 .32 -5.01 9.5 38 -12.75 -7.74
6.0 .48  -1.49 .30 -5.58 8.2 32.8 -14.03 -8.45
7.0 .47  -1.68 .29 -5.87 7 28 -15.41 -9.54
8.0 .46 -1.86 .30 -5.58 5.3 21.2 -17.82 -12.24
9.0 .45 -2.05 .31 -5.29 5.6 22.2 -17.42 -12.13
9.5 .32 =5.01
10.0 .45 -2.05 .31 -5.29 6.0 24 -16.75 -11.46
10.5 .31 -5.58
11.0 .44 -2.25 .27 -6.49 5.0 20 -18.32 -11.83

Table 7.1 Results of the Amplitudes of The Circuits ('a').
The Circuits + Filter ('b'),

The Circuits + Filter + Camera ('c’), The Camera ('d’).

With Frequencies from 2 to 11Hz and an Eye Rotation of 1°
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measuring the output voltage of the Sample and Hold I.C. The
results of the test are shown in the table 7.1. Curve 'a' in Fig.
7.23 represents the frequency response of the designed circuits
and curve 'b' represents the frequency response of the circuits

together with the 3-Pole Low Pass Filter.

Therefore, from the graph in Fig. 7.23, another source of
non-flat frequency response is from the camera, especially from
its Chainicon one—-inch tube. According to its data sheet (Tokyo
Shibaura Electric Co. Ltd.) the time constant for the lag, after

36.8 percent of its illumination is removed, is 35ms.

Given, fQ = 1/2Tt CR = 1/2 TTT = 1/2TTx 35 x 10“3

Hence, fQ = 4.5 Hz

This suggests that the frequency response of the tube would

not be flat between 2 and 11Hz

The last possible stage for the introduction of non-
linearity in the frequency response is from the moving paper
plotter. To ensure that this is not included in the final
results, a 10MHz digital storage oscilloscope was used to store
the waveforms digitally and thus plot them on the plotter at a
frequency much lower than 2Hz. The waveforms are shown in Fig.
7.22, and the results in the table 7.1. The curve 'c’, in Fig.
7.23 represents the frequency response of the system, the filter
and the camera. However, as stated above, the frequency response
of the plotter was excluded in curve 'c¢c' as a digital storage

oscilloscope was used.

The frequency response of the camera together with its tube

(curve 'd’), was given by the difference between the results of



Horizontal sensitivities

10mm/ s 2Hz

20mm/ 8 JHz

50mm/ S 4Hz

S0mm/ & SHE
30mm/ 5 EHz
S0mm,/ 5 THz

50mm/ S BHz

50mm/ 9Hz

50mm/ 5 10Hz

50mm/ S 1lHz

Fig. 7.22 The Waveforms 2 to 11Hz using Digital

Storage Oscilloscope
Vertical Sensitivity 400mV/100mm
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Fig. 7.23 Amplitude vs Frequency response for the Circuits

Filter and Camera
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"¢ and 'b'’. A full investigation and discussion of the

capability of the camera tube can be found in the next Chapter.

As well as all the above precautions the total system
including the plotter was tested as if under a real eye test. The
system was set-up as shown in Fig. 7.16 The oscillation of the

model eye was set at 1 degree, and the amplitude of its

rotation was recorded on paper moving at 10mm s-".

To demonstrate the frequency response of the operating
system, the frequency of eye rotation was varied from 2 to 15Hz.
The results are shown in Fig. 7.24 and, in table 7.2. The plot of
the frequency response is presented in Fig. 7.25. This gives a
general guide as to what value of drop in amplitude corresponds
to different frequencies. For example, nystagmus with an
amplitude of 1 degree and a frequency of 2Hz produces 70mV of
deflection on the plotter (Fig. 7.25). This, however, increases
to 80mV as the frequency is increased to 4Hz. In general one can
expect about 70 to 80mV of amplitude for nystagmus of upto 5Hz.
For frequencies higher than 5Hz the amplitude has to be
determined with reference to curve 'A' in Fig. 7.25. Therefore,
using the above curve, the effect of the frequency response can

be compensated.

Once the basic framework for the analysis of results has
been determine, the next step is to examine the system using real

eyes.
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2Hz 3Hz 4Hz

5Hz 6Hz THz

8Hz 9Hz 10Hz
| 1Hz 12Hz 13Hz
| 4Hz 15Hz

Fig. 7.24 The Traces of the Artificial Eye from 2 to 15Hz

Horizontal Sensitivity 1Omm/s, Vertical Sensitivity 1V/100mm

Frequency Amplitude

Hz mm mvV dB

2 7.0 70 -2.2
3 7.5 75 -1.6
4 8.0 80 -1.0
5 7.0 70 -2.2
6 6.0 60 -3.5
7 5.5 55 -4.3
8 5.0 50 -5.1
9 4.5 45 -6.0
10 3.5 35 -8.2
11 3.0 30 -9.5
12 2.5 25 -11.1
13 2.0 20 -13.0
14 1.0 10 -19.0
15 - - *

Table 7.2 The Result of the Frequency Response of the Total

System, Including the Plotter, for 1° Eye Movement
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7.6.2 Patient's Eye Tests

The eye movements of ten cases were tested with the designed
T.V. tremor detector and also with a commercially available
photoelectric system, made by p S &6 Development

Optoelectronic Ltd., model 53.

Most of the patients were supplied by the London Refraction
Hospital, and their history is reported individually (see section

7.6.3).

7.6.2.a Photoelectric Test (c.f. Section 5.1.14)

The patients were seated 55cm away from a T.V. monitor which
displayed a red dot aligned with the primary position of the
patient's eye. Goggles, holding the photodiodes, were worn and
the movement of each eye recorded on a moving paper plotter. The
results of all the patients, except Case number 1,are presented

below.

As illustrated in Fig. 7.26, for one degree of eye movement
to the right, an upward deflection of 10mm was registered by the
plotter when set for 4V per 100mm in the Y-deflection; giving

400mv degree_l.

7.6.2.b T.V. Method Test

Patients were seated 75cm away from the lens of a T.V.
camera placed in front of their eyes. The lighting conditions of
the room were normal, and illuminations from monitors 'A' and
'B',shown in Fig. 7.1, 1it the patient's faces in such a way that

there were no bright reflections in their eyes. The existence of
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Fig 7.26 A 1° Oscillation of the Model Eye
on the-Photoelectric System Energised by Hand

Horizontal Sensitivity 1lOmm/s, Vertical Sensitivity 4V/100mm

such a corneal reflection did not however cause any real
problems, and the Data Allow line was adjusted so as not to
coincide with these. Each patient’s head was placed on a chin
rest, with their forehead resting against a bar so that the head

was completely stationary.

The Link camera was focused, and the Data Allow placed over
the limbus so that they were mutually perpendicular to each other
(i.e. with the Data Allow passing through the centre of the
pupil, Fig. 5.3). A significant point to note for the calibration
procedure of the tremor movement system was that its sensitivity
to the eye movement was inversely proportional to the length of
the Data Allow line. This meant that the sensitivity was doubled
if the Data Allow line was halved. In this chapter, all the

results were collected when this length was set at 1Ous.

Whilst the tests were being carried out, a U-Matic video
recorder was switched on. The waveforms of the eye movements were
recorded on the moving paper plotter and the frequency and

amplitude of nystagmus determined from the waveforms.
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For Case 1, the video tape was replayed at a later date, and
the test repeated. This showed that the results of both the live
and recorded tests of Case 1 compared adequately, and therefore
the recorded test was not necessary for the other cases. However,

their live tests were recorded on video tape.

The Y-deflection setting and the speed of the plotter's
paper are indicated in all the figures. In all cases, the iris of

the eye covered approximately 47 percent of the T.V. screen.

From the traces obtained in the T.V. test system, downward
plots represent eye rotation to the right and upward plots
represent eye rotation to the left and vice-versa for the

photoelectric system.

Analysis of the nystagmus curves, obtained from the
following cases by the X-Y plotter, yields information as to the
direction of the nystagmus, its frequency and amplitude, and also
on the speed of the fast and slow phases of each cycle of

nystagmus.
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CHAPTER 8

DISCUSSION AND CONCLUSIONS

In the preceding chapters the different methods of
monitoring relative and tremor eye movements, ranging from the
early, simple and unsophisticated methods to the modern, highly
complex and relatively expensive systems, have been discussed.
From an understanding of the concepts involved in measuring
ocular movements, and an appreciation of the video technology now
available, a new system has been designed which automates the
measurement of relative eye movements and, at the same time,
provides a more sophisticated method for monitoring and recording

eye tremor movements than those previously used.

The results obtained from the use of this system suggest
that the system may contribute further to research into
particular areas of eye anomalies. However, a more critical
appraisal 1is required to establish its true 1limits and
potentials, especially in terms of its feasibility and
effectiveness in the light of the previous methods used for
monitoring ocular eye movements. A number of problems are known
to be associated with earlier methods and these are contrasted
and composed with the wvalue, speed of operation, expense,

accuracy and precision of this new system.

Various aspects of the system including its ease and
simplicity of use, its setting-up time, and space and calibration
requirements, will be discussed and a number of modifications
to the system with a view to enhance its efficiency further will

be suggested.
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8.1 Relative Eye Movements

8.1.1 Observations Arising from Case Studies

The automated system proved to be capable of producing
accurate results when tested on normal eyes, as shown for example
by Cases 1 and 2. Differences between the results of these two
latter cases were due to certain muscle imbalances, within the

acceptable normal range.

