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ABSTRACT 

The design of a system f o r studying human ey e b a l l move­
ments i s presented. The system output provides e y e b a l l 
l o c a t i o n and p u p i l s i z e i n the form of step-wise voltages 
which are up-dated a minimum of 4000 times per second. Eye 
movements up to + 45 degrees i n two dimensions can be tracked. 
The frequency response of the system ensures continuous t r a c k i n g 
of a l l eye movements i n c l u d i n g the f a s t e s t saccades. 

The method employed i s a p h o t o e l e c t r i c scan which uses 
feedback to l o c k onto the p u p i l and f o l l o w i t s movements. 
In the f i n a l system, t h i s i s performed by a scanning photo-
m u l t i p l i e r tube which e l e c t r o n i c a l l y d i s s e c t s an o p t i c a l image 
of the eye. 

To check the f e a s i b i l i t y of the proposed system before 
the scanning p h o t o m u l t i p l i e r i s purchased, the work i s performed 
i n two p a r t s : f i r s t the c i r c u i t r y required to perform the 
scan i s developed and tested without the use of a scanning 
p h o t o m u l t i p l i e r tube; then an experiment i s performed which 
simulates the scanning p h o t o m u l t i p l i e r and enables the o v e r - a l l 
system performance to be evaluated. 

In the f i r s t p a r t , a system i s constructed which performs 
s i m i l a r l y to the f i n a l system except that the e l e c t r o n i c 
d i s s e c t i o n of the image i s performed using an o s c i l l o s c o p e i n 
conjunction with a simple p h o t o m u l t i p l i e r instead of the 
scanning p h o t o m u l t i p l i e r . This " f l y i n g - s p o t system" i s used 
to t e s t the c i r c u i t r y required to perform the scan: the c i r c u i t r y 
proves to be e n t i r e l y , s a t i s f a c t o r y . 

i i 



In the second part, the simulation enables the signal 
noise r a t i o of the scanning photomultiplier to be predicted. 
On the basis of t h i s , a recommendation i s made to purchase 
the scanning photomultiplier and to construct the complete 
system. 

i i i 
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CHAPTER 1 

Int r o d u c t i o n 
1.1 Movements of the eye 

The human e y e b a l l i s continuously i n motion. There are 
many types of movement va r y i n g i n amplitude from those 
measured i n seconds of arc up to some that are greater than 50 
degrees i n extent. When a person i s viewing a scene, these 
movements permit various points of i n t e r e s t to be selecte d 
f o r d e t a i l e d viewing. This i s performed by p l a c i n g the 
image of each point of i n t e r e s t s u c c e s s i v e l y on the fovea or 
centre of sharpest v i s i o n on the r e t i n a (see f i g u r e A . l 
appendix A). The person i s s a i d to have h i s gaze f i x a t e d on 
each point i n t u r n . In. examining any scene the eye performs a 
s e r i e s of f i x a t i o n s i n t e r s p e r s ed w i t h movements from one point 
of i n t e r e s t to the next. 

In the l i t e r a t u r e , these and other eye movements are 
categorized as f o l l o w s (from references 1, 2, 3> 4, 5). 

Saccades are f a i r l y l a r g e f a s t jumps which e f f e c t a 
voluntary change i n f i x a t i o n p o i n t s . They may be l a r g e r than 
50 degrees with v e l o c i t i e s as high as 600 degrees/second f o r 
the l a r g e excursions. Typi c a l l y , a 10 degree saccade may take 
0.1 second. 

P u r s u i t movements are those with which the eye f o l l o w s 
a moving object i n i t s f i e l d of view. They are in v o l u n t a r y and 
cannot occur without a moving object. L i m i t i n g speed i s about 
30 degrees/second. 
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Vergence movements are those i n which the eyes move 

independently i n order to permit binocular v i s i o n of a near 
object or a far object. Range i s about 15 degrees and speed 
up to 10 degrees/second. 

The eyes also turn with a r o l l i n g or torsional motion 
about the l i n e of sight. This motion i s slow and involuntary. 
These movements are quite small and are not considered i n t h i s 
work. 

Nystagmus refers to o s c i l l a t o r y or unstable eye 
movements. Optokinetic and vestibular nystagmus are two types 
which can be induced i n a subject by appropriate motion of 
the subject r e l a t i v e to his f i e l d of view. Spontaneous 
nystagmus on the other hand may be a sign of certain disorders. 

F i n a l l y there are the three classes of miniature move­
ments (less than 1 degree) which occur during attempted 
f i x a t i o n . Tremor consists of very small, fast movements 
which are caused by the balanced muscular system which controls 
the eye. Their frequency i s i n the range from 30 to 70 
Hz. and the amplitude i s measured i n seconds of arc. 

D r i f t movements are larger, very slow, apparently aim­
less movements. They are apparently due to i n s t a b i l i t y i n 
the oculomotor system and are measured i n minutes of arc. 

F l i c k s or small saccades are apparently correcting for 
the d r i f t movements i n order to keep the eye fixated on the 
desired target. They are normally from 2 to 10 minutes of arc 
and l a s t approximately 0.02 second. 
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1.2 The need to measure eye movements 

Measuring a subject's eye p o s i t i o n t e l l s what part of 
a scene he i s l o o k i n g a t . From t h i s , information can be 
deduced about what the subject a c t u a l l y sees. This i s 
u s e f u l i n p s y c h o l o g i c a l experiments such as studies of 
reading, s t u d i e s of how information i s taken from scenes and how 
people solve problems,and studies of man-machine, i n t e r f a c e 
s i t u a t i o n s . 

Several medical a p p l i c a t i o n s e x i s t . In examining a 
p a t i e n t ' s f i e l d of view i t i s necessary to know au t o m a t i c a l l y 
and a c c u r a t e l y h i s point of f i x a t i o n . E y e b a l l p o s i t i o n 
information can a l s o be used i n s i m u l a t i n g the conditions of 
c e r t a i n eye diseases (tunnel v i s i o n f o r example). In 
a d d i t i o n , the movements of the eye are of i n t e r e s t medically, 
since ocular disorders may be i n d i c a t e d by abnormalities 
i n these movements. F i n a l l y , p h y s i o l o g i s t s are i n t e r e s t e d i n 
how the various movements are r e l a t e d to the mechanism of v i s i o n . 

A r e l a t e d subject i s that of measuring p u p i l s i z e and 
r e f l e x e s . These are e s s e n t i a l i n dark-adaption studies and 
are a l s o u s e f u l as i n d i c a t o r s of d i s o r d e r s . 

Bioengineers are i n t e r e s t e d i n studying the c o n t r o l 
systems which c o n t r o l p u p i l s i z e and eye p o s i t i o n . In these . 
a p p l i c a t i o n s , i n f o r m a t i o n i s required about the normal eye move­
ments, t h e i r v e l o c i t i e s and a c c e l e r a t i o n s . Also u s e f u l i s 
information about how the eye behaves when an image i s 
s t a b i l i z e d on the r e t i n a , and i n order to achieve t h i s , the 
d i r e c t i o n of gaze must be a c c u r a t e l y measured. 



1 .3 Survey of methods of measuring eye movements 
4 

Most of the commonly used, methods f a l l into one of f i v e 
general categories: photographic, corneal r e f l e c t i o n , contact 
lens, electro-oculography, and photoelectric. 

1 . 3 . 1 Photographic methods 

Orig i n a l l y the eye i t s e l f was photographed then l a t e r 
a piece of bright material was placed on the eye and thi s , 
alone was photographed. Another application used photography 
of the corneal r e f l e c t i o n ^ . The most serious objections 
to these methods are: (a) a great deal of f i l m i s used to 
obtain r e l a t i v e l y l i t t l e information; (b) the f i l m has to be 
developed and laboriously examined after the test so there i s 
no p o s s i b i l i t y of working i n r e a l time. 

1 . 3 . 2 Corneal-reflection method 

This method results from the fact that a l i g h t shone 
near a human eye causes a highlight to appear on the cornea. 
This highlight i s easily seen by an observer or an op t i c a l 
system. When the eye turns as the subject changes his 
direction of gaze, the corneal r e f l e c t i o n moves. This movement 
i s used to measure eye movements. 

The corneal—reflection method i s attractive since i t 
measures movements i n two dimensions, does not interfere 
seriously with vision,and i s suitable for use with large 
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numbers of subje c t s . A l s o , i t i s s u i t e d f o r use i n real-time 
7 

experiments and can supply information d i r e c t l y f o r computer 
8 

a n a l y s i s . However,it i s l i m i t e d i n accuracy by the 
i r r e g u l a r i t i e s on the surface of the cornea, and i n extent by 
the i r r e g u l a r i t i e s near the edge of the cornea. P.or good 
accuracy the centre 10 degrees should be used^ but i t can 
be used up to + 12 degrees 1. Another o b j e c t i o n to t h i s method 
i s that head movements introduce r e l a t i v e l y l a r g e e r r o r s i n t o 

9 

the measured eye movements . 

1.3.3 Contact-lens methods 

Various methods i n v o l v i n g s c l e r a l or corneal contact 

lenses are accurate f o r very small eye movements (down to 10 

seconds of a r c ) . U s u a l l y a mi r r o r or l i g h t i s mounted on the 
lens and the l i g h t from t h i s goes i n t o an o p t i c a l system. This 

q 

method i s f a i r l y i n s e n s i t i v e to head movements . However i n 
order to reduce slippage, the lens must be t i g h t - f i t t i n g and 
hence be c a r e f u l l y custom-fitted. This means that i t may be 
uncomfortable to wear and that a l i m i t e d number of subjects can 
be used. Also,the attachment prevents b i n o c u l a r v i s i o n and w i l l 
l i k e l y a f f e c t the movements i t i s designed to measure. F i n a l l y , 
i t i s suspected that f o r saccades greater than 5 degrees, 
slippage does occur.. 
1.3.4 Electro-oculography I t has been found that small e l e c t r i c - p o t e n t i a l changes 
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are associated w i t h eye movements. By p l a c i n g electrodes on 
the s k i n around the eye, i t i s p o s s i b l e to record two-
dimensional eye movements of amplitude v a r y i n g from 1 degree 
up to 90 degrees. This i s known as electro-oculography. 
However, the p o t e n t i a l s are very small and are i n the presence of 
l a r g e muscle-action p o t e n t i a l s . A l s o . t h e i r v a r i a t i o n with 
the p o s i t i o n of the eye i s nonlinear. In a d d i t i o n , the 
ne-cessity of p l a c i n g electrodes on the subject i s sometimes un­
d e s i r a b l e . 