The results also indicated that the system was capable of
detecting muscle imbalances in the subjects. For example, the
subject in case 3, displayed over-action in the left inferior
oblique muscle of her right eye (Fig. 7.8) which appeared to

compensate for the under-action of her left eye (Fig.7.9).

For some subjects, the field of the test had to be extended
beyond -15 degrees. In Cases 6 and 7, the examination and plots
were extended even further to isolate the action of the muscle
with possible paresis. This extension was only recorded when a

more detailed result was required.

A comparison of the results obtained using the designed,
automated system with the Lees screen test confirmed the validity
and accuracy of the former. Furthermore, the described system
whilst being useful for subjects suffering from multiple
sclerosis, may also prove valuable for further research into more

complex eye muscle disorders (for example subject in Case 38).

8.1.2 Further Points for Discussion

1. High frequency micro-processors operate at about 11MHz, but

the time needed to acquire, process and execute the data is about
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lus, which is too slow to produce the Hess chart. The use of
Video Display Generators and other ancillary I.C.s, together with
a fast microprocessor would, however, enable the chart to be
generated. The advantage of the current design is that the chart
was generated in real time with the minimum number of I.C.s, thus

helping to keep production costs down.

2. The use of computers in producing the Hess chart was also

considered by Thomson (1985). He confirmed that an automated
system would retrench the costs, but expressed his preference
for a dedicated system (Appendix XIV). However, there are many
advantages of using a microprocessor, including the printing of
alpha-numerics on the chart, and the expansion or reduction of

particular sections of the chart.

3. In the test, the Hess chart could have been presented to the
patient as an ordinary cardboard drawing, but was instead
presented on a T.V. screen. This had a number of distinct
advantages which included the ability to show one square dot at
a time, allow the sqgquare dots to be presented in different
sequences, give the flexibility of changes to the design, keep
the running costs down, and provide other services such as
presenting reading text to the patient. Furthermore, the
flexibility of printing alpha-numerics, using a micro-computer,
and the adjustable brightness and width of the square dots

according to personal requirements and preference of the patient

was catered for.

4. The 1light pen, which was constructed especially for this
purpose, hovered over the surface of the monitor. The patient's
hand was, therefore, able to rest comfortably against the face of

the T.V. monitor, instead of being suspended in mid air, allowing
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for a more accurate positioning of the pen This was particularly

true 1in the case of children.

5. Accurate printing of the dots of the Hess Chart by the system,
(Fig. 7.5), was achieved by feeding the chart signal to the light
pen circuits, thus verifying the accuracy and linearity of both

the chart generator and light pen circuits.

For the purpose of research, however, it should be noted
that the patients in Cases 2, 4, 5, 6 and 7, whilst wearing
polarized goggles, were tested when each T.V. screen was
polarised in one direction and a semi-reflecting mirror was used
to combine the images of both T.V. screens. This improvement was
helpful in that the use of different goggles for testing each
eye, obviated the need for movement and alignment of the mirror
or of the T.V. screens. Furthermore, the system could be rapidly
checked for calibration by skimming over the test procedure
without the need for the patient to wear goggles. This
modification did not pose any problem for the patients, but the

associated disadvantages of wearing goggles remained.

8.1.3 Comparisons of the Automated system

and Previous Methods

The design of the system used to monitor relative eye
movements was based on the information presented (Chapter 2). The
advantages of the automated system, over the previous methods,

are outlined below:

1. The accuracy of the Hess-Lancaster screen or the Lees

screen tests were limited by:

a) The relative sizes of the pointer and screen,
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b) the positioning of the 50cm long rod or green torch on

the Hess screen, and

c) the estimation of the position of the pointer rod and its

transfer onto the diagnosis tangent chart by the orthoptist.

In general, ophthalmologists consider an accuracy of -5
degrees to be acceptable for the test. In the automated system,
however, the accuracy was increased to -0.5 degree since the
pointer rod was replaced by a more controllable light pen. This
was also due to the results being directly plotted onto the

screen, without human interference or misjudgement.

Furthermore, as discussed in section 2.1.10, the accuracy of
the Lees screen test was found to be mainly dependent on the
orthoptists' experience. Orthoptists with little experience may
inaccurately estimate the position of the patient's pointer,
compared with experienced orthoptists who may look for previously
defined trends and tendencies. However, since the use of the
automated system did not depend upon the previous experience of
the orthoptist, many of these discrepancies were removed, thus
contributing to a more accurate measurement of relative eye

movement.

2. Although the capital cost of the automated system is
comparable to the Lees screen system (approximately £300), it may
have a higher initial cost than some of the other methods
mentioned previously. Undoubtedly, however, its running costs are
lower than the other systems since its automation removes the
need for an orthoptist to be present during the test (Appendix

XIV) .
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3. The speed of performance was greatly increased by the
automated sequences of the test, which reduced the running costs
of the test even further. For example, each of the patients,
except in Cases 1 and 3, were tested in only 3 to 4 minutes. 1In
contrast, the duration of the test for the patients in cases 1
and 3 lasted about 7 to 10 minutes because all the available
points in the chart were plotted. The procedure of the test was

explained to the patients in only 2 to 3 minutes.

In addition to the rapidity of the test, only small and
simple alterations are required to test the other eye. For the
mirror system, it was only necessary to slide Monitor B and its
mirror horizontally over their supporting rails (Fig. 7.2),
compared with the goggle system, whilst only the goggles needed
to be changed. The simplicity of these changes helped

considerably to keep the duration of the test short.

4, This rapid test required a shorter period of
concentration by the patient. This helped the patient to remain
relaxed whilst producing more accurate measurements. In
addition, the concentration of the patient was further maintained
during the test by superimposing the light pen over the square

dot.

5. For both the patient and orthoptist, the automated system
proved to be an easier method to use, to the extent that the
orthoptist can even test his own relative eye movements. Indeed,
the patient is only required to place the light pen on the target
and press a button to record its position, without the assistance
of the orthoptist. The ease with which the test is conducted,

contributed further to the reduction in test duration.
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6. The amount of space required by the system was also
greatly reduced. In contrast to the Lees screen test, for
example, which requires at least 4m , the automated system was
neatly packed into a mobile desk-sized apparatus which occupied

2
less than 1m

7. As in the Lees screen test, complete dissociation between

the two eyes was maintained by the use of mirrors.

8. For any practical monitoring system, the permitted eye
rotation must extend by at least 20 degrees (section 1.2.3.d).
The automated system allowed eye rotations of upto -20 degrees

vertically, and -30 degrees horizontally

9. The calibration and setting-up time of the system was
minimal and relatively simple. With the degree of accuracy, and
the amount of information generated, this system proved to have
required a very short calibration period. For the purpose of the
current tests, the system was calibrated for each individual with
a testing period of only 2 minutes for the use of polarized
goggles or 5 minutes for the mirror system. The system also
benefited from a brief periodical check on the horizontal and

vertical linearity of the T.V. monitors.

10. The operating system was also found to be highly
flexible and versatile, allowing any part(s) of the test to be
carried out without the need to proceed with the entire test.

This also allowed other tests to be conducted simultaneously.

11. The results of the test were presented in a form
familiar to and acceptable by ophthalmologists. In addition, it

was also possible for the results to be fed into a micro-computer
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for further analysis.

12. The results of the test were obtained in real time, thus

increasing the swiftness of the test.

13. The patients did not experience any pain or discomfort

during the test.

14. The accuracy of the test was not dependent upon the
degree of intelligence of the patient. The test proved to be
valuable within a wide age range of patients (11 to 76 years

old).

15. The test did not require any specific lighting
conditions. The T.V. monitors provided the necessary
ambient light. The lack of sufficient light in the Lees or the
Hess-Lancaster screen tests was often a cause for concern, since
the transfer of the patient’s response had to be recorded onto

the diagnostic chart under dim illumination.

16. The Hess diagnostic chart was automatically plotted by
the system which obviated the need to purchase pre-printed paper

or to spend time aligning the chart on the X-Y plotter.

17. The automated system was not based on an equi-distant

chart, but rather on the Hess tangent screen which is known to

produce a more representative measure of eye rotation.

18. No modifications to the commercial components used in
the system were necessary. An ordinary T.V. monitor and an X-Y

plotter were adequate to produce the necessary results.

19. It is hoped that the results will contribute to

further research into the anomalies of ocular movements (Appendix
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XIII).

Many of the disadvantageous features of the previous methods
of measuring relative eye movements have been avoided in the
design of the automated system, without compromising any of the
other beneficial features. 1Indeed, the automated system appeared
to be as valuable as, 1if not more valuable than, the previous

methods.

8.2 Eye Tremor Movements

By using the designed system nystagmus was, for the first
time, measured with a high accuracy under normal lighting
conditions, without any attachments to the eye and in the absence

of the patients' goggles.

8.2.1 Observations Arising from Case Studies

It is not the intention of this thesis to interpret the
diagnostic results obtained from the case studies but rather to
use the results obtained in order to assess the value of the

system.

The negligible differences between the live and recorded
test results for Case 1 (Figs. 7.27 and 7.28) demonstrated that
the system’'s ability to record the movements of the subject's eye
and to perform the test at a later date served as a powerful
tool; provided freedom to the orthoptist and reduced doubts over

the interpretation of the results.

The testing of subjects wearing reading spectacles by the
photoelectric system, proved to be a difficult task especially

for eye deflections over 10 degrees. However, as shown by the
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results from Case 2, the designed T.V. system was not hampered by

such obstacles (Figs. 7.30 and 7.31).

It was also found that the output from the photoelectric
system drifted as the upper eye-lid of the subject moved during
fixation. However, the results from the patient in Case 4
indicated that this problem was also eliminated in the newly

designed T.V. method.

It was evident, as shown by the study of Case 5, that the
test procedure could not be standardised. The outcome from one
set of results determined the pattern of the next stage of the
test. It was therefore necessary for the test results to be

available in real time.

The equipment and test procedure were also observed to
induce behavioural changes in the patients. There was a direct
relationship between concentration and nystagmus frequency as
well as amplitude. This was demonstrated by the subject in Case
6, where there was a decrease in nystagmus amplitude and increase
in frequency during periods of concentration. Concealing the T.V.

camera was, therefore, necessary for any reliable results.

In patients with squints, (Cases 4 and 7) drifts were
observed in the eye under test, whilst the normal eye was

fixating, which could have been avoided by covering the normal

eye.

In all the Cases studied, the results obtained provided the
necessary information required by an orthoptist for the diagnosis
of various disorders, including the differentiation between

left/right-beating or pendular types of nystagmus. In addition,
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details of the presence of various components of frequencies and
amplitudes, including the speed of the fast and slow phases,

could be determined.

8.2 .2 Further Points for Discussion

1. Although nystagmus has been taken as the main example for the
application of this system, other eye measurements including the
pursuit eye movements by random to-and-fro target movement
(Takahashi, 1984) are also possible. In contrast, saccadic eye
movements, could not be measured by this system due to their high

frequencies which range from 15 to 200Hz (Bahill,1981).

2. The system was first tested using an artificial eye with a
0.5 degree rotation (Fig. 7.18). The average amplitude of the
recorded waveform was measured at 9mm. The y-deflection setting
of the plotter was set at 400mv/100mm, and the speed of the
paper, moving in the negative x-direction, was set at a rate of
10mm/s. The voltage applied to the plotter was therefore
calculated to be 36mV, and was obtained when the eye was
illuminated with a 40watt light bulb. The aperture of the lens
was set at fill, with the diameter of the iris covering 42 per

cent of the width of the T.V. screen.

Similarly, the system was tested for 1.0 and 1.5 degrees eye
rotation (Fig. 7.19), giving average recorded amplitudes of 18
and 27mm, respectively. As all the other settings were unchanged,
the voltages applied to the plotter were calculated to be 72 and
108mV, respectively. The above measurements were all obtained
when the frequency of eye rotation was set at 3Hz. Under these
conditions, the system can easily detect tremors less than 0.5

degree (Fig. 7.18), although the system was initially designed

-257-



for eye rotations greater than 1 degree.

3. The artificial eye was manually oscillated at a frequency of
about 0.5Hz for amplitudes of 0.5, 1 and 2 degrees, whilst
maintaining all the other conditions used previously at a
frequency of 3Hz (Fig. 7.20). This resulted in the recorded
amplitudes measuring 14, 29 and 60mm, and giving voltages of 56,
116 and 240mV, respectively. As these values were different from
the measurements at 0.5 degree rotation and 3Hz frequency, a
framework was necessary to rapidly convert the vertical distances
obtained from the traces into degrees of eye movement. The plot
of the frequency response of the total system including the
plotter (Fig. 7.25) was therefore used as a convenient conversion
table. For an average nystagmus of less than 3Hz, the conversion

gave a mean value of 70 to 80mV per degree of eye rotation.

4. The change in the characteristics or pattern of nystagmus with
time presented another wvariable which required attention. To
overcome this, the calibration duration had to be reduced and the

subject be tested at several different intervals.

5. Amongst the many advantages of the system was its ability to
simultaneously measure relative and tremor eye movements, thus
helping to keep down the costs and enabling eye tremor movements

to be recorded under normal behavioural conditions.

8.2.3 Comparisons of the Designed T.V. System

and Previous Methods

The eye tremor detector was designed on the basis of the
considerations presented earlier (Chapter 5), together with the

use of video technology. Below, the particular features of the
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designed system which make it a more wvaluable method of
monitoring eye tremors are discussed in contrast to the previous

methods of detection:

1. Except for the contact lens method which had an accuracy
of a few seconds of arc (Young, 1975), the previous methods had
an accuracy of approximately 0.5 degree. In contrast the designed
tremor detection system exhibited accuracy greater than 0.5
degree of eye movement, sufficient to monitor nystagmus movements
with an amplitude of more than 1 degree of eye rotations. This
accuracy can, however, be further enhanced by reducing the length
of the Data Allow line or by increasing the size of the eye on
the T.V. screen using zoom lenses. All the results were obtained
with the iris covering 42 per cent of the width of the T.V.
screen when the artificial eye was used, and 47 per cent with a

real eye.

2. Although, the frequency of nystagmus seldom exceeded
3Hz, the frequency response of the designed system was tested
between 2 and 11Hz to establish its full potential over this
range. The results (Fig. 7.23), demonstrated the frequency
response of the designed electronic circuits dropping in
amplitude by only 1dB (curve 'a'), which could be due to the
signal generator used. According to this curve the circuits have

an excellent frequency response.

This was confirmed by the similarities between the
frequency response of the circuits with the 3-Pole Low Pass

filter, represented by curve 'b', and the filter.

The frequency response of the circuits together with the

filter and camera was represented by curve 'c'. In this case,
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however, the limbus pulse was produced by using the rotating eye,
rather than being artificially produced as in the above case. By
ensuring that the amplitude of rotation was 1 degree at each
recorded frequency, the possibility of the rotating eye
introducing non-linearity into the frequency response was
removed. The fall in amplitude, which at 13dB decade-1 was
considerably more than in curve 'b', suggested that the camera
was introducing a large amount of non-linearity into the
frequency response. The extent of this inefficiency was shown by
the frequency response of the camera, curve 'd', obtained from

the difference in amplitude between curves 'bs and 'c'.

Since the detected frequency was sampled during the Data
Allow, which 1is only on one line in every field, then the
sampling frequency and field frequency are both equivalent to
50Hz. The maximum frequency detectable by a T.V. system is half
the sampling or field frequency (25Hz), and is therefore the
limiting factor of the frequency response of the T.V. camera.
However, from the camera's frequency response curve the fall in
amplitude was found to be 9dB decade . This suggested that the
limiting factor was not only the field frequency but also the lag
characteristics of the camera tube. As indicated in section 7.6,
the approximate roll-off frequency of the tube was about 4.5Hz
and, as a result, there was a sharp fall in the frequency

response of the camera after 4Hz.

Of course, this problem can be easily overcome by
differentiating the limbus pulse waveform and considering only
the first pulse as the new limbus pulse (Fig. 8.1). It was found
that there was no lag in the tube when the limbus travelled

towards the black, but the lag showed as an exponential decay in
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the pulse waveform when the limbus traveled towards the white.
Differentiating this waveform produces sharp pulses, so that the
first pulse can be considered as the exact position of the
limbus. This modification would be most beneficial in cases where

the nystagmus was of a higher frequency than 5Hz.

The frequency response of the total system, including the
plotter, when tested was shown to have a flat response upto about
6Hz, but dropped to 15Hz at 40 dB decade"” when no more
oscillations could be detected. This problem of a non-flat
frequency response can also be reduced by passing the signal
through an amplifier and a high pass filter with a frequency
response opposite to that of the system, which would compensate

for the drop in response at the higher frequencies.

3. The measurement range of the previous methods used varied
from as little as -10 degrees for the contact lens, corneal
reflection and photoelectric methods, upto -50 degrees for the

E.0.G. method (Chapter 5).

In the designed T.V. system, however, the Data Allow line
can be moved to any point on the T.V. screen, thus imposing no
restrictions on the measurement range. Indeed, the only

limitation on this range was dependent on the visibility of the

limbus.

4, As long as the patient is able to fixate on the square
dots, or on an external stimulus, there was little else which

required the patient's cooperation

5. This system enjoyed the advantage of non-interference

with the subjects' wvision, maintaining normal conditions for him
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and assisting him to relax. The subjects used in these case
studies were fully aware of the presence of the T.V. camera, but
this was hidden in order not to distract or cause them further

anxiety.

6. It was also clear that the patients did not require any

training for the test.

7. A feedback system was used to indicate the precise
detecting position of the limbus, ensuring the limbus was
measured but not any corneal reflex or land-marks on the eye.
This additional information shown on the T.V. monitor was helpful

to the practitioner to rapidly set-up and calibrate the system.

8. One of the major advantages of this system was that
whilst the head had to be stabilised with the aid of a chin rest
and a forehead metal bar, no attachments were required for the
eyes. This contributed considerably to the subject’s normal eye

behaviour

Young (1975) stated that: "Most of the devices currently
available for monitoring eye movements are by their very nature
obtrusive". These previous methods generally caused discomfort
to the patients, and made them aware that their eyes were being
tested. This contributed to changes in eye behaviour which in

turn interfered with the intended measurements.

In this new tremor detector system the measurements were
recorded whilst the patient was occupied with plotting the Hess

chart and was therefore unaware of the T.V. camera.

In addition, as there were no attachments to the eyes, the

risk of eye infection was reduced.
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9. Although the capital cost of the system was not lower
than the previous methods, the more superior results obtained
make it a far more cost-effective system. Apart from the
practitioners’' time, the only additional running expense of the

system was the cost of the video tape and plotting paper.