1.3-5 P h o t o e l e c t r i c methods 

A p h o t o e l e c t r i c technique has been developed"*"^ which 
causes a b r i g h t l i g h t to scan across the o p t i c d i s k (part 
of the r e t i n a ) . On t h i s area there are s e v e r a l blood 
v e s s e l s and these absorb more l i g h t than the surrounding 
surface. The d i f f e r e n t amount of r e f l e c t e d l i g h t i s sensed 
by a p h o t o c e l l , and by synchronization with the scanning s i g n a l , 
accurate measurements of small movements are obtained. Since the 
shape of the blood v e s s e l s i s important, the subjects used must 
be screened f o r s u i t a b i l i t y to the method. I t i s u s e f u l f o r 
h o r i z o n t a l movements only,and i n f a c t , v e r t i c a l movements can 
cause e r r o r s . 

Another ^photoelectric technique"^ focuses the spot from 
a cathode ray o s c i l l o s c o p e onto the limbus (boundary between 
i r i s and s c l e r a ) , and by means of a feedback system moves the 
spot as the eye moves so that the spot stays on the limbus. Thus, 
the d e f l e c t i o n s i g n a l s generated by the system to move the spot 
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are a measure of the eye p o s i t i o n . This requires operation i n 
a darkened room and i s not e a s i l y adaptable f o r two-dimensional 
measurements. I t i s l i n e a r f o r movements of 0.1 to 10 degrees. 
I t i s l i m i t e d to the range f o r which the limbus remains v i s i b l e . 

12 
A v a r i a t i o n of t h i s technique has been described i n 

which the r e l a t i v e movement of the limbus and the corneal 
r e f l e c t i o n i s measured to determine eye movements. This 
r e l a t i v e movement should be zero f o r t r a n s l a t i o n a l eye movements 
( i . e . head movements) but f i n i t e f o r r o t a t i o n a l eye movements. 
In f a c t , t h i s method reduces the e f f e c t of head movements by 
a f a c t o r of f i v e from the o r i g i n a l method but i s s t i l l subject 
to the same l i m i t a t i o n s . 

13 
In another p h o t o e l e c t r i c technique , the d i f f e r e n t i a l 

r e f l e c t i v i t y of the s c l e r a and the i r i s i s used by focusing the 
l i g h t r e f l e c t e d from the eye through a s l i t onto a phototube. 
As more or l e s s of the s c l e r a appears through the s l i t , more or 
l e s s s i g n a l i s obtained from the phototube. In t h i s way, 
accurate eye movements are measured subject to the l i m i t that 
the limbus'must be v i s i b l e . In t h i s reference, the system 
was suspended from a s t a t i o n a r y counter-weight, which r e s t r i c t s 
head movements. 

A scheme has been developed 1^ which mounts a l i g h t and 
p h o t o c e l l s on " m o t o r c y c l i s t ' s goggles". The l i g h t i s 
e f f e c t i v e l y i n f r a - r e d so the subject's v i s i o n i s not disturbed 
by i t . I t i s shone c e n t r a l l y on one eye and the p h o t o c e l l s 
measure d i f f e r e n t i a l l y the amount of l i g h t r e f l e c t e d to obtain 

15 
a measure of eye movement. A v a r i a t i o n of t h i s method using 
two l i g h t s i s l i n e a r over the range + 15 degrees. However ,this 
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i s l i m i t e d to h o r i z o n t a l movements and permits e s s e n t i a l l y 
monocular v i s i o n . 

Another v a r i a t i o n 1 ^ of t h i s idea uses an a x i a l filament 
lamp and o p t i c s to produce two sharply {focused l i g h t bars on 
each eye. One bar i s bis e c t e d by the tjemporal and one by 
the nasal limbus of each eye. The r e f l e c t e d l i g h t i s sensed by 
s o l i d - s t a t e photodetectors to y i e l d a measure of h o r i z o n t a l 
eye movements.. The s e n s i t i v i t y i s 2 minutes of arc and the 
output i s l i n e a r to + 5^ f o r h o r i z o n t a l movements of + 20 
degrees. 

17 
In a recent system under development \ a type of 

t e l e v i s i o n camera tube i s used with a s p e c i a l i z e d scan which 
l o c k s onto c e r t a i n features of the eye to t r a c k i t s movements. 
The features used are the p u p i l - i r i s boundary and a s p e c i a l 
corneal r e f l e c t i o n . This system i s expected to be u s e f u l 
f o r movements up to + 20 degrees with l i t t l e i n t e r f e r e n c e 
from head movements. Because of the a p p l i c a t i o n f o r which the 

18 
system was designed ( m i l i t a r y : v i s u a l c o n t r o l system ) the 
subject i s required to look monocularly through a telescope. 
There are then two l i g h t sources s h i n i n g on the eye. 

The c i r c u i t r y required to implement t h i s scheme i s 
f a i r l y complex due to the complex scan and l i g h t system used. 
This i n t u r n i s required by the n e c e s s i t y of t r a c k i n g the 
p u p i l as w e l l as the c o r n e a l ' r e f l e c t i o n . The purpose of t r a c k i n g 
the corneal r e f l e c t i o n i s to reduce the e f f e c t of the head move­
ments on the measurements (reference 18 appendix A). 
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1 . 4 Requirements f o r the present study-

I t can be seen from the above survey that each of the 

methods described has a p a r t i c u l a r range or type of movements 

f o r which i t i s best s u i t e d . Also, very few are u s e f u l and 

accurate f o r l a r g e eye movements. One of the requirements f o r 

the present system was that i t measure very l a r g e eye movements 

(up to + 4 5 degrees) and yet be capable of measuring some 

of the miniature movements as w e l l . 
Since the a p p l i c a t i o n s f o r the system were expected to be 

i n c l i n i c a l medicine as w e l l as i n research, i t was d e s i r a b l e 
that i t be designed f o r use with many d i f f e r e n t subjects and that 
i t should present as l i t t l e v i s u a l and p h y s i c a l hindrance to the 
subject as p o s s i b l e i n order that the responses be measured 
under n a t u r a l c o n d i t i o n s . This includes the requirement that 
the system be capable of working i n d a y l i g h t . 

One of the important a p p l i c a t i o n s of the system was to 
be the measurement of v e l o c i t i e s and a c c e l e r a t i o n s of the 
e y e b a l l movements. In order to achieve t h i s , the eye p o s i t i o n 
output should be continuous, or i f sampled, i t was estimated 
that the r a t e should be i n excess of 4 KHz. 

I t was required that the system output be i n r e a l time 
and c o n s i s t of e y e b a l l p o s i t i o n i n two dimensions. I t was 
als o recognized that a valuable asset would be a measure of the 
p u p i l s i z e as another output. 



10 

1 .5 Choice of the method 

The method chosen was a p h o t o e l e c t r i c scan of the eye. 
The X and Y outputs of the system are voltage l e v e l s which are 
l i n e a r l y p r o p o r t i o n a l to the l o c a t i o n of the centre of the 
p u p i l . The o r i g i n i n the X-Y plane i s represented by zero 
v o l t s and the extreme p o s i t i o n s by some maximum p o s i t i v e and 
negative voltage. The basic component i n the system i s a 
memory element which samples the voltage representing the p u p i l 
p o s i t i o n and holds t h i s value as the output u n t i l a new sample 
i s taken. The r a t e at which these samples are taken i s 
v a r i a b l e from 4 KHz.to 8 KHz. 

The b a s i s f o r the operation of the system i s that the 
p u p i l r e f l e c t s l e s s l i g h t than the i r i s . Thus a p h o t o e l e c t r i c 
scan can use t h i s d i f f e r e n c e to l o c a t e and t r a c k the p u p i l - i r i s 
boundary. The e s p e c i a l l y a t t r a c t i v e feature of the p u p i l i s that 
i t i s v i s i b l e to an observer (and hence usable by a t r a c k i n g 
system) i n a l l p o s i t i o n s where the subject can see. Thus, a 
system which tracks the p u p i l over i t s whole range of movement 
can measure a l l u s e f u l eye p o s i t i o n s . (This neglects the 
p o s s i b i l i t y of measuring eye movements during sleep. In t h i s 
case a l l methods f a i l except electro-oculography.) In 
a d d i t i o n , i t i s p o s s i b l e to measure the s i z e of the p u p i l with 
t h i s method. 

Since the e y e b a l l i s e s s e n t i a l l y a sphere, the p u p i l does not 
move i n a plane. The conversion to angular eye movements can be 
performed with simple trigonometry. 
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Since the system tr a c k s the p u p i l , any v i s i b l e l i g h t 

that i s used would be seen by the subject. For t h i s reason, the 
use of near i n f r a - r e d i l l u m i n a t i o n i s proposed. In order not to 
i n t e r f e r e with dark adaption, the wavelength should be longer 
than 6500 A. However, to be e n t i r e l y i n v i s i b l e , i t should be 
longer than 7600 A. References 19 and 20 i n d i c a t e that good 
p u p i l - i r i s contrast e x i s t s under i n f r a - r e d i l l u m i n a t i o n . 
Experiments i n the present study (see s e c t i o n 5.6) confirm 
t h i s conclusion. 

1.6. Comparison with other methods 

Other p h o t o e l e c t r i c methods which t r a c k the p o s i t i o n 
of the limbus are p r a c t i c a l l y l i m i t e d to measuring h o r i z o n t a l 
movements only. This i s so because under normal c o n d i t i o n s , 
most of the top and bottom of the limbus i s covered by the 
e y e l i d . I t i s p o s s i b l e to prop the l i d open during t e s t s but 
t h i s was r e j e c t e d on the grounds that i t would be a serious 
hindrance to the subject. Also f o r very l a r g e h o r i z o n t a l 
movements t h i s method f a i l s because the limbus i s covered by 
the e y e l i d . 

Electro-oculography and the contact—lens methods were 
r e j e c t e d mainly because they prevent n a t u r a l response by the 
subject. Further, the contact-lens methods are u s e f u l only f o r 
small eye movements. 

There are two serious drawbacks to the c o r n e a l - r e f l e c t i o n 
method. F i r s t , i t has a p r a c t i c a l l i m i t a t i o n to movements i n 
the range of + 12 degrees. Second, i t i s more s e r i o u s l y 
a f f e c t e d by head movements than the method of t r a c k i n g the p u p i l ^ . 
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1.7 L i m i t a t i o n s of the method 

Some of the problems are due to p o s i t i o n i n g and are common 
to a l l methods: f o r example the presence of the forehead, 
nose, and eyelashes and the f a c t that the exact d e t a i l s of 
these features vary from one subject to another. I t i s obvious 
that the e y e l i d s and eyelashes can p a r t i a l l y or t o t a l l y block 
v i s i b i l i t y of the p u p i l f o r short periods. Thus, a t r u l y con­
tinuous system output i s not p o s s i b l e . However,high-speed 
e l e c t r o n i c s and au t o m a t i c a l l y a t t a i n e d output i n the system 
minimize the t o t a l no-output period. 