10. Compared with the previous methods, the speed at which
the test was conducted was improved. The duration of the test
averaged 12 minutes for each eye deflected to -30 degrees. The

subjects did not find the test either cumbersome or laborious.

11. The tests were conducted and the results obtained in
real time which was essential for determining the next step in

the test procedure.

12. The results were presented in their simplest form, ready

for analysis both manually and with the aid of a computer.

13. This part of the system was designed to integrate with
that used for measuring relative eye movements, and did not add
to the space already occupied by the latter system. There was no
special requirement for any rooms, whether dark, heavily 1lit or
equipped with either infrared or other invisible light source.
The system also obviated the need for any special or expensive
apparatus or large working areas, or for a specially qualified

medical practitioner or highly trained technician.

14. Neither the age nor intelligence of the subject

influenced the procedure or results of the test.

15. The light emitted from the T.V. screens, used for the

measurement of relative eye movements, produced sufficient
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illumination for the detection of eye tremor movements. The

ambient lighting conditions did not affect the procedure of the

test.

16. One modification was required for the commercial
instruments, which was to 1improve the design of the head
amplifier of the T.V. camera (Appendix IX). This modification

is not necessary when the newly designed and commercially
available black and white cameras are to be used. The
incorporation of such cameras, into the system will help to keep

the capital cost of the system even lower.

17. A further advantage of this method of tremor detection
was the facility to record the image of the eye on a video
recorder. The recording can be reviewed repeatedly, permitting
nystagmus to be detected and its waveforms to be plotted over and
over again. By having the picture of the eye available during the
test, the nystagmus can be differentiated from the confounding
effects of blinking, head movements, eye movements and Data Allow
adjustments. The video recording also provided flexibility to the
orthoptist who can perform the test at a convenient time, even
when the patient is absent. Recording the eye itself instead of
its waveforms, as used in some existing methods, provided the
opportunity to repeat the test in the event of mistakes. 1In
addition, the audio tracks of the video recorder were also used
to record relevant audio information, for example the date and
personal data of the patient, together with any instructions

given to him.

This also facilitated the possibility of Dbetter

interpretation of the results, especially when different
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sensitivities were selected on the moving paper plotter.

18. The stability of the whole system was checked by feeding
an artificially generated limbus pulse to it, and measuring the
system noise (section 6.4.VI). The results showed that this noise
was negligeable when compared to the noise from the video

waveform of the T.V. camera.

19. The test was easily conducted whilst the patient
continued to wear his reading glasses, as shown by the comparison
of Figs. 7.30 and 7.31. Results, from two of the patients tested
both with and without their spectacles, demonstrated the
versatility of the T.V. system. The wearing of glasses had
proved to be difficult in some of the previous methods,
especially the photoelectric system where the wearing of two sets

of spectacles was necessary.

20. The detection of eye movements was based on the position
of the limbus, found to be the best land-mark on the surface of
the eye, especially since the contrast between the sclera and the
iris is known to be greater than that for the iris and the pupil.
As pupil size does not remain constant, but is dependent on the
intensity of the ambient light and the psychological state of the
subject, the boundary between the iris and the pupil is not

suitable for the detection of eye tremors.

21. It is expected that the results obtained from the use of
the system will contribute considerably to further research into

the anomalies of ocular movements (Appendix XIII).
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8.3 Conclusions

Over the last several years, little progress has been made
in successfully measuring relative and tremor eye movements.
Progress in these fields had been mainly hampered because (1) the
manual methods of measuring eye movements were accepted without
significant modification or development and (2) any such
modifications were based on existing classical methods and

ignoring the modern technologies available.

The new system was designed and constructed by a better
understanding of (a) physiology of the eye and its physical
characteristics, (b) basic theories of ocular measurement, and
(c) an appreciation of the benefits of video technology. The
system automated the measurement of relative eye movements and
provided a better means of measuring complex eye tremor

movements, such as nystagmus.

The system, primarily designed for use in opthalmic
departments of hospitals, was relatively cheap to construct and
extremely cost-effective. It was mobile, compact and easy to set
up, calibrate and operate. The complete system was tested with
several patients and found to be accurate, effective and
versatile. The results were consistent, reproducible and

objective

The data generated permits the identification of particular
ocular anomalies and, through frequent tests, determines the
progress of the condition with a view to improving the diagnosis.
Such information is useful in determining the natural course of
recovery of conditions, such as ocular muscle paresis, and the

subsequent course of action required. Consecutive ocular
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measurements for instance, must prove stable over six-month,
before any surgery is undertaken to correct any residual disorder
of ocular eye movements (Roper-Hall, 1978). This system would be

ideal to collate such data.

The rapidity and the low running costs of the test may
permit its widespread utilisation on all hospital patients
suffering from various ocular disorders, and serve to provide a
case history for each patient and also a more precise diagnosis
of the disorder. It would also be wvaluable in the study of
population trends and allow more extensive and comprehensive

statistical analyses of particular disorders.

This system appears to provide a useful tool for advancement
in the field of clinical practice and research. The equipment,
and results obtained from its use, have already been used by the
Bedwell Consultancy and the London Refraction Hospital. As with
the more conventional methods, the use of this equipment was
limited by its particular specifications. For example, the
frequency response of the T.V. system, did not allow the
measurement of high frequency saccadic movements. Although the
use of video technology has, because of its low signal to noise
ratio, been criticized in the past, the case studies have
indicated that such technology, can generate highly valuable and

informative data.

The overall superiority of this system over the previous
methods of eye measurements can only be unequivocally
demonstrated after more extensive tests conducted over a period
of time. 1Indeed, simple modifications to the current system, as

discussed 1in the following Chapter, may allow it to be
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used as a basis for further development which may lend to

commercial production.
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CHAPTER 9

RECOMMENDATIONS FOR FURTHER DEVELOPMENTS

The present system was adequate in providing sufficient
information for analysis, however, a number of modifications and

additions can be made to improve its versatility and use further.

One of the most beneficial additions can be the
incorporation of a micro-processor, which will increase the
versatility of the system especially for the measurement of

relative eye movements.

The production of an accurate Hess Chart, by programming the
micro-processor to calculate the coordinates of each square dot,
would be a very desirable feature. However, this would have to be
used in conduction with a Video Display Generator, such as A.M.I.
S68047 or Motorola MC6847Y with high resolution graphics, which
will considerably increase the cost of the system. Additionally,
the micro-processor would enable the Hess chart to be displayed
on the video screen in any size and form, and allow alphanumerics

to be printed on the chart.

The micro-processor can also be used to draw lines between
the square dots of the Hess chart, in a manner similar to that
used in hospitals. The results can be presented in different

formats, depending on the preference of the practitioner.

For the measurement of relative eye movements an analogue
output can, instead of being sent to the X-Y plotter, be fed
into a computer, fitted with relevant software, so as to assist

the analysis of results.
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For tremor movements, the output of the designed system can
be fed to the "Micro-computer - Based Eye Movement Automatic
Analysis System", developed by Morra (1982), which analyses the
fast and slow phases of the nystagmus trace using digital
filtering techniques. Nystagmus can also be evaluated by its
energy 'E', which is a product of its amplitude and frequency and
a measure of the angular deviation of the eye in one direction
per unit time (Ohms, 1939). The output of this system can, with
the aid of a micro-processor, be utilised to give the value of
'E'. The frequency and amplitude of nystagmus can also be
translated into digital read-outs, and be printed adjacent to the

appropriate square dots of the relative diagnositic chart.

Because the camera used for measuring tremor movements did
not produce a flat frequency response, a correction factor was
required to compensate for the error. This factor must be a
mirror image of the frequency response curve of the camera. With
the aid of such a curve the exact amplitude of nystagmus can be
calculated for individual patients. Such a correction factor can
only be used when a micro-processor is utilised, otherwise an

additional circuit will be required.

The light pen can be replaced either by a computer mouse or
the use of a T.V. touch screen, both of which would require a
micro-processor. Alternatively, the light pen can be replaced by
a helmet method of detecting the direction of gaze. Here, the
patient would be able to point at the chart by simple
observation, with the plotter's pen following the patient's eye

rather than the light pen.

If the need to measure relative movements under dynamic
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conditions should arise, the chart monitor can be used to display
a moving target. In this case the patient follows the target with
his light pen, and discrepancies found between the pen and target

would be a measure of dynamic relative movement.

To enhance both the ease of use of the system and improve
the patient’'s comfort, better chin and head rests and a modified
mirror system needs to be introduced. These would also increase
the accuracy of the test. For further simplification, the X-Y
plotter pen switch and the switch used for moving to the next
square dot can be combined into a single switch incorporating an
automatic delay circuit. Such a switch can be constructed on an
infra-red remote control unit, which would be especially useful

when certain areas of the chart need to be rechecked.

For improved tremor detection, several modifications can be
incorporated into the system. Nystagmus is only detected when the
Data Allow line 1is placed over the limbus, where there is a
voltage level change moving from the white into the black.
However, the circuits can be slightly modified so that the Data
Allow can be placed over the limbus where the opposite changes of
voltage occur. Vertical nystagmus can also be measured if a

vertical Data Allow line is generated by the system.

Additionally, automatic tracking of the eye and head can be
accomplished by the use of a circuit which tracks a bright point
on the video waveform. Hence, there would be no need for the Data
Allow line to be manually positioned over the limbus. Attempts
have already been made, at The City University, to produce such a
tracking system. The automatic positioning of the Data Allow can

also be accomplished by a feedback technique (Rashbass, 1960).
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The system can also be further improved by the use of C.C.D.

camera tubes with reduced noise under low light conditions.

The results were adequate for clinical evaluation, Dbut for
purpose of research, the determination of the exact position of
the datum-line would be needed. It would be more advantageous to
move the camera to the position where eye fixation is required,
and allow the eyes to follow a bright dot suspended over the
centre of the camera lens. By observing the image of the eye in
the monitor, the approximate position of the datum-line can then

be determined.

The U-Matic recorder, already utilised in the system, can be
employed to record additional information such as the patient'’s
personal data, the position of the eye being tested and details
of the camera. These additional data may either be directly
recorded on the two available audio channels, or be modulated,

multiplexed and then recorded on the tape.

The method used in this system to detect eye tremor
movements can also be adopted on both eyes simultaneously, so as
to determine their instantaneous positions. The difference
between the two output signals would thus represent a measure .of

their relative movement.

It should be noted, however, that not all the above
modifications can necessarily be introduced simultaneously into
the system. Furthermore, many of the modifications may be
incorporated at the expense of other more advantageous features
of the system, such as its low production costs, small space

requirement and simplicity of use.
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APPENDIX I

Hess Chart

Hess chart equations and the calculations of the square dots

are demonstrated in this Appendix (Hess, 1908).

When x = coordinate for angle of elevation A and y =

coordinate for angle of azimuth B - Since curves are hyperbole

quarters are symmetrical and x and y are replaceable on 45° axis

- the equations for the Hess Screen curves are:

X2 COt2A - y2 = a2 (x—axls vertical) oo (1)
y~ cot2B - x2 = a2 (y—axis horizontal) oo (2)
when a = radius = 50cms equation (1) is:

cot2Ax2 - y2 = 2500 )

2
and multiplying equation (2) by cot A

—-COt2Ax2 + cot2A cot2By2 = 2500cot2A . (4)
adding (3) & (4):
y2 (cot2A cot2B - 1) = 2500 (1 + cot2a)

/2500 (1 + cot2h)

Y cot2A cot2B - 1

and

/2500 + y2

Y cot2a

which may be evaluated by substitution when y has been found.

When x = 0, y = a tanB and when y = 0, x = a tanA. The

values of x's and y's were found when A and B were 5%, 107, 15%,
20°, 25° and 30°. The table below is the list of the values when

a 1s equal to 300mm.
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10

15

20

25

30

The above

screen of a T.V.

0 5
X = 0 26
y = 0 0
0 26.

26.2 26
0 26.
52.9 53
0 27.
80.4 80
0 27.
109.2 109.
0 29.
139.9 140.
0 30.
173.2 174.

table helped in reproducing the Hess chart on the

generator circuits.
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10

53.
26.

53.

53.

54.
81.

56.
111.

58.
142.

61.
176.

=

[G2Ne)

Is

15

80.
27.

81.
54.

83.
83.

86.
113.

89.
146.

94.
181.

~J

20

109.

109.
27.

111.

56.

113.
86.

117.
117.

122.
151.

129.
188.

25

139.

140.
29.

142.

58.

146.
89.

151.
122.

158.
158.

167.
198.

monitor used in conduction with the chart



APPENDIX II

T.V. System

A full television picture consists of 625 lines which is
termed a frame. A frame occurs every 1/25” of a second and as
this may produce flickering, the 625 lines are divided into two
fields - one containing odd lines and the other even lines, so
there are two fields per frame and each field is thus 1/50"h of a
second. A complete field waveform with its field sync, pulses is

shown in Fig. 11.1.

The time between field sync, pulses is 20ms. But each field
has 625/2 lines, therefore the time taken for each line 1is, 20mS
divided by 312.5 which gives 64uS. This is the time for the
electron beam to travel from the left side of a T.V. screen to

the right side and 'fly-back'.

The fly-back time is 10.5us and the screen is blanked during
this time. This leaves a scanning time of 53.5us when information

can be displayed over the T.V. screen.

There is a Field Blanking period separating every field.
This period is when one field is completed and the electron beam
is flying back to the top left hand corner of the T.V. screen.

The duration of the Field Blanking is 1l.6mS. (Kiver, 1973).
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APPENDIX III

Light Pen

A light pen is a special type of pointer used with cathode
ray tube (CRT) displays. By using a light pen an operator can
select pictures on the CRT. This is similar to drawing with a
conventional pen on paper. The light pen is an effective and
popular means of interfacing the human operator with the display
screen. A light pen system is pleasing to the human operator in
the sense that the response time to execute commands is
"acceptable' and that the operator need not be particularly aware
of, or knowledgeable about the light pen. Hence the operator can
concentrate on his task and use the light pen as a flexible
extension of his finger. Structurally the light pen is a
cylindrical object the size of a fountain pen. One end is linked
by an umbilical cord to nearby electronics; the other end
contains an exposed light-detecting device such as a photodiode
or a phototransistor. A lens may be placed before the light
sensor to collect and focus light on the active area of the
sensor. The pen is held loosely in the hand and aimed at the CRT
screen. The function of the pen is to detect the presence of
light within its field of wview and to generate a narrow
electrical pulse which can be fed to the electronics. The pulse
can be compared with the field syncs, and line syncs, of the T.V.

system thus realizing the position of the pen on the screen.

All light pens operate on the same basic principle and only
differ in structural detail rather than theory. The several
functional elements required are shown diagrammatically in Figure

Illa. Light from a CRT spot enters the pen through an optical
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Fig. IIIa Light Pen Functional Elements

-280-



system which collects light from the source and limits the field
of view of the pen. Limiting of the field is obviously necessary

so that a single CRT spot may be identified.

The simplest limiting method is to provide an aperture which
permits the photodetecor to "see" only a conical region in space.
The deficiency herein is that the acceptance area of the pen is a

function of the distance of the pen from the CRT.

Light from the CRT which passes through the optical system
impinges on the photodetector. The photodector converts the
radiant energy to an electric current. In solid state pens, the
photodetector may be either a photodiode or phototransistor. A
phototransistor has the advantage of providing gain. Due to the
relative slow response of a phototransistor, a photodiode coupled

with a wide band amplifier replaces the phototransistor in high-

speed pens.

Amplified signals are applied to voltage comparator circuit.
This circuit discriminates between random noise generated by the
detector and amplifier circuits and desired signals by means of
an adjustable voltage threshold. Signals which exceed the
threshold produce a standard digital output pulse through pulse

shaping and output circuits.

A light pen having a particular photodetector and other
electronic circuits has sensitivity to light from a CRT. This may
be related to the following factors e.g:

Ar . AE . K
] @ J @ S ——
1z . £ . T

where S is considered to increase with improved sensitivity.

-281-



The factors are:

AR Area of pen that is capable of receiving light. The
advantage of a lens system 1is immediately obvious. Without

lenses, AR is simply the area of the photodetector.

1 - Distance of the pen from the 1light source, which strongly
influences sensitivity due to the spreading of the available

light energy over an area. This increases as the square of the

distance.

Ae - Area of the light-emitting source, which is related to

the brightness of the screen.

f - Frequency at which the light source is refreshed which is
related to the average light output proportional to the peak

light intensity.

T - Time delay from excitation of source until a pen output

is obtained.

Kp - A constant dependent upon the characteristics of the

phosphor and more importantly, the persistence characteristics.

Operation of a light pen is only possible because of a very
large ratio of peak to average light output of the phosphor,
Phosphors which decay slowly and are classified as 'long'
persisting are normally quite poor for 1light pen operation
whereas 'short' phosphors with rapid decay are most suitable

(Information Control Corporation, IBM).

In general, a light pen is activated when its photodiode 1is

subjected to photons radiating from a T.V. screen. The position
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of the output pulse, from the light pen, relative to the line and
field drive waveforms driving the T.V. system, is an indication

of the location of the light pen on the T.V. screen.
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APPENDIX IV

Integrators

The circuit for a simple RC integrator is shown below

Its step function is:
t
VO CR
—(t) =1 - e when CR = time constant
vi

The circuit for an integrator using an op-amp. 1is

below:

Its transfer function is:
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X
Vi Ri 1 1 1 1
sC+ — + - (— + sC + —)
RE A Rf Rf
For Rf >>"1
then VQ A
—(s) = ——=———————————-
Vi 1 + SCRl (1 + Bn)
Vo A
—(s) =-———————- where A is large
Vit 1 + ASCRf
1
for Vi(s) = - a step
t
ACR-1
vVO(t) = -A (1 - e )

Thus using an op-amp. had the advantage of the transfer
function and the time constant CRf being multiplied by the open

loop voltage gain (A) of the amplifier.