I f a concentrated source of l i g h t i s used to i l l u m i n a t e 
the eye, a corneal r e f l e c t i o n w i l l be created. Since the 
system responds to d i f f e r e n c e s i n l i g h t l e v e l (between i r i s 
and p u p i l ) , t h i s represents a serious p o t e n t i a l source of 
noise. This can be avoided by using a s u f f i c i e n t l y d i f f u s e 
source of l i g h t or by c a r e f u l l y p o s i t i o n i n g a non-diffuse l i g h t 
source (see s e c t i o n 5 . 4 ) . 

F i n a l l y , minor er r o r s e x i s t even i f the centre of the. 
p u p i l i s ac c u r a t e l y tracked. One reason i s that the p u p i l i s 
observed through two r e f r a c t i v e media: the aqueous humour 
and the cornea. Another reason i s that as the eye turns, 
the pick-up device receives a foreshortened image of the p u p i l . 
The e f f e c t of the foreshortening on the apparent centre of the 
p u p i l i s n i l while the e f f e c t of the r e f r a c t i o n i s quite s m a l l . 
Scale drawings of the s i t u a t i o n show that the combined e f f e c t 
of the two f a c t o r s i s as f o l l o w s : the p u p i l diameter appears 
l a r g e r than i t s a c t u a l s i z e when viewed from a p o s i t i o n normal 
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to i t s surface (13% for a 7mm.pupil) but smaller when viewed from 
a position at larger angles to the surface (11% for a 7mm. p u p i l ) ; 
the maximum error i n centre position i s 1.5% of i t s f u l l range 
of movement. I f i t i s desired to use the pupil diameter as an 
accurate system output, a correction curve should be computed 
and applied to the pupil-diameter information from the system. 
The error In the centre position i s neglected i n this work. 



CHAPTER 2 
The scan method and i t s r e a l i z a t i o n 

2.1 The scan system 

As explained i n s e c t i o n 1.5, the system operation 
i s based on the f a c t that the p u p i l r e f l e c t s l e s s l i g h t than 
the i r i s . The p h o t o e l e c t r i c scan system uses a voltage sweep 
which e f f e c t i v e l y causes l i g h t to sweep across the eye. The 
d i f f e r i n g amounts of r e f l e c t e d l i g h t caused by the d i f f e r e n t 
r e f l e c t i v i t i e s of the p u p i l and the i r i s cause a change i n the 
s i g n a l i n the transducer. The sweep voltage at which t h i s 
change occurs represents the l o c a t i o n of the p u p i l - i r i s boundary. 
Since the p u p i l i s a c i r c l e , four such l o c a t i o n s can be used 
to compute i t s centre. This i s the desired system output. 

I t i s important that, an e f f i c i e n t and simple scan 
system be chosen. Figure 2.1 shows a simple method to l o c a t e 
the centre of a c i r c l e . Using t h i s method, the c a r d i n a l points 

Figure 2.1 
The centre of a c i r c l e 
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on the p u p i l - i r i s boundary are l o c a t e d . That i s , x-̂  and x^ 

are l o c a t e d v e r t i c a l l y at the p u p i l ' s v e r t i c a l centre l o c a t i o n 
Y , and y^ and y^ are loc a t e d h o r i z o n t a l l y at the p u p i l ' s 
h o r i z o n t a l centre l o c a t i o n X . In t h i s case, i t i s a simple 
matter to compute the p u p i l diameter, viz.,, D = x^ - = y^ ~ v]_' 

The scan system used i n t h i s work l o c a t e s the four points shown i n 
f i g u r e 2 . 1 and thus y i e l d s the p u p i l diameter as w e l l as the 
p u p i l centre. I t i s described below. 

The scan system c o n s i s t s of four short sweeps. One i s 
loc a t e d at each of the four c a r d i n a l points of the p u p i l as : 
shown i n f i g u r e 2 . 2 . Each sweep s t a r t s at a voltage which i s 
a small value (e) below the previous value f o r the res p e c t i v e 
c a r d i n a l p o i n t . In the system e i s adjus t a b l e . I t must be 
l e s s than the p u p i l diameter and i t has a maximum value of 0 . 5 cm. 
The sweep moves towards the previous l o c a t i o n of the c a r d i n a l 
p o i n t . As soon as the boundary i s l o c a t e d , the new voltage 
representing i t s l o c a t i o n i s stored and the sweep i s stopped. 

P u p i l 

Figure 2 . 2 

The four-sweep scan system 
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This i s performed at each of the four points i n t u r n . Then the 
four new values are used to compute the new value f o r the centre 
of the p u p i l and the p u p i l diameter. This new information i s used 
to p o s i t i o n the sweeps i n the next cycle of the four-sweep scan. . 
This whole procedure i s repeated continuously to y i e l d a 
constantly up-dated estimate of the p u p i l centre and the p u p i l 
diameter. 

When the eye i s i n motion, the various boundaries are 
encountered e a r l i e r or l a t e r on each of the sweeps. The four 
sweeps are generated by one c i r c u i t which also generates an 
alarm i f the maximum sweep voltage (2e) i s achieved without 
encountering a boundary. This s i g n i f i e s that the system has 
f a i l e d to l o c a t e one of the four c a r d i n a l points on the p u p i l . 
Occurrence of an alarm c o n d i t i o n i n i t i a t e s a f u l l - r a s t e r search 
which approximately l o c a t e s the p u p i l so that the t r a c k i n g scan 
can be r e - i n i t i a t e d . The sweep length and speed are adjusted 
so that eye movements alone should'not cause an alarm.. However., 
t h i s alarm-and-search p r o v i s i o n i s necessary to r e - a t t a i n meaning­
f u l output a f t e r b l i n k s and during system set-up and c a l i b r a t i o n . 

2.2 Comparison with other scan systems 

A normal t e l e v i s i o n - t y p e r a s t e r has a r e p e t i t i o n rate 
near 60 Hz. In t h i s a p p l i c a t i o n however,each f u l l frame y i e l d s 
only one estimate of the eye p o s i t i o n . Thus,it would be 
necessary to have a frame r e p e t i t i o n r a t e of the order of 4 
KHz'. This i s not p o s s i b l e with normal t e l e v i s i o n pick-up tubes. 
More important however, t h i s f u l l - r a s t e r scan i s very i n -
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e f f i c i e n t since during most of the r a s t e r , no u s e f u l information 
i s being obtained. 

Another type of scan uses feedback to avoid scanning 
areas which contain no information. There are two general 
types of such scans. The f i r s t i s a reduced-area rectangular 
scan which adjusts the p o s i t i o n s of the h o r i z o n t a l and v e r t i c a l 
scans to fo l l o w the image ( f i g u r e 2.3). The second i s a non-
rectangular t r a c k i n g scan which l o c k s onto the image of the 
p u p i l and f o l l o w s i t ( f i g u r e 2.4). One type of the l a t t e r 
i s a s m a l l - s p i r a l c u r v e - t r a c i n g scan ( f i g u r e 2.4(a)) and another 
i s a v a r i a b l e - s i z e c i r c l e scan which i s placed on the p u p i l 
( f i g u r e 2.4(b)). This could p o s s i b l y be a s p i r a l scan which 
au t o m a t i c a l l y adjusts to f i t the p u p i l when contact i s made. 

While both types of non-rectangular scans are capable 
of y i e l d i n g considerable information about the shape of the 
curve, they are much l e s s e f f i c i e n t than the four-sweep scan 
( f i g u r e 2.2) i n l o c a t i n g the centre of the p u p i l . Also, i t i s 
apparent that the rectangular t r a c k i n g scan of f i g u r e 2.3 
i s l e s s e f f i c i e n t than the four-sweep scan. 

2.3 R e a l i z a t i o n 

In considering the method of r e a l i z i n g the scanning 
process, f l y i n g - s p o t systems are i m p r a c t i c a l when studying eye 
movements i n two dimensions. The reason f o r t h i s i s the presence 
of the corneal r e f l e c t i o n . In a one-dimensional problem, i t i s 
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p o s s i b l e to p o s i t i o n the pick-up element so that the corneal 
r e f l e c t i o n never encounters i t , When two-dimensional eye 
movements are considered however, t h i s , i s not p o s s i b l e . I t 
was considered advisable to prevent t h i s corneal r e f l e c t i o n at 
the outset by using a s t a t i c l i g h t source to i l l u m i n a t e the 
eye. Another advantage of t h i s scheme i s that the i n c i d e n t 
l i g h t l e v e l can be v a r i e d independently of the other system 
parameters to adjust the s i g n a l l e v e l and thus the s i g n a l - t o -
noise r a t i o . In f l y i n g - s p o t systems other parameters such as 
spot s i z e and r a s t e r rate must also be adjusted when the l i g h t 
l e v e l i s changed. 

Normal t e l e v i s i o n tubes are not s u i t a b l e f o r use with 
the type of scans described. Vidicons have a r e l a t i v e l y high 
dark current so s i n g l e - l i n e scanning w i l l r e s u l t i n an 
extremely low s i g n a l - t o - n o i s e r a t i o . Also, c h a r a c t e r i s t i c s such 
as l a g and s e n s i t i v i t y w i l l vary across the target depending 
on how f r e q u e n t l y each p a r t i c u l a r s e c t i o n of the target has been 
scanned. But, the fundamental problem i s that of speed of 
response. The l a g i n response to a l i g h t - t o - d a r k or a dark-to-
l i g h t change i s about 0.2 second f o r 90% of the change. This i s 
due p a r t i a l l y to inherent photoconductor l a g and p a r t i a l l y to 
the i n a b i l i t y of the e l e c t r o n beam to cancel small charges at 
the t a r g e t . 

A tube which i s u s e f u l i n t h i s a p p l i c a t i o n i s the image 
d i s s e c t o r . This i s e s s e n t i a l l y a scanning p h o t o m u l t i p l i e r tube. 
As i n the standard p h o t o m u l t i p l i e r , there i s a photoemissive 
cathode u s u a l l y maintained at some high negative p o t e n t i a l . In 
an image d i s s e c t o r , i n s t e a d of continuously gathering a l l the 
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photoelectrons i n t o the m u l t i p l i e r s t r u c t u r e , electrons from 
one small p o r t i o n of the cathode are gathered i n t o the m u l t i p l i e r 
at any one time. The small p o r t i o n which i s thus examined can 
be v a r i e d e l e c t r o n i c a l l y and thus the image on the photocathode 
i s d i s s e c t e d . The means f o r performing t h i s d i s s e c t i o n i s shown 
i n f i g u r e 2.5. The subject i s o p t i c a l l y imaged onto the photo­
cathode which then emits an e l e c t r o n image corresponding to the 
o p t i c a l image. By means of a focus c o i l t h i s image i s focused 
onto the plane of the aperture. Thus, only those electrons 
which f a l l on the aperture enter the m u l t i p l i e r and create 
the video output. In a d d i t i o n to the focus c o i l , t h e r e are two 
d e f l e c t i o n c o i l s which d e f l e c t the e l e c t r o n image i n order that 
the ele c t r o n s from any point on the cathode may enter the 
aperture. 