However, for Rf to be finite but A >> 1 and Rf/Rf = a

1

VO
then — (s) = X ——= -
vi Ri 1 + SCRf
i
for V*(s) = - as before
S
1
Rf CRf
vo(t) = (1 - e )
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Hence,using a d.c. negative feedback the transfer function
and the time constant were multiplied by the closed loop voltage

gain (Rjp/R") of the amplifier.
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Op-Amp Integrator and

APPENDIX V

Ramp Non-Linearity

Rf = 2.7M-Ohms C = InF Rj = 7.5K-Ohms
C
A = open loop gain = 10
1 1
[V2(s) - V®s)] — + [V2(s) - Vo(s)J (SC + — =0
R1 Rf
e B EE— 1
v2(s) (-- +SC+ VijilCs) x — - Vo(s) (SC+--) =0
R1 Rf R1 Rf
but VQ(s) = - AV2(s)
Vo 1 1 vl 1
-—— (s) (== 4+ SC + --) --=(S8) - Vo(s) (sC + — =0
A R1 Rf RI1 Rf

collecting terms:
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1 1 1 1 V1

Vo(s) [SC + — + _ (— + 8C + —)] --———-- (s)
Rf A Rx Rf RI
1 1
O
V1 R1 1 1 1 1
sC + — 4+ —(— + sC + —]
Rf A Rx Rf

According to note 1 at the end of the Appendix

v1 R1 SCRf + 1

Now if a step is applied to the input

rRe 1 1 Rf 1
Vo(s) = - — x _ (L

R1 S 1 + SCRE Rx S

Transforming from S plane to T plane using Laplace transforms

t
Rf CRE
vVQ(t) =--- (1 - e
R1
expanding the bracket
Rf ' t 1
Vo(t) = - — (1 - [1--—— + 17720 4
Rl CRf 2 CRf
Rf t 1 t 2
= [__ - (_)2 + ClllJ

vo(t)

Higher terms are too small relative to first and second terms.
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A >> 1.

CRE

+ SCRfE



vo(t -- [ - - XX
() CR4l 2 CRf

for non-linearity to be zero

- X —> 0 t = -
2 f 15.625 KHz line frequency
C InF Rf = 2.7M-Ohms
1
Non-linearity = —-——---—--—-———-—-——-—- ————————————— = 0.01185

2 x 15625 x 1x10"9 x 2.7 x 106

. ¥ Non-linearity is 1.2%

This was very small and had proven to be of no effect in

practical terms.

To prevent the input offset voltage in the normal use of an
op-amp introducing inaccuracy in the output, the impedances of
the differential inputs were made equal. Since a 1lOuF d.c.
decoupling capacitor was used then the only path to the earth on
the negative input was through Rf and therefore the resistor in
the positive input should be of the same order of Rf. However,
since the input offset voltage was only 5mV and not amplified,

the positive input was left shorted to the earth.

Note 1:

The ratio of output voltage to the input was found to be:

(— + SC) + - (— + SC + —]
Rf A Rx Rf

If A /1
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Vi REf 1 1 SC 1
sCc + — —+eemu + — -
Rf ARf A ARf
Vo 1 1
—(s) =m—-m= X
V-] Rf 1 1 1
SC(l + 1/a) + (-—- + — + —

1 1 1
— +
Vo 1 Rf ARf  ARf
Is)] - X
V1 R1 SC (1 + 1/n) .
——————— 1
a1
Rf ARE ARE
ARERE
Vo 1 ARf + Rf + Rf
—(s) =-==X -
Nal Rl SCARfRE (1 + 1/A)
_______________ +
ARf + Rf + Rf
VQ ARf 1
—(s)  mmmmmmm——————- S m s
VE ARf + Rf + RE SCAREfREf (1 + 1/A)
ARj + Rf + Rf
ARE
the constant k —m—----------——- 51 dB

ARf + Rf + Rf
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SCARfRl (1 + 1/A)

and the pole is at 1
AR-£ + R + R"

and when A = 104 the constant k = 50.8 dB and the pole is at w
=383Hz. Thus if A > 104 the value of the constant k and the pole

remained unaltered, and since for most of the op-amps A > 104

then we can write:

Vi R4 SCRf + 1
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APPENDIX VI

Voltage Summation of an Op-Amp.

Fig. VI Raster Mix Circuit

The conventional op-amp adders use the inverting input
because it is at virtual earth. However, since the output of the
op-amp was not required to be inverted, and in order to save an
inverting stage, the non-inverting input of the op-amp was used.
The Ferranti T.V. pulse generator chip was an open collector
output I.C. and the pull-up resistors were 2K-ohms, thus when the
outputs were low the output resistances were zero and when they

were high the output resistance were 2K-ohms.

The output of pins 3 & 4 were mixed by a matrix of resistors
and an op-amp was used as a buffer stage between the T.V. pulse
generator and the T.V. input. The values of the resistors were

chosen experimentally to produce an optimum raster on the blank
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monitor so that it was bright enough for the light pen to pick up
the raster signal but meanwhile not too bright to hurt the eye of

the patient.

The output voltage 1is

vo = Ao <vi - BVO>

where AQ is the gain of the op-amp and Vx is the voltage at the

non-inverting input and

and input impedance of the op-amp is high.

ABV

1 + AOB

Af
1 + AoB

when AQ >> 1 then

1 Rx + Rf 10+4.3
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Video Blanking

Pin

&

4 were low the voltage at the

input of the op-amp was zero.

xed Sync. ) ’
Pin? ] f
1 1
. 1 1
1 . 1
!
T
Output Jmmmmmemem
When both pins 3
inverting
pin 4 was low:
Pin 3 2K

43K

0 CZ)

I:l:

nmmrm)

non-

When pin 3 was high and

Therefore the voltage at the non-inverting input was 1/14 of

the voltage at pin 3

4 were high:

(5 Volts)
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Pin ]
Pin

Therefore the voltage at the non-inverting input of the op-am

was 1/3 of the voltages at pins 3 & 4, which is 1.7V.
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APPENDIX VII

Input to gate B

Output of gate B

The circuit shown above provided a 4MHz clock source to the
clock divider. The waveforms showed that it was a form of
multivibrator and that 1t thus used regenerative switching
between its two output states. A qualitative description of the

operation is as follows:

Initially both gates were in a state of equilibrium with
their output voltages equal to their input voltages. When the

enable input was put to logical 1, the output voltage of gate A
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would slightly decrease, though not fully to the '0' state. This
negative going edge was coupled through C; to the input of the
inverter B, where it caused an increase in output voltage. The
positive going edge from this increase was coupled through C, to
the input of gate A where it caused the ocutput wvoltage to
decrease further than when the enable input was applied. Thus,
regenerative switching was in progress which would continue until
the output of gate A was fully low and the output of gate B fully

high, as at the beginnihg of a period.

The uncharged capacitors now proceeded to charge through the

two resistors as shown below:

Input of A
Input of B ¢

C, charged through R; with a time constant of 0.22uS and C,
charged through R, with a variable time constant. Thus, the input
voltage to gate A decayed and the input voltage to gate B rose as
shown in the period of XY of the waveforms in Fig. VII, until the
input voltages to the gates reached the threshold at which their
outputs started to rapidly swing (i.e. the gates were in their
active region where they had forward gain). Regenerative
switching in the opposite direction to that previously occurred.

This changed the output states of the two gates as shown at point
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Y. After this, the capacitors started to charge again, though
this time the output of gate B was low and the output of gate A

high, so that they charged in the opposite directions to before
until point Z was reached, where regenerative switching occurred

again.

The oscillations were therefore self-sustaining and would
carry on until the enable input was taken low, which effectively

broke the feedback loop between the two gates.

This description is rather simplified in that it ignores the

finite delays and output rise times of the gates.
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Memories Contents

1.

Memory A.

Location
00
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

APPENDIX VIII

in Hexa Decimal

Data
10
11
12
16
17
20
21
22
23
24
25
26
277
34
35
36
37
38
39
40
41
42
FE
50
51
52
53
54
55
56
FF
66
67
68
69
81
82
94
95
96
97

107
108
109
110
111
112
113
121

Address (Hexa Dec.)
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00
01
02
03
04
05
06

Data (Hexa Dec.)
A
B
C
10
11
14
15
16
17
18
19
1A
IB

22
23
24
25
26
27
28
29
27
FE
32
33
34
35
36
37
38
FF
42
43
44
45
51
52
5E
5F
60
6l
6B
6C
6D
ok
oF
70
71
79



2.

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

122
123
124
125
126
127
128
129
136
137
138
139
140
141
142
143
146
147
151
152
153

Memory B in Hexa Decimal

000
010
020
030
040
050
060
070
080
090
0AQ
0BO
0CO
0DO
OEO
0FO0
100
110
120
130
140
150
160
170
180
190
1A0
1BO
ICO
IDO
1E0
1FO0
200

518D
TE60
23BB
4452
7D 8B
26B8
3645
8B53
16C8
4698
7D8A
1728
B6C7
6F7D
7D61
C618
3846
6l 6F
5461
1728
98A6
6F7D
3746
4698
61 6F
4553
36A8
14CA
616F
34AA
11cCcC
6F7E
00

51
6F
23
8B
61
26
99
61
16
A7
98
B6
17
8A
6F
29
54
7D
6F
38
B6
8A
54
A7
7D
8B
36
14
7D
34
11
8D

8D
TE
BB
9A
6F
B8
A8
6F
C8
B7
A7
C7
28
98
D
38
61
8A
7D
46
C7
54
61
B7
61
99
A8
CA
8B
AA
cC
51

51
11
34
44
7D
26
45
7D
27
37
54
17
38
A6
18
46
6F
98
8A
54
17
61
7D
27
6F
45
26
61
44
34
11
60

60
ccC
AA

52

61
B8

53

8B

B7

46

61

28

46

38

29

54

7D

A6

98
8A

28
6F
8A
B7
7D
53
B8
oF
52
AA
ccC
6F

6F
11
34
8B
oF
26
8B
61
27
54
6F
B6
54
46
38
61
8A
B5
A6
98
B6
7D
98
27
53
8B
26
D
8B
34
11
TE

TE
cC
AA
9A
7D
B8
99
6F
B7
61
D
Cc7
8A
54
46
6F
98
Cé
38
A6
Cc7
8A
AT
B7
6l
99
B8
61
9A
AA
cC
8D
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8D
11
34
52
14
36
45
7D
27
7D
8A
17
98
61l
54
7D
A6
61
46
B6
17
37
277
16
6F
36
26
6F
44
23
60
51

51
cC
AA
61
CA
A8
53
6l
37
8A
54
28
A6
6F

61
8A
B5
oF
54

c7
28
46
37
C8
1D
45
B8
7D
52
BB
6F
8D

31
32
33
34
35
36
37
38
39
3A
3B
3C
3D
3E
3F
40
41
42
43
44
45

60
11
34
6F
14
36
8B
6F
46
98
61
38
B6
7D
6F
98
C6
7D
61
17
B6
54
46
16
8B
99
26
52
8B
23
TE
51

6F
ccC

D
CA
A8
99
1D
98
AT
6F
46
Cc7
8A
D
A6
18
6l
6F
28
c7
61
98
C8
53
A8
B8
61
9A
BB
60
8D

TE
23
44
8B
14
36
53
16
AT
37
7D
54
38
98
8A
B5
29
oF
7D
38
oF
7D
A7
16
61
36
14
6F
44
23
6F
00

8D
BB
9A
52
CA
45
6l
C8
B7
46
8A
8A
46
A6
98
Cé6
38
7D
8A
46
6F
8A
B7
C8
6F
45
CA
7D
9A
BB
TE
00

60 6F
23 BB
44 9A
61 6F
14 CA
99 A8
6F 7D
16 C8
27 37
54 o6l
6F 6F
98 A6
54 61
61 6F
A6 B5
18 29
46 54
38 46
98 A6
54 8A
54 61
98 A7
27 37
16 C8
7D 8B
99 A8
14 CA
8B 52
44 9A
23 BB
51 60
00 00

TA
7B
C
7D
TE
TF
80
81
88
89
8A
8B
8C
8D
8E
8F
92
93
97
98
99



3. Memory C in Hexa Decimal

000
010
020
030
040
050
060
070

57
66
07
1C
7D
94
91
26

58
75
97
4D
8D
A6
45
25

59
84
A7
3D
9D
A5
44
16

5A
68
IB
2D
78
65
34
15

56
79
93
ID
88
64
43
14

55
8A
9B
69
89
74
33
06

54
46
13
6A
98
63
23
05

4, Memory D in Hexa Decimal

000
010
020
030
040
050
060
070
100
140

9D
46
84
23
FF
3C
TA
19
61
57

FF
36
74
13
FF
2C
6A
07
51
47

FF
26
64
A6
FF
1C
5A
98
41
37

FF
16
54
92
FF
FF
4A
88
31
27

FF
A9
44
82
FF
9B
3A
78
21
17

FF
95
34
72
FE
8B
2A
68
11
05

4D
85
24
62
5D
B
1A
58
FF
FF

47
35
49
TA
99
73
42
38

3D
75
14
52
6D
6B
08
48
FF
FF

37
24
4A
6B
9A
83
32
28

2D
65
A7
42
7D
5B
99
38
FF
FF
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27
5B
3A
B
A8
62
22
29

ID
55
93
32
8D
4B
89
28
FF
FE

67
5C
4B
8B
A9
72
12
18

FF
45
83
22
9C
3B
79
18
FF
FF

77
5D
3B
6C
76
82
41
19

96
35
73
12
8C
2B
69
06
FF
FF

87
53
2B
C
86
92
31
1A

86
25
63
A5
C
IB
59
97
FF
FF

48
52
4cC
8C
85
61
21
08

76
15
53
91
6C
09
49
87
FF
FF

39
51
3C
9C
96
71
11
09

66
A8
43
81
5C
9A
39
77
FF
FF

2A
17
2C
6D
95
81
36
00

56
94
33
71
4c
8A
29
67
FF
FF



APPENDIX IX

T.V. Camera Modification

A black and white Link camera was used. Its Signal to Noise
ratio was measured to be about 17dB when the lens aperture was
set to get maximum signal out Jjust before clipping. Tests were
performed to establish the source of this noise. Noise was
traced back to the head amplifier. By removing the tube and
performing other tests it was found that the majority of the
noise was the result of the poor design of the head amplifier.
The circuit of the head amplifier is shown in Fig. IX.1l. The iris
of the camera was opened until the output waveform of the tube
was just before clipping (f:2). The Gamma correction was set at

one and the Aperture correction was set for minimum noise.

To improve Signal to Noise ratio:

(2a) The gain of the head amplifier had to be shifted to
earlier transistors so that the noise produced by the second
(Sg) and the third stage (Sg) was small compared to the signal

out of the first stage.

(b) To reduce the sensitivity of the head amplifier so that
the aperture of the lens had to be opened more and hence the tube

being harder on. This was achieved by reducing the overall gain

of the head amplifier.

It was noticed that the output of S4 was much noisier than
output of Sg and since the d.c. voltage of 0.7V did not alter the

functioning of S6, the collector of Sg was shorted to the emitter
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of S4, hence omitting S4

Fig. IX.1 Circuit Diagram of the Head Amplifier

(a) To reduce the noise in the head amplifier the noise

the second (S2) and third (S3) stages were made small relative

of

to

the output signal of the first (S") stage. This was achieved by

increasing the voltage gain of §$-* and S2 and reducing the gain
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First Stage $-*

Since = 30 K-ohms it can be ignored
+¥  vout ~ -"m Vgs RD

Rd = 330 ohms gm = 6 mmhos
.*. gain = -2

This can be increased if RD is increased, but there is a
limit to which RD could be increased (minimum VD = 5.3V). RD was
set at 1K-ohms hence the gain was -6. Also in an F.E.T transistor
the lower the tD the noisier the transistor would be, so the

current ID was also increased with the above modification.
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Second Stage S2

Because of the modification in Slz VD1 (Vb2) is reduced,
therefore Ve2 has to be reduced. To achieve this R6 is divided
into a 330 ohms and decoupled 7.5 K-ohms resistors. Hence Ve2 was

reduced and also RE, in small signal equivalent, remained small.

The gain can be increased if Rc is increased to 3.3 K-ohms
giving a gain of 10. This gave a collector current of 0.8 mA
which was much smaller than the previous Ic of 5 mA. This
resulted in less noise in S2 since the optimum working lc for

transistor for minimum noise is 0.5 mA.
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Input

Third Stage Sq

+12

Cutput

Input B————

% S5 w[] @

By 1.58  Qutput

As seen in the small signal equivalent circuit:

Vin = Ib hie and Vout = =hfe Ib Rg
Vgut -hfe Rg
Hence ---- = gain = --=---
Vin hiE
26x10~3 ic
it hie = ===== and Iy & ==
Ib hfe
_hfe Rg Iz  -Ic Rg  -5x10"3x1.5x103
gain = S =SS e e e S e
26x10~3 hfe 26x1073 26x10™3
‘. gain = -288

To reduce this gain, Rg had to be reduced but the Ve had to

remain the same. Thus a 6.8V zenor diode together with a 100ohm

resistor was used in place of Rg.
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When Rg = 100 ohms Ic = 9 mA (calculations at the end of
the Appendix)

-9x10 3x100

Which is much less than 288. This reduction is necessary to
keep the overall voltage gain low enough so that none of the

stages clip the waveform.

(b) Another way of reducing the noise is to reduce the
sensitivity of the head amplifier so that the camera tube is

working at a higher current output.

Fig, ix.2 Block Diagram of the Head Amplifier

x Av2 x Av2
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If = If because Zfn of the 1 stage is very large

V1l - vo vi (1 - Ao>
If -
RE Rf

VO Ao vi Ao vi Rf

Ti (1 - Ao)

vO Ao Rf
Ve -~ : Rf when AQ >> 1

Hence the overall voltage gain does not affect the
sensitivity and the latter can be reduced by reducing Rf. This

resistor was reduced to 100 K-ohms instead of 180 K-ohms.
The modified circuit is in Fig. IX.3.

The calculation of the d.c. output voltage of the circuit is

found at the end of this Appendix.

The head amplifier design is not a particularly good one
since it 1s not properly d.c. stabilised. This can be

demonstrated by the following:

From equation IX.l at the end of the Appendix

: 10R6 Rs v R10R6 R10R6 R6
e ) = —— Vgs —eees vs + VBE3 + VBE2

Rx RgRs RX RORS8 r 9R8 R8

RS
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Fig. IX.3 Modified Circuit of the Head Amplifier

Substituting for the resistor values before the modification

and hence omitting the term VD,

VA = 0.77Vgs + 0.23Vs + 1.56Vbe3 + 2.33Vbe 2

Now substituting for the voltages;

-0.77 + 2.76 + 0.936 + 1.398

VA 4.32V
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Hence VA is dependent on VgS by 13.1%, on Vg by 47.1%, on

VBE3 by 16.0% and on VBE2 by 23%. Therefore only 47.1% is d.c.

stabilised.