' D r i f t tube 

Aperture" 

M u l t i p l i e r s t r u c t u r e 

H I I 
4-

Translucent 
photocathode 

Anode 

Pigure 2.5 
Image d i s s e c t o r 

Video 
output 



21 
Since there i s no charge storage , the image d i s s e c t o r 

i s not s u i t a b l e f o r low l i g h t - l e v e l operation, but i f enough 
s i g n a l can be obtained, t h i s tube has s e v e r a l advantages over 
normal t e l e v i s i o n tubes. The most notable advantage i s that 
l i t e r a l l y any type of scan i s permissible w i t h no adjustment i n 
the video l e v e l . I t i s thus p o s s i b l e to search the photo­
s e n s i t i v e area f o r the information required and then use a 
d i f f e r e n t type of scan to examine one part of the area i n 
d e t a i l . This second scan can be a reduced-area scan, a s i n g l e - l i n e 
scan, or even a "stopped scan". 

Because the photoemission process has a wide l i n e a r 
range, these tubes a l s o have a wide range. With s u i t a b l e 
m u l t i p l i e r s , they can achieve operation over f i v e orders of 
magnitude. F i n a l l y , they are a v a i l a b l e w i t h SI photocathodes 
which y i e l d good response i n the near i n f r a - r e d . 

I t i s thus apparent that an image d i s s e c t o r i s i d e a l l y 
s u i t e d to the present a p p l i c a t i o n . While they are commercially 
a v a i l a b l e from at l e a s t two sources (ITT I n d u s t r i a l Laboratories, 
Fort Wayne, Indiana ., and CBS Laboratories, Stamford, Connecticut), 
they are very expensive (approximately $3000,) . Before such a 
tube was purchased, i t was decided to perform a c a r e f u l 
f e a s i b i l i t y study to p r e d i c t the f i n a l performance of the 
system. 

There are two parts to t h i s f e a s i b i l i t y study. One i s 
the development and t e s t i n g of the e l e c t r o n i c s to perform the 
scanning and computation. Because of the s i m i l a r i t y between 
the image d i s s e c t o r and the standard p h o t o m u l t i p l i e r , i t was 
p o s s i b l e to do t h i s development using a standard p h o t o m u l t i p l i e r . 
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The procedure i s described i n s e c t i o n 2.4. The other part of 
the study i s p r e d i c t i n g the operation of the image d i s s e c t o r 
i t s e l f i n t h i s a p p l i c a t i o n . This process i s described i n 
sections 5.2 to 5.7. 

2.4 The f i n a l system and the f l y i n g - s p o t system 

Figure 2.6 shows the p h o t o e l e c t r i c i n t e r f a c e as proposed 
f o r the f i n a l c o n f i g u r a t i o n . Here the eye i s i l l u m i n a t e d and 
focusedonto the photocathode of the image d i s s e c t o r . As 
described i n s e c t i o n 2.3, t h i s tube scans the e l e c t r o n image of 
the eye and the video s i g n a l i s used to c o n t r o l the scan so 
that i t tr a c k s the p u p i l . 

Figure 2.7 shows a c o n f i g u r a t i o n which performs 
e s s e n t i a l l y the same f u n c t i o n as that i n f i g u r e 2.6. The three 
.signals involved may have d i f f e r e n t l e v e l s but they are other­
wise i d e n t i c a l . In f i g u r e 2.7, the spot from the o s c i l l o s c o p e 
i s focused onto the "eye" and the l i g h t which i s r e f l e c t e d from 
the "eye" i s picked up by the p h o t o m u l t i p l i e r . Thus,by 
scanning the o s c i l l o s c o p e spot, the "eye" i s scanned so the 
l i g h t received at the p h o t o m u l t i p l i e r i s a dis s e c t e d image of 
the eye. I t i s thus p o s s i b l e using t h i s f l y i n g - s p o t system to 
t e s t an e l e c t r o n i c system which w i l l be u s e f u l i n the f i n a l 
c o n f i g u r a t i o n . This i s the system which was constructed and 
which i s described i n chapter 3« There i s one important 
l i m i t a t i o n however. I t i s not p o s s i b l e to use a r e a l eye i n 
t h i s c o n f i g u r a t i o n because of the corneal r e f l e c t i o n s caused 
by the spot. Instead, a f l a t model of the eye was used to give a 
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p u p i l - i r i s boundary without corneal r e f l e c t i o n s . 
From f i g u r e 2 . 8 , i t i s p o s s i b l e to c a l c u l a t e the 

projected area covered by the p u p i l f o r eye movements of +45 

degrees. P r o v i d i n g f o r a maximum p u p i l diameter of 1 cm.: 

1 cm. 

Figure 2.8 

Projected area of the p u p i l 

= 1.12 cm. 

and b = arc tan 0 .5 = 26 .5 degrees. 

Then a = r s i n (b + 45) = 1.06 cm. Thus, the 
area covered by the p u p i l i s a square 2.12 cm. on the s i d e . 

During the tra c k sweep, a d d i t i o n a l area must be allowed 
since the sweep can extend beyond the p u p i l a maximum distance 
of e. This i s permitted to be as la r g e as one-half the maximum 
p u p i l diameter, i . e . e.^.0.5 cm. Then the t o t a l area at the 
eye which must be scanned i s a square with sides of length 
2.12 + 0 .5 + 0 .5 = 3.12 cm. 

On the o s c i l l o s c o p e face ( i n the f l y i n g - s p o t system) an 
a c t i v e area of 8 cm. square i s used to scan t h i s required area. 
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Thus, the o p t i c a l m a g n i f i c a t i o n from the eye to the o s c i l l o s c o p e 
face i s 2.56. In the system , the maximum d e f l e c t i o n s i g n a l i s 
+5 v o l t s . The o s c i l l o s c o p e a m p l i f i e r s e n s i t i v i t y then i s 1.25 
volts/cm. Thus, the conversion f a c t o r from measurements at the 
eye ( i n cm.) to voltage changes i n the system i s 3-2 volts/cm. 
The o s c i l l o s c o p e used was a Tektronix type 561 with a short-
persistence phosphor. The lens used was a 55 mm. f/2 Pentax 
(Super Takumar) and the p h o t o m u l t i p l i e r was a P h i l i p s 150 AVP. 
The S l l cathode m a t e r i a l was chosen to match the s p e c t r a l 
d i s t r i b u t i o n of the l i g h t from the o s c i l l o s c o p e phosphor (P16). 



CHAPTER 3 
Operation of the e l e c t r o n i c system 

3.1 General 

The e l e c t r o n i c s e c t i o n of the system i s l a r g e l y common 
to the image-dissector r e a l i z a t i o n and the f l y i n g - s p o t 
system. The minor d i f f e r e n c e s involved are discussed i n 
s e c t i o n 4.3. The system was constructed f o r use i n the f l y i n g -
spot c o n f i g u r a t i o n on 4ir" p l u g - i n c i r c u i t cards. The complete 
system required 14 such cards i n a d d i t i o n to the video d e t e c t i o n 
and blanking c i r c u i t s mounted on the p h o t o m u l t i p l i e r . C i r c u i t 
diagrams f o r each card appear i n the appendices. The Roman 
numerals i n f i g u r e s 3.1 and 3-2 s i g n i f y the card number where 
the element i s found. The c i r c u i t diagrams can be lo c a t e d i n 

the appendices from ta b l e 3.1. 

Card No. Video I I I I I I IV V VI VII 
Pigure No. E.2 E.3 E.4 E.5 E.6 E.7 B . l D.l 

Card No. V I I I IX X XI • XI I X I I I XIV 
Figure No. C.2 B . l B . l B . l B.2 C.3 C. l 

Table 3.1 

There are two modes of operation i n the system: search 
and t r a c k . In the former, a t e l e v i s i o n - t y p e r a s t e r i s 
generated which approximately l o c a t e s the p u p i l . Then,in t r a c k 
mode, the four-sweep scan described i n chapter two ac c u r a t e l y 
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tr a c k s movements of the p u p i l . In both cases system operation 
i s based upon l o c a t i n g the p u p i l - i r i s boundary. The mechanism 
f o r performing t h i s can be explained with the help of f i g u r e 
3.1. The video c i r c u i t s on the p h o t o m u l t i p l i e r are designed to 
detect only two video l e v e l s - l i g h t and dark. The l i g h t l e v e l 
corresponds to the o s c i l l o s c o p e spot being located on the 
s c l e r a or i r i s . The dark l e v e l corresponds to the spot, being 
on the- p u p i l . When a d e f l e c t i o n s i g n a l moves the spot from one 
region to the other,the video s e c t i o n generates a boundary 
s i g n a l . This causes the c o n t r o l l o g i c to send a load s i g n a l 
to one s e c t i o n of the analog b u f f e r . This i s a sample and hold 
c i r c u i t which loads the voltage l e v e l of the d e f l e c t i o n s i g n a l 
corresponding to the l o c a t i o n of the p u p i l edge. 

During the four-sweep scan ( i . e . i n track mode) t h i s 
occurs r e g u l a r l y at each of the four c a r d i n a l points of the 
p u p i l . These four voltages are used i n the output-computation 
and memory sections to generate voltages corresponding to the 
X and Y l o c a t i o n of the p u p i l centre and to the p u p i l diameter. 

As shown i n f i g u r e 3-1. a d d i t i o n a l "scan information" 
i s computed to be used i n conjunction with the track sweep to 
produce the four-sweep scan which i n turn generates con­
t i n u o u s l y up-dated output information. In t h i s mode the 
c o n t r o l l o g i c generates:video blanking s i g n a l s during spot 
r e p o s i t i o n i n g ; load s i g n a l s at boundaries and a f t e r computation; 
and s i g n a l s to c o n t r o l the track sweep generator. Not shown 
i n f i g u r e 3.1 are three a d d i t i o n a l sets of switches. Two are 
i n the output s e c t i o n to allov. time-sharing of components 
and the other i s i n the scan-computation s e c t i o n to permit 
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successive s e l e c t i o n of the feedback information. The c o n t r o l 
l o g i c also generates gate-drive s i g n a l s f o r these switches. 
(These are the coun t e r - c o n t r o l l e d switches on f i g u r e 3»2). 

I f one of the p u p i l boundaries i s not located, then the 
trac k sweep generator w i l l achieve i t s maximum value ( 2 E ) causing 
an e d g e - f a i l s i g n a l to be generated. This resets the l o g i c and 
generates a s e a r c h - i n i t i a t e s i g n a l . The gate dri v e s to the analog 
switch are also changed so that the search r a s t e r i s applied to 
the o s c i l l o s c o p e d e f l e c t i o n a m p l i f i e r s . When t h i s r a s t e r 
l o c a t e s the p u p i l , the c o n t r o l l o g i c switches again to the fo u r -
sweep scan. 

Figure 3.2 i s a more d e t a i l e d diagram showing the 
f u n c t i o n a l d e t a i l s of each block i n f i g u r e 3«1« The f o l l o w i n g 
d e s c r i p t i o n of the operation i s based upon f i g u r e 3.2. 

3.2 I n i t i a l i z a t i o n 

I f the manual search button i s pressed,the system i s 
i n i t i a l i z e d and the search procedure begins regardless of the 
previous s t a t e of the system. 

The i n i t i a l i z a t i o n c o n s i s t s of s e t t i n g the two search 
mode f l i p flops,, r e s e t t i n g the tra c k mode f l i p f l o p , and pre­
s e t t i n g the sample and hold number 9 to zero v o l t s (zeroing 
the p u p i l diameter s i g n a l f o r search). During t h i s period, 
video blanking i s performed to prevent f a l s e edge de t e c t i o n (not 
shown on f i g u r e 3«2; see f i g u r e E.4). 

As a consequence of thr i n i t i a l i z a t i o n : (a) the two-bit 
counter i s preset to 00 (by the " s e t / c l e a r " input to the counter); 
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(b) the two u n i j u n c t i o n sweep o s c i l l a t o r s are turned on; (c) the 
analog switches are both set to p o s i t i o n A. As a consequence of 
t h i s , the o s c i l l a t o r outputs are fed v i a the analog switches to 
the h o r i z o n t a l d e f l e c t i o n a m p l i f i e r ("fast sweeps" - 130 usee, 
per sweep) and the v e r t i c a l d e f l e c t i o n a m p l i f i e r ("slow sweeps" -
8.5 msec, per sweep). 

A f t e r a f i x e d period of time, video unblanking occurs 
and the search procedure becomes a c t i v e . 

3.3 Search mode A 

In t h i s mode, the video d e t e c t i o n c i r c u i t s are a c t i v e . 
When a t r a n s i t i o n from the l i g h t to the dark l e v e l occurs, the 
video d e t e c t i o n c i r c u i t t r i g g e r s the LD monostable which 
generates a load s i g n a l f o r sample and hold number 1. When a 
t r a n s i t i o n from the dark to the l i g h t l e v e l o c c u r s , i t causes 
the generation of a load s i g n a l to sample and hold number 2. 
In a l l cases,the occurrence of t h i s second load s i g n a l means 
that the p u p i l has been crossed so both edges (x-^ and x^) have 
been l o c a t e d . A f t e r the computation delay (to allow f o r the 
slewing r a t e of the operational a m p l i f i e r s i n the computation 
se c t i o n ) , a load-memory s i g n a l i s generated f o r sample and hold 
numbers 3, 5, 7, and 9 (the mechanism f o r s e l e c t i o n of sample 
and holds i s described i n appendix E). This means that a f i r s t 
estimate of the x-parameters i s a v a i l a b l e . These are e - x^, 
e - Xg, X, and p u p i l diameter. This process occurs during each 
h o r i z o n t a l sweep of the searc 1 r a s t e r that encounters the p u p i l . 

Since counter complementing does not occur i n t h i s mode, 
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the switches do not change and repeated estimates of the same 
information are obtained. However, as the search r a s t e r progresses 
past the centre of the p u p i l , the pupil-diameter s i g n a l which 
was formerly i n c r e a s i n g s t a r t s to decrease. C i r c u i t s i n the 
c o n t r o l s e c t i o n which monitor the pupil-diameter s i g n a l , detect 
t h i s decrease and reset the search mode A f l i p f l o p (see f i g u r e 
E.7). This stops the two u n i j u n c t i o n o s c i l l a t o r s , thus terminating 
the t e l e v i s i o n - t y p e r a s t e r . 

3.4 Search mode B 

In a d d i t i o n to stopping the search mode A r a s t e r , 
r e s e t t i n g the mode A f l i p f l o p sets the counter to 11, the 
analog switch V to p o s i t i o n B, and switch H to p o s i t i o n BT. The 
l a t t e r two s e t t i n g s connect the fast.sweep generator to the v e r t i c a l 
d e f l e c t i o n a m p l i f i e r and one side of the scan computation 
s e c t i o n to the h o r i z o n t a l d e f l e c t i o n a m p l i f i e r . As a consequence 
of the new counter s e t t i n g , • t h e various c o u n t e r - c o n t r o l l e d 
switches assume appropriate s e t t i n g s . In the scan computation 
s e c t i o n t h i s means that the DC l e v e l representing the estimate 
of X obtained i n A (held i n sample and hold number 7) i s applied 
to the h o r i z o n t a l a m p l i f i e r . 

When the search sweep c o n t r o l moves to "stop", there i s a 
delay (to allow f o r switching) followed by the t r i g g e r i n g of one 
f a s t sweep. (Video blanking i s performed during the delay.) 
The r e a l i z a t i o n of these functions appear i n f i g u r e E.7. 
This sweep i s applied to the •< T t i c a l d e f l e c t i o n a m p l i f i e r . 
Because i t i s located h o r i z o n t a l l y at the voltage X, the sweep w i l l 
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i n t e r s e c t the p u p i l near i t s c a r d i n a l points and thus load 
f a i r l y accurate estimates of the y-parameters. Due to the 
s e t t i n g s of the coun t e r - c o n t r o l l e d switches, these w i l l be 
loaded as f o l l o w s : e - y^ i n t o sample and hold number 4 ; £ ~ v 2 

i n t o number 6; Y i n t o number 8 ; and a new more-accurate p u p i l -
diameter s i g n a l i n t o number 9 . 

Figure 3 . 2 shows that f o l l o w i n g the DL boundary i n t h i s . 
mode, the "search mode B only" s i g n a l performs three functions 
( r e a l i z a t i o n of these functions i s described i n appendix E 
and f i g u r e E . 3 ) . F i r s t , the track mode f l i p f l o p i s set . 
This zeros the track sweep and blanks the video. Then the search 
mode B f l i p f l o p i s r e s e t . This sets analog switch V to 
p o s i t i o n T and i n d i c a t e s "track" mode on the f r o n t panel. 
F i n a l l y , the counter—advance monostable i s t r i g g e r e d . The r e s u l t s 
of t h i s are discussed i n the next s e c t i o n . 

At t h i s point, both search mode f l i p f l o p s are reset and 
they stay i n t h i s c o n d i t i o n as long as the system stays i n 
trac k mode. Thus,the f o l l o w i n g functions a r e . f i x e d throughout 
tr a c k mode: the two-bit counter i s a simple complementing 
counter; the analog switches are i n p o s i t i o n s T and BT; the 
video blanking i s c o n t r o l l e d by the st a t e of the track mode 
f l i p f l o p ; both u n i j u n c t i o n o s c i l l a t o r s are o f f . 

3 . 5 Track mode 

In t h i s mode,the system operates i n a c y c l i c manner 
continuously repeating the fou -sweep scan. The procedure f o r 
t h i s i s as f o l l o w s . 
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As stated above, the counter-advance monostable was 

t r i g g e r e d . The l e a d i n g edge of the pulse i t generates 
complements the counter. Since i t was l a s t i n st a t e 11 i t now 
assumes s t a t e 00 and the coun t e r - c o n t r o l l e d switches change 
accordingly. This means that the o s c i l l o s c o p e spot i s located 
v e r t i c a l l y at the value of Y obtained i n search mode B and 
h o r i z o n t a l l y at x^ - e obtained i n search mode A. Also, 
the switches i n the output s e c t i o n are set to up-date the 
x-parameters. 

Whenever the tra c k mode f l i p f l o p i s set, the video i s 
blanked. This i s necessary i n t h i s mode to avoid f a l s e 
s i g n a l s caused by switching and zeroing of the tra c k sweep 
generator both of which occur while t h i s f l i p f l o p i s set. At 
the end of the switching delay, the track mode f l i p f l o p i s 
re s e t . This unblanks the video and t r i g g e r s the track sweep. 
This i s a sing l e - s h o t sweep generator which sweeps from zero 
to a maximum of 2e v o l t s . Due to the scan computation, t h i s 
sweep i s added to the e - x-̂ . Accounting f o r the i n v e r s i o n i n 
the o p e r a t i o n a l a m p l i f i e r , t h i s causes the o s c i l l o s c o p e spot 
to sweep from x^ - £ to a maximum of + E . 

During the course of t h i s sweep, the spot crosses from 
the l i g h t ( i r i s and s c l e r a ) to the dark ( p u p i l ) . Thus the 
video d e t e c t i o n c i r c u i t s cause sample and hold number 1 to 
load ( i n t h i s case an up-dated x ^ ) . In tra c k mode, a d d i t i o n a l 
functions are performed: (a) the tra c k mode f l i p f l o p i s set, 
thus blanking the video and zeroing the sweep and (b) the 
counter-advance monostable i s '.riggered. Again t h i s mono-
st a b l e complements the counter (which now becomes 01) causing 
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the switches to f o l l o w . This means that the o s c i l l o s c o p e spot 
i s l o c a t e d v e r t i c a l l y at Y (as before) and h o r i z o n t a l l y at 
x^ - e. Once again,the t r a i l i n g edge of the monostable resets 
the t r ack mode f l i p f l o p which unblanks the video and t r i g g e r s 
the t r a c k sweep. This causes the o s c i l l o s c o p e spot to sweep 
from x^ - e to a maximum of x^ + £• 

In t h i s case,the video detects a change from dark to 
l i g h t , so sample and hold number 2 i s loaded (with an up-dated 
x^). As i n the f i r s t case,the t r a c k mode f l i p f l o p i s then set 
wi t h the same r e s u l t s . In t h i s case however, a computation 
delay i s triggered i n s t e a d of the counter-advance monstable. 
A f t e r the delay, newly-computed information i s loaded i n t o 
sample and hold numbers 3, 5, 7, and 9 (see f i g u r e E.3) and then 
the counter-advance monostable i s t r i g g e r e d . This sets the 
counter to 10 so the o s c i l l o s c o p e spot i s l o c a t e d h o r i z o n t a l l y 
at X and v e r t i c a l l y at y^ - e. In t h i s case,the switches are 
set to up-date the y-parameters. The two short sweeps are 
p o s i t i o n e d and performed i n an analogous manner to that f o r the 
x-case j u s t described. When the counter has reached 00,the cycle 
begins again. 

3.6 Automatic search i n i t i a t e 

Each time one edge of the p u p i l i s detected, the track 
sweep i s stopped as stated above by s e t t i n g the t r a c k mode f l i p 
f l o p . Thus,the t r a c k sweep should never achieve i t s maximum 
value of 2e v o l t s . In f a c t i : . t h i s does occur, the system 
generates an e d g e — f a i l s i g n a l which performs the same f u n c t i o n 
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as the search-initiate button on the front panel. This 
i n i t i a l i z e s the system and starts the search procedure again. 
Thus, an automatic search i s i n i t i a t e d when track mode f a i l s . 

3.7 Performance of the flying-spot system 

3.7.1 Static performance 

The photographs i n figure 3-3 show the features of the 
various modes of operation. 

Figure 3.3(a) shows the pupil diameter signal and the 
horizontal and v e r t i c a l deflection signals as the system changes 
from search to track mode. I n i t i a l l y the pupil-diameter signal 
•is set to zero and the search raster i s being performed. The 
f i r s t non-zero pupil-diameter signal shows where the pupil i s . 
f i r s t encountered. As the centre of the pupil i s passed and 
the diameter signal decreases, search mode B i s performed 
(single sweep on the lower trace). Then track mode i s achieved. 
The j i t t e r on the pupil-diameter signal during track mode could 
be due to two factors: (a) the photomultiplier was set at an 
angle to the simulated eye so the pupil appeared foreshortened; 
(b) a consistent inaccuracy exists i n one or more of the sample 
and holds (see appendix B). 

. Figure 3.3(b) shows the actual search raster. Again, mode 
A, mode B, and track mode are v i s i b l e . The overlapping of the 
two sweeps i n track mode i s caused by the large value of e 
used (see figure 2.2). A smaller value i s used i n figures 3.3(c) 
and (d). 



H o r i z . sens.: 0.5 msec/div. 
Vert, sens.: top trace 1 v / d i v . 

lower traces 5 v./div 
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(c) 
Horiz. sens.: 5 0 useo/div, 
Vert, sens.: 1 v./div. 

(d) 
Horiz. and v e r t , sens.: 1 . 2 5 v,/div. 

Figure 3.3 
Waveform photographs (continued) 
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Figure 3 .3(c) shows the system continuously i n track 

mode. The traces show the v e r t i c a l and horizontal deflection 

signals when the four-sweep scan i s continuously repeated. 

The period of each cycle of the scan indicates that the sample 

rate i s 8 KHz. Figure 3.3(d) shows the actual scan this generates. 

System operation was achieved for various values of the 

parameters at a l l speeds from 4 KHz. to 8 KHz. Measurements 

indicate that the resolution of the system i s equivalent to 

eye movements of the order of 10 minutes of arc. 

3.7.2 Dynamic performance 

In order to test the dynamic operation of the system, 

consideration was given to designing a mechanical apparatus 

to move the model eye (figure 2 .7 ) . However, a much more 

f l e x i b l e method was devised. The simple deflection amplifiers 

i n the oscilloscope were replaced with d i f f e r e n t i a l amplifiers. 

A function generator output was then applied to the second input 

of each amplifier. This signal was subtracted by the amplifier 

from the system-generated deflection signal thus acting as a 

disturbance which caused the various pupil boundaries to be 

encountered e a r l i e r or l a t e r on each sweep. For the electronics > 

of the system, this i s i d e n t i c a l to pupil movement. It was thus 

a very simple matter to adjust the function generator to 

simulate any pupil v e l o c i t y . 

To simulate the maximum pupil v e l o c i t y of 600 degrees 

per second or 33*6 volts per second (see section 3 .9 ) , a t r i ­

angular wave of peak-to-peak amplitude 6.8 volts should be set 

to 5 Hz. In these tests, two such generators were used (one for 
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horizontal and one for v e r t i c a l ) so that the r e l a t i v e d r i f t would 
ensure that a l l of the active area of the oscilloscope face 
was used. 

The analysis i n sections 3.8 and 3«9 indicates that the 
values of k-̂  and are approximately unity at this maximum 
pupil v e l o c i t y . It was thus anticipated that the system should 
track v e l o c i t i e s f a r i n excess of th i s maximum value.. With the 
function generator set to 6.8 v o l t s , the maximum frequency 
which the system would track was determined. For a l l sample 
rates t h i s value was i n excess of 70 Hz. Thus, the system i s 
capable of tracking v e l o c i t i e s far i n excess of those which 
the eye can achieve. 

Figure 3.4 i l l u s t r a t e s the dynamic performance of 
the system. The disturbances are 80 Hz. triangular waves from 
two signal generators. The second and fourth traces show the 
step-wise output: the offset of the output from the input i s 
deliberately caused i n the oscilloscope amplifier. Figure 
3.5 shows system recovery after an eye-blink. This was 
simulated for the photograph by blanking the CRT,thereby 
causing the system to i n i t i a t e the search procedure. The square 
wave shown i n the upper trace i s differentiated and applied to 
the CRT grid to cause temporary blanking only.' Thus, the 
photograph indicates that the system recovers i n about 4 msec.: 

3.8 Time relations i n track mode 

In considering the operation of the system i t i s 
ins t r u c t i v e to study the horizontal and v e r t i c a l deflection 
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Y disturbance 
Y output 
( v e r t , sens.: 0.2 v./div. 

X disturbance 
X output 
( v e r t , sens.: 0.5 v./div. 

Figure 3.4 
Dynamic performance 

H o r i z . sens.: 
2 msec/div. 

Figure 3-5 
System recovery a f t e r eye-blink 

H o r i z . sens.: 
2 msec/div. 



signals. One cycle of the scan consists of four short sweeps, 
two of which appear on the horizontal deflection signal and two on 
the v e r t i c a l d eflection signal. 

Between each of these sweeps there i s a delay. As 
pointed out i n section 3-5, the counter-advance monostable i s 
triggered after every edge encounter. The pulse length i s 
approximately 17 usee. This delay a l _ow:: for the slewing of 
the operational amplifiers i n the scan-computation section 
before the scan i s begun.. In addition to th i s delay, i t 
i s necessary after the second of each pair of edges ( i . e . 
after x^ and y^) to insert a computation delay to allow for the 
slewing rate of the operational amplifiers before the newly 
computed information i s placed i n memory. The delay i s 16 
usee, and the load pulse i s 2 usee, so the t o t a l delay i s 18 
usee. These delays are marked on the deflection signals 
shown i n figure 3•6. The period of the counter-advance monostable 
i s marked as CA. The period of the computation delay i s marked 
as D. The values k-^, k-^, ^21' ̂ 22 a r e ^e^^-ne(^ a s ^ e portion 
of the 2e sweep that occurs at each position. Since the 
maximum value for the sweep i s 2e,they are constrained to be 
between 0 and 2. 

To determine the time required for each of the four 
sweeps, i t i s necessary to consider the type of pupil movement 
that i s occurring. As drawn i n figure 3.6, no pupil movement i s 
occurring since X' = X and Y1 = Y. This i s because x^ = x-̂ , x£ = 
x^, etc. ( i . e . k-^ = k-^ = = ]^22 - l ) • However, i f move-
ment were occurring, X' ^ X and Y' ^ Y. In th i s case, X' = 



x^-e 

H o r i z o n t a l 
s i g n a l 
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V e r t i c a l 
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TJT1 

D 

CA 

V 
Figure 3 . 6 

D e f l e c t i o n s i g n a l s i n track mode 
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^1 ^2 ^1 ^2 
2 a n <^ X = 2 etc. i . e . the primed variables are th 

previous values and the unprimed variables are the up-dated 
values. I f the pupil moves at constant v e l o c i t y , i t i s 
assumed that the sample rate i s a constant (see appendix F) . 
In t h i s case, k-^ = k-^ = k-̂  and - ̂ 22 ~ ̂ 2 s^- n c e 

pupil moves the same distance i n the x direction during each 
period of the scan and the same distance i n the y dire c t i o n 
during each period of the scan. Since each of the four 
sweeps i s performed by the same sweep generator, each w i l l be 
at the same speed v . The time required for each horizontal 

k,e s k„e sweep i s sec. and for each v e r t i c a l sweep i s sec. * v ^ v. s s 
Thus, the period of the four-sweep scan for the 

condition of constant pupil v e l o c i t y i s 

k-. e k, £ k~ £ kp £ 
T = -i- + CA + — + D + CA + — + CA .+ + . D + 

v s v s v s s 

or. T = — (k n + k 0) + 2D + 4CA. 3.1 v 1 2 s 

.on 

Since the output information i s up-dated once each 
cycle of th i s scan and i t i s required that this informatic 
be up-dated at least S times per second (from section 1.5 
thi s i s 4 to 8 KHz.), the period T must be less than jjj. The 
condition of slowest sample rate ( i . e . largest T) i s k-̂  = 
k.^ = 2.therefore 

^ - + 2D + 4CA. 
S v s 

Inserting values for D and CA this becomes 
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|£ £ (| - 104) usee. 3.2 
s 

This i s the requirement on the system parameters i n order to 
s a t i s f y the output sample rate requirement of S KHz. 

Consider equation F . l (appendix F): 

v t = v(CA + t n + DLY + t ) + e. s n n-1 n 

Also by d e f i n i t i o n v t = k e where r = 1, 2. In equation 
s n r ' H 

F . l , the term i n parentheses i s the sample period (which i s i n 
the range 125 to 250 usee.) and v i s the pupil v e l o c i t y 
(maximum value i s 33.6 volts/sec. - see section 3-9) thus 
equation F . l becomes 

v t ^ 33.6 x 200 x 10~ 6 + e. s n 

For the range of e used i n the system (^1 volt) this becomes 

v t « e, s n ' 

which means that i n a l l cases 1. Thus equation 3.1 
indicates that the sample rate i s approximately constant 
and i n practice the sample rate can be set at zero pupil 
v e l o c i t y . 

3.9 Limitation set by pupil v e l o c i t y 

During one cycle of the scan, the pupil moves (k^ - l ) e 
i n the x dir e c t i o n and (k 2 - l ) e i n the y direction. The pupil 
v e l o c i t y i n the x direction then i s 



V px 

and i n the y di r e c t i o n i t i s 

v 

(k x - l ) e 
T 

(k 2 - l ) e 

46 

• • * • 3 • 3 

py - T 
Studying these two equations i t i s apparent that the 

3.4 

direc t i o n of pupil movement i s indicated by the values of k-̂  
T 
px 

and k£. I f both k-̂  and k 2 are greater than 1, both v and 
v are positive so th i s represents v e l o c i t i e s i n the f i r s t py. * 
quadrant i n figure 3.7. In the figure, k^ = 1 represents 
the' v • ='0 axis and. k 0 = 1 represents the v „ = 0 axis, px .2 y py 
Similarly, the other quadrants, are as shown i n the figure. 
However,the system cannot track v e l o c i t i e s over the. whole of the 
v vs. v , plane. It i s constrained to those v e l o c i t i e s for px py * 
which k^ and k 2 are between 0 and 2. On t h i s plane, a figure. 
w i l l be formed by p l o t t i n g v , vs. v „ for various combinations 

J ^ to px py 
v 

1 
k 2 > l 

k 1 = 

py 

l 
k l ' ^-2>'1 

k„=l 

k 1, k 2 < l k x > l 
k 2< 1 

— V px 

Figure 3-7 
Direction of pupil movement indicated by k-̂  and k 2 



of k^ and/or = 0 or 2. This figure represents the 
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maximum 
v e l o c i t i e s i n the various directions that the system i s capable 
of tracking. The purpose of this section i s to fi n d the smallest 
of these v e l o c i t i e s and ensure that i t i s larger than any veloc i t y 
the human eye can achieve. 

Prom section 1.1,the maximum vel o c i t y for the eye i s 600 
degrees per second-. For movements of the eye about the straight-
ahead position, figure 3.8 gives 

a = s i n 0 

f f = cos 0 f f 

600 w / = TI cos 0 cm./sec. 

= 10.5 cos 0 cm./sec. 

Figure 3.8 
Determination of maximum li n e a r pupil v e l o c i t y 

Thus,the maximum pupil v e l o c i t y may be taken as 10.5 cm./sec. or, 
i n the system this i s equivalent to 10.5x3.2 = 33-6 volts/sec. 
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To f i n d the v e l o c i t y - l i m i t i n g figure on the v vs. v „ 

plane, i t i s necessary to plot the v e l o c i t i e s for the following 
combinations of k^ and k^'-

(1) k x = 0 0 < k 2 < 2 

(2) k x = 2 0 < k 2 < 2 

(3) k 2 = 0 0 < k x < 2 

(4) k 2 = 2 0 < k± < 2. 

In each case, the ve l o c i t y expressions (equations 3.3 and 3.4) are 
of the form 

v-, = 1 at + e 

ct 
v2 at + e 

where t i s the k which i s varying (parametric equations). Solving 
v-̂  for t and substituting for t i n v 2 yields 

cb - cev., cev n _ . 1 _ c_ _ 1 
2 _ ab ~ a ab 

which i s of the form y = mx + b. Thus,the four combinations of 
k-̂  and k 2 l i s t e d above y i e l d four straight l i n e s with common end 
points. Thus,the figure i s closed and has four straight sides. 

v v 
Figure 3.9 shows the — ^ vs. plane with two such figures . 
plotted on i t . From these figures, the smallest l i m i t s are 4650 
for S = 4000 and 8250 for S. = 8000- or the smallest v e l o c i t y l i m i t s 
are 4650e and 8250e. In a l l cases, t h i s must exceed the maximum 
pupil v e l o c i t y of 33.6 volts/sec. This sets a. l i m i t on the para­
meter £ according to the minimiAm sample rate: 

S = 4000 £ ̂  7.25 mv. 
S = 8000 £ ̂  4.16 mv. 

This condition i s s a t i s f i e d for a l l p r a c t i c a l values of e. 
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v -1 py sec. 
e 
10000 

Pigure 3•9 

l i m i t a t i o n on system parameters set by maximum p u p i l v e l o c i t y — 
v e l o c i t y - l i m i t i n g f i g u r e s on the v vs. v plane f o r two J • ° ° px py * 

e e 
values of output sample rat e S 



CHAPTER 4 
D e t a i l s of the f i n a l system 

4.1 P h y s i c a l layout of the system components 
For a p p l i c a t i o n s where the eye movements themselves are 

being studied , i t i s convenient to measure them r e l a t i v e to the 
subject's head. I f . t h e measuring instrument i s f i r m l y f i x e d to 
the head,, the movements of the head ( i f permitted) do not i n t e r ­
fere with the measurements of the eye movements. 

However , small movements of the head r e l a t i v e to the measur­
i n g instrument w i l l s t i l l remain. These are mainly due to pulse, 
and t h e i r i n f l u e n c e can be made as small as i f the head were 
clamped to a f i x e d object. A p r a c t i c a l means of achieving t h i s 

21 
i s to use a head cap with a b i t e bar and a s k u l l strap . In t h i s 
case , the pick-up elements of the system are mounted on a cap 
which the subject wears. An adjustable strap which i s f i r m l y 
f i x e d to the head cap, f i t s around the top of the subject's head. 
This prevents back-and-forth and some r o t a t i o n a l movement of the 
instrument r e l a t i v e to the head. A dental impression i s also 
mounted f i r m l y on the cap so that the subject can b i t e f i r m l y on 
i t . This prevents up-and-down and f u r t h e r l i m i t s r o t a t i o n a l 
motion of the cap. 

I t i s important that the weight of the cap plus the equip­
ment on i t be kept to a minimum. Also,some p r o v i s i o n f o r a d j u s t ­
i n g the centre of g r a v i t y of the device i s necessary. In t h i s . 
case, the image d i s s e c t o r tube with focus and d e f l e c t i o n c o i l s , 
the optics,and the i l l u m i n a t i o n means must be mounted on the cap. 
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The t o t a l weight of the tube, c o i l s , and o p t i c s w i l l be approx­
imately 22 ounces (tube 6, c o i l s 6, and o p t i c s 10 ounces). The 
m a t e r i a l used to mount the lens system should be l i g h t i n weight. 
F i n a l l y , , the l i g h t - s o u r c e weight w i l l depend on the c o n f i g u r a t i o n 
used ( t h i s i s discussed i n chapter 5). 

The o p t i c a l system must produce an image of one eye on the 
photocathode of the image d i s s e c t o r . Figure 4.1 shows the means 
f o r performing t h i s . The h a l f - s i l v e r e d m irror i s necessary 
since the subject must be able to see. However, t h i s permits 

Figure 4.1 
O p t i c a l system 

considerable s t r a y l i g h t to enter the o p t i c a l system. This 
problem can be • overcome.most e a s i l y by using mechanical 
chopping of the i l l u m i n a t i n g l i g h t and synchronous d e t e c t i o n of 
the video s i g n a l . In a d d i t i o n , since the image of the eye i s 



formed with i n f r a - r e d l i g h t , an i n f r a - r e d f i l t e r may be used i n 
fr o n t of the image d i s s e c t o r to prevent s t r a y v i s i b l e l i g h t from 
s a t u r a t i n g the tube. This w i l l only s l i g h t l y decrease the radiant 
power i n the image. 

F i n a l l y , i t i s found that there i s some problem i n p o s i t i o n i n g 
a l i g h t source to i l l u m i n a t e the eye. Measurements of the nose 
and brow, and scale drawings i n d i c a t e that the movement of the 
subject's l i n e of si g h t must be l i m i t e d v e r t i c a l l y to approximately 
+20 to -48 degrees from the straight-ahead p o s i t i o n . The l i m i t s 
h o r i z o n t a l l y are 30 degrees n a s a l l y and 62 degrees temporally. 
This allows f o r an oval l i g h t source about 1.5 cm. wide at a 
distance of 2 cm. from the eye. Figure 4.2 i l l u s t r a t e s the 

Po s s i b l e l i g h t i n g c o n f i g u r a t i o n 
s i t u a t i o n . I f a more conventional shaped l i g h t source i s used, 
l a r g e r angles may be achieved by properly p o s i t i o n i n g the source. 
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4.2 Optics 

Assuming a 1-5- inch image dissector (eg. ITT F 4011) , the 
maximum useful photocathode diameter i s 1.1 inch. It would be 
possible to use the entire area of the photocathode. Actually, 
as stated i n section 2.4, the scanned area at the eye i s a 
square (with sides 3.12 cm.). Thus,it would be necessary to 
inscribe a square within the 1.1 inch diameter of the cathode. 

However,the entire area was not considered for two reasons. 
17 

F i r s t , other workers have found that the photocathode of a 
similar tube was extremely non-uniform, s e n s i t i v i t y near the edge 
of the "useful area" dropping to about l / l O of i t s value for the 
centre area. (The centre area was f a i r l y uniform.) No uniformity 
data were obtainable for th i s tube, so an arbitrary assumption 
had to be made. Secondly,,, by using a smaller area of the cathode,, 
a higher concentration of radiant power i n the image i s achieved, 
thus y i e l d i n g more potential signal (the question of resolution 
i s dealt with i n section 4-4). The arbitrary assumption made 
was that the approximately uniform area of the photocathode was 
0.75 inch diameter. Thus a square inscribed i n this area has a 

0 75 0 75 side of ' f ̂  inch or * 1^ x 2.54 = 1.35 cm. Thus the magnific-
1 35 

at ion "from the eye- to the image dissector cathode i s " = 0*432. 
It was found that: using a 55mm. focal-length lens to achieve 

this magnification, the object-to-lens and lens-to-image 
distances (u and v respectively) were convenient. In thi s case 

^ = 0.432,and since the focal length F = u v 

cn _ 0.432U2  

0 0 ~ 1.432u ' 



5 4 

thus u = 1 8 2 mm. 
and v = 7 8 . 5 mm. 

For a maximum pupil size of 1 cm. and for eye movements of 
+ 4 5 degrees, a scale drawing indicates that a depth of f i e l d 
of approximately 7 . 5 mm. i s required. In order to calculate 
the f-stop required to achieve t h i s , the hyperfocal distance 
( H ) must be calculated. This i s defined as the near l i m i t of 
the depth of f i e l d when the lens i s focused on i n f i n i t y . From 
reference 2 2 : 

IT _ _ l £ _ ISP-
~ fxd ~ d 

where F = focal length of lens , 
f = f-stop of lens , 
d = diameter of acceptable c i r c l e of 

confusion , 
D = diameter of the lens diaphragm ; 

and near l i m i t of 
the depth of f i e l d = ^ + p) > . . . . 4 . 1 

and far l i m i t of 
the depth of f i e l d = ^ _ p)— • . . . . 4 . 2 

An estimate of a useful value for d was arrived at as 
follows. In the operation of the flying-spot system as described 
i n chapter 3 , the oscilloscope spot size was approximately 1 mm. 
while the scanned area of the oscilloscope face was a square 
8 0 mm. on the side. To maintain t h i s r a t i o i n the f i n a l system,,, 
the aperture size would be "*~QQ̂  = 0 . 1 7 mm. Taking this as the 
approximate value of d, the hyperfocal distance H = 8 5 0 0 mm. 
Using equations 4 . 1 and 4 . 2 , this yields a depth of f i e l d of 
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6'mm. at f/2.0 and 7.5 mm. at f/2.8. 

To summarize, the opti c a l imaging of the eye onto the 
image dissector i s performed with a 55 mm. lens set at f/2.8 
positioned 182 mm. from the eye and 78.5 mm. from the dissector 
photocathode. The magnification from the eye to the cathode i s 
0.432. 

4.3 Electronics 

The electronics section of the system remains unchanged 
from that detailed i n -chapter 3 and related appendices except 

i 

for the following. 
As explained i n section 2.4, the two photoelectric 

interfaces involve signals which are i d e n t i c a l except for 
possible l e v e l differences. Indeed, the video signals. from the 
image dissector may well be different from those from the 
photomultiplier. However, since the video i s . clipped to two lev e l s 
by the comparator (see figure E.2)„ i t i s a simple matter to 
arrange the bias and re s i s t o r s to achieve t h i s with the new 
signals. In the case ef the horizontal and v e r t i c a l deflection 
signals, the difference i n the two configurations i s s l i g h t l y 
more important. In the "flying.spot configuration", these 
signals are voltage levels which drive the oscilloscope ampli­
f i e r s d i r e c t l y . In the " f i n a l configuration", since the image 
dissector i s magnetically deflected,it i s necessary to insert 
current drivers controlled by the voltage levels from the system. 
(These can also be obtained from ITT as part of the i r F 5005 
vidissector camera u n i t ) . 
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It i s also possible to make changes i n the system 

parameters £, sweep speed, and sample rate. The parameter £ 
i s changed by adjusting the potentiometers on cards I I and VII 
(see figures E.4 and D.l). The sweep speed i s changed by 
changing the capacitor C on card I I (figure E.4). The sample 
rate i s set by these values of £ and sweep speed according to 
equation 3.1. 

Since i t i s desired to measure eyeball accelerations 
as well as displacement and ve l o c i t y , the sample rate should be 
set as high as possible. Measurements on the system however, 
indicate improved resolution at the lower sweep speeds. Since 
the track sweep generator i s stopped as soon as the required 
boundary i s located, the va r i a t i o n i n the voltage at which i t 
i s stopped i s a measure of the resolution. Pigure 4-3 i s a 
sketch of the output of the track sweep generator. The 
magnified portion shows the end of one of the sweeps for repeated 
crossings of the same edge of the pupil (for zero pupil v e l o c i t y ) . 
In the sketch, three different stopping points are indicated. 
This shows three different voltages (v-^, v^, and v^) which are 
used to represent the same edge of the pupil. Thus the 
resolution i n volts i s approximately r = v^ - v^. 

Pigure 4.4 shows three photographs of th i s magnified 
sweep for system operation at 4, 6, and 8 KHz. In these photo­
graphs, there are many transients instead of just three but t h e i r , 
spread can be used as i n figure 4.3 to measure the voltage 
resolution. The results appear i n table 4.1. 



57 

volts 

Figure 4.3 
Resolution measured from the track sweep generator 

Sample rate (KHz. ) 4 6 8 
Sweep capacitor 
(C, figure H.4) 

U F . ) 0.7 0.32 0.13 

Resolution (mv.) 8 12 15 

Table 4.1 

It i s apparent from table 4.1 that there i s a trade-off 
between the sweep speed (which determines the sample rate) and 
the resolution. However,the v a r i a t i o n i n sweep-stopping voltage 
measured i n figure 4.4 ( i . e . resolution) i s a secondary factor 
since t h i s voltage ( i . e . the edge location) i s actually determined 
by the time that the video signal crosses the threshold l e v e l . 
When there i s noise on the video signal, repeated crossings of 



(a) 4 KHz. 
H o r i z . sens.: 500 nsec/div. Vert. sens. : 10 mv./div. 

(b) 6 KHz. 
Ho r i z . sens.: 200 nsec/div. Vert, sens.: 10 mv/div, 

(c) 8 KHz. 
Horiz. sens.: 100 nsec/div. Vert, sens.: 10 mv/div. 

Figure 4•4 

A magnified p o r t i o n of the track sweep generator output 
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the same boundary y i e l d s l i g h t l y d i f f e r e n t times f o r the 
c r o s s i n g of the threshold l e v e l . As shown i n f i g u r e 4 . 5 , t h i s 

| 
At time 

Pigure 4 . 5 

Time u n c e r t a i n t y at the threshold 

creates an u n c e r t a i n t y i n time At, w i t h i n which the a c t u a l 
threshold c r o s s i n g occurred. This u n c e r t a i n t y causes the 
voltage v a r i a t i o n which l i m i t s r e s o l u t i o n . Good system r e s o l u t i o n 
depends upon ob t a i n i n g a consistent estimate of t h i s a c t u a l 
c r o s s i n g time. This can be approximately achieved by low-pass 
f i l t e r i n g the video s i g n a l . This i s performed by the components 
R and C i n f i g u r e E.2*. O r i g i n a l l y these components were 
necessary because the noise caused m u l t i p l e t r i g g e r i n g of the 
comparator at each t r a n s i t i o n of the video s i g n a l . This 
prevented operation of the system at the slower sample r a t e s . 

*This assumes that the common base and emitter f o l l o w e r stages 
between the p h o t o m u l t i p l i e r and t h i s RC f i l t e r perform n e g l i g i b l e 
band l i m i t i n g themselves. With the t r a n s i s t o r types used t h i s 
i s j u s t i f i e d f o r the bandwidths occ u r r i n g i n t h i s case (of the 
order of hundreds of k i l o h e r t z ) . 
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In the f i n a l system, RG i s chosen to minimize the uncertainty 
shown i n figure 4.5 (see section 4.5). 

However,in figure 4.4, t h i s video f i l t e r was not changed. 
The reason for the poorer resolution at higher speeds i s as 
follows. The resolution i s the product of the sweep speed 
and the time-domain uncertainty At. At the higher speeds, the 
video risetime at the threshold i s shorter so the uncertainty 
i s reduced (see figure 4.10). However, i n increasing the 
sample rate, the sweep speed must he more than proportionately 
increased. This i s due to the fact that a considerable portion 
of each cycle i s taken up with delays between the sweeps. 
The f i n a l effect of the reduction i n time uncertainty and the 
increase i n sweep speed i s poorer resolution at the higher 
sample rates. 

4.4 Effect of aperture size and shape on resolution 

In an image dissector, the aperture size determines the 
size of a picture element (in tubes where the magnification 
i s unity from the cathode to the plane of the aperture, the size 
of a picture element and the aperture are equal). For the tube 
being considered (ITT P 4011), the aperture can have almost any 
shape and the size can range from 0.0005 inch to 0.350 inch. In 
normal television-type applications, the aperture size and shape 
determine the resolution. 

However, i n the present application, the video i s an 
e n t i r e l y different type of signal. It i s clipped to produce a 
two-level signal and the only information extracted from i t i s 
the point i n time at which i t crosses an intermediate threshold 
l e v e l when changing from one l e v e l to the other. The system uses 
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t h i s information to sample the sweep voltage at t h i s point. Then, 
i f the edge being observed by the system i s straight and the 
video signal i s clean, the resolution i s es s e n t i a l l y determined 
by the accuracy of the sampling procedure. 

The s i t u a t i o n being considered i s as follows. An aperture 
i s being scanned over a f i e l d of interest, part of which i s dark 
and part of which i s l i g h t . The boundary between the two parts 
i s stationary, straight and at right angles to the aperture 
ve l o c i t y . The l i g h t i n each region i s uniform. As the aperture 
crosses the boundary from dark to l i g h t , the output from the tube 
i s proportional to the area of the aperture which sees the l i g h t 
region. Pigure 4.6 i l l u s t r a t e s the r e s u l t . This i s drawn for a 
square aperture so the response curve i s l i n e a r . However, the 

Tube out Dut 

m2 
t2-

ml" 
t l 

DARK 

L _ . . _ J 

y. 

LIGHT 

t. time 
Pigure 4.6 

The effect of aperture size on the video threshold 
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result i s true for any symmetrical aperture (see figure 4.9). 
The dotted l i n e s show the effect of using a larger aperture. 
This aperture sees the edge sooner and for a longer time hut , 
since i t i s symmetrical, the half-way l e v e l i n .the output (v ) 

occurs at the same point i n time. It i s apparent then that for 
a stationary boundary, the resolution i s independent of the 
aperture s i z e . 

The error due to a non-stationary boundary i s caused by 
the sample and hold load pulse. During t h i s pulse (length 
2 usee.) the aperture continues to move and the actual position 
loaded i n the sample and hold i s the aperture position at the 
end of the pulse. This represents a consistent offset i n the 
dir e c t i o n of aperture movement. However,the pupil could be 
moving i n t h i s d i r e c t i o n or the opposite di r e c t i o n at i t s 
maximum v e l o c i t y of 33.6 volts/sec. so t h i s represents an 
error of 

2x2xl0~ 6 x 33.6 = 0.1 mv. 

Note, however, that for zero pupil v e l o c i t y , the delay due to t h i s 
pulse does not cause an error because the offset i t produces 
i s consistent and i s thus eliminated by c a l i b r a t i o n . . 

An increase i n aperture size yields an increase i n anode 
current i n the image dissector. The p r i n c i p a l noise i n t h i s 
output current i s assumed to be shot noise (see section 4.6), so 
the rms noise current i s proportional to the square root of the 
DC anode current. Thus,the noise current increases more slowly 
than the signal current, so an increase i n aperture size yields 
an increase i n signal-to-noise r a t i o . 

The upper l i m i t on the aperture size i s set by the 
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requirement that the edge being observed by the system be 
straight. The edge i n t h i s case i s the p u p i l - i r i s boundary of 
the eye. Figure 4.7 shows.a problem that occurs when the 
aperture, i s too large. In t h i s figure, the areas shown shaded 
are related by A-̂  = A 2 + A^. The aperture i s e f f e c t i v e l y one-
half on the pupil and one-half on the i r i s . Thus,the tube 
output i s at the threshold l e v e l so the pupil edge i s recorded 
as being located at position 1 rather than 2 as i t should be. 

Middle of 
aperture 

Aperture 

P u p i l - i r i s 
boundary 

Figure 4-7 
The effect of aperture size on the edge location 

A symmetrical error occurs at the opposite p u p i l - i r i s boundary 
yi e l d i n g a value of pupil diameter which i s too small. Even 
more important,, the amount of t h i s error varies i n time due to 
va r i a t i o n i n the curvature of the p u p i l . 

To estimate the effect of t h i s l i m i t , consider figure 
4.8. The aperture has size a, the extent of the departure from a 
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Figure 4-8 
The l i m i t on the aperture size 

straight edge i s t , and the pupil radius i s r. The distance a 
i s also the length of the chord i n the c i r c l e , thus 

a = y ^ ( 2 t r - r 2 ) 4-3 

The l i m i t on t i s a r b i t r a r i l y set at t ^ ^ . Solving equation 
4.3 f o r equality yields 

80r 
a = 104 ' 

The worst case i s for the smallest pupil diameter. The smallest 
p r a c t i c a l value i s 3mm. or r = 1.5 mm. Thus 

a = 1.15 mm. = 0.045 inch. 

This i s the effective aperture size at the eye. The opti c a l 
system (see section 4.2) performs a magnification of 0.432 so 
the actual maximum aperture size i s 0.05 cm. or 0.02 inch. 
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The response of a photoemissive surface to a given 
l i g h t input i s proportional to the area of the surface exposed 
to the l i g h t . It i s therefore possible to compute the shape of 
the r i s i n g edge of the signal from an image dissector as the 
aperture