Substituting in equation IX.l for the resistors after the

modification;

VA “ 8 2vgs + 0.8Vs 0.8Vd + 0.37VBE3 + 0.15VBE2

Now substituting for the voltages;

VA = -0.2 + 9.6 - 5.44 + 0.22 + 0.09

vA = 4.27V

Hence VA is now dependent on Vgs by 1.3%, on Vs by 61.7%, on
VD by 35%, on Vbe3 by 1.4% and on Vbe?2 by 0.6%. So the amount of

d.c. stabilisation has increased considerably.

To ensure that the frequency response of the head amplifier
is not reduced by the modification, it was tested for frequency
response between 10 and 10MHz both before and after the

modification.

This was achieved by;

From Fig. IX.2

but when Aq is -ve

Rf
7Z— Rf = 100 K-ohms and AQ = -6 x 10 x 35 = -=2100

'-Ao

-310-



100x103

1+2100

When Z”n = Input impedance of the head amplifier. The camera
tube was disconnected and a voltage source with a serial resistor

R was connected in its place.

The 0.0luF capacitor was not removed to keep the impedances

under the same conditions.

If the value of R was ten times the value of X0 + Zin then

the voltage source would act as a current source.

Xc = — =-—- minimum f is about 50Hz

—————————————————— - = 318 K-ohms

Hence minimum Xc =
21Tx 50 x 0.01 x 10%“o

Hence the value of Zin is negligible compared to XQ. Ten
times 318 K-ohms is 3.2 M-ohms. The current needed for the head
amplifier is in the order of 1luA. Therefore a voltage source of
3V in series with 3.2 M-ohms will produce 1uA of current. The

head amplifier was then tested for frequency response between 10

to 10 MHz.

In Fig. IX.4, Curve (a) 1s the frequency response for the

unmodified head amplifier and as can be seen the response is flat
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from 50 Hz to 100 KHz and then a peak at 4 MHz. This is due to
the capacitance in the 3.2 M-ohms resistor. If this resistor is
decreased the frequency response of frequencies lower than about
3 KHz (R/10 x 2 C = 1/f) would not be correct but instead the

response at high frequencies would be more true.

Curve (b) shows the response using a 52 K-ohms series
resistor R. The response 1is therefore improved in the high

frequencies to only about 1.5dB.

Curve (c) shows the frequency response of the modified head
amplifier and as can be seen the response is flat upto 6 MHz
which is more than enough for a black and white camera. Also the
peak at 4 MHz is reduced to only 0.5dB. This has considerable
effect in reducing the white noise since most of the power of the
latter lies in higher frequencies. The frequency response 1is not
flat below 1 KHz since the series resistor is only 52 K-ohms and

thus the response is not correct below 1 KHz.

With this response it was proved that the modification to

the head amplifier is not merely a low pass filter.

The modification increased the signal to noise ratio. The
camera was placed in front of a test chart and the iris of the
lens opened until the output of the camera was Jjust before
clipping.

Before modification

After modification
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——————————————————————— = ————— = 22 = 27dB
Noise at the black level 0.1v

Fig. IX.4 Frequency Response of the Head Amplifier

The signal to noise ratio has improved considerably
especially at the white level where the limbus pulse in section

6.4.IV was generated.

The reason for different noise levels at different grey
levels of the signal could be due to many factors. These include,
a) the Gamma Correction on the camera being not properly set at
1, b) the amplifiers in the camera working nearer to their
saturation, «¢) the d.c. operating point of the F.E.T changing
with the incoming signal, d) the tube producing more noise when
the incident light on its face decreases (black level) and less

noise when there is more light (white level).

Calrulations of the D.C. Output of the Head Amplifier
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As in Fig. 1IX.3

vA + I3RS + vD =vs ... (1)
i3RIC + VBE3 = Z2R8 e (2)
t2r6 + VVE2 + VB = VS ... (4)
vB + IIRS =Vvs ... (5)
Z1RX + vgs = VA L., (6)
from (1)
in (2) — <KVS " VA " VD) + VBE3 = I2R8---(3)
r9
R10
from (3) ~ VS VA VD" + VBE3/RS8
r 9r 8
R10R6 X R6
in (4) -——— (vs vA  vD] + vbe3 + vbe2 + vB - vs
r 9R8 RS
r 10R6 r6
VS VA ™ Vd) “ VBE3 ” VBE2
r 9R8 R8
r 10R6 R6
in(5) Vs ———-——-— VS VBE3 " VBE2 + Z1R5 “ VS
r 9R8 R8
VA - Vgs
From (6) 1 === in (7)
Rx
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RS R10R6 r6

— <VA ' vgs> <VS - VA - VD> + ' VBE3 + VBE2
Rx T 9r 8 R8
o+5 R1I°R6) _ RS R10R6 R10R6 r6
VA (- Vos T vs VvD T — VBE3 + VBE2
RX r9r 8 RX r9r8 r9r 8 r8
(IX.1)
1 1
when Ry = (— + 776 ohms

1.2K 2.2K

R5 = 1000 ohms Vn = 6.8V

R10 = 220 ohms ygs = -1V

6 - 7830 ohms \Ye = 12 Vv

9 = 100 ohms VBE3 = VBE?2 0.6V
8 = 3300 ohms

Substituting for resistors and voltages;

VA = 4.28 volts
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Appendix X

Delay calculations:

1) The delay in the circuit of the monitor was in the order
of nanoseconds since there were only a few active stages in the
vision amplifiers. These, of course, wvary from monitor to
monitor, but generally they consisted of few transistors or op-

amp. This delay is almost negligible.

2) The delay for the electrons to travel from the cathode to
anode is divided into two, t-* and t2. tj 1is the time taken for
the electrons to travel in the neck of the C.R.T. when they are
accelerating and t2 is the time for the electrons to travel from

the neck to the screen with constant speed.
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i) Calculation of time tx, when electrons are accelerating:

F = gE E = v/d

when

g = Electron charge

F = Force on electron

E = Electric field strength

d = length of the neck of the C.R.T.

V = Potential difference between anode and cathode

for acceleration

z
s
0]
5
3
I

b
I

t =

qVv d2x
— (1) since F = m—-
d dt?2

Mass of electron.
Distance of the electron from the cathode.

Time taken for the electron to go through distance x.

integrating equation (1)

integrating again

4
—t + X ... ... constant of integration
d
dx/dt = 0 G =0
v t£2
4 CD ee constant of integration
d 2
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when x = 0 t =0
2 2mxd
therefore t = —-—=
Vg
2md”
12
qVv

for an electron

in an average C.R.T

tj =

a/m

\Y%

but x =

2.73 x 10~9 seconds

1.759 x lqll C/Kg

15.25 KV d = 10mm

ii)calculationof time when electrons are at constant speed:

g = electron charge
V = potential difference
distance d
speed ———————-- = - =V
time t
- = 1.759 x 1011 C/Kg
m
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= electron mass
= speed of electron
VvV = 15.25 RV d = 150mm

d at the end of the neck

t2



Where d is the average distance from the end of the neck to the

screen.
_Q
/v tg = 2.05 x 10 seconds
In both cases the time delay is very small and almost
negligible.

3) The time delay in the phosphor glow was about 1 to 2uS in
a long- persistence tube and about 0.2uS in a short-persistence

tube (Brimar, 1975/76).
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APPENDIX XI

3-Pole Active Filters

The component values of the 3-pole active filters used in
sections 3.4.VIII and 6.2.VII are calculated with the aid of a
normalised table from Brokaw (1970). Two filter designs were
investigated for two different input impedances. Chebychev 1dB
ripple and Optimal 3dB ripple for 10K-ohms and 100K-ohms input
resistances. They all were calculated for a cut-off frequency of
10Hz. However, the design in section 3.4.VIII was later altered

to a cut-off frequency of 20Hz.
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Chebychev 1dB Chebychev 1dB Optimal 3dB Optimal 3dB

R2=R4=R6=10K R2=R4=R6=100K 1 9=r 4=r 6=10K r 2=r 4=r 6=ioo k

C-"103.84nF C-"KJ.384nF C1=0.22uF C1=0.02uF
Cg=26.15uF C3=2 .615uF Cg=12.5uF C3=1.22uF
C5=4.15uF C5-0.415uF C5=3.3uF C5=0.32uF
(1) (2) (3) (4)
Frequency Output/dB Output/dB Output/dB Output/dB
1 19.67 19.78 19.55 20.00
1.25 19.55 19.67 19.55
1.50 19.44 19.67 19.55
1.75 19.32 19.32
2 19.20 19.44 19.20
2.5 19.08 19.08 18.84 20.00
3 18.72 18.59 18.59 19.78
3.5 17.93 18.32
4 18.46 17.36 17.92 19.32
4.5 17.79 18.84
5 18.52 15.92 17.64 18.46
5.5 17.50 17.79
6 18.84 14.61 17.36 17.06
6.5 17.36
7 19.44 13.06 17.21 15.74
8 19.55 11.77 17.21 13.98
8.5 19.08
9 18.46 10.40 16.75 12.82
9.5 17.21
10 15.74 9.17 15.56 10.88
10.5 14.19
11 12.82 7.74 13.98
11.5 10.88 12.57
12 9.54 11.48
12.5 10.57 7.51
13 7.04 9.54
13.5 8.38
14 4.86 7.04
15 3.5 3.52 5.46 4.68
16 3.52
17 -1.16 1.02
18 -0.56
19 -1.80
20 -6.02 0 —2.50 0
) -5.00
25 ~10.10 ~8.52
30 -12.04 -7.18 -12.04 -4.08
35 -18.06
40 -6.02
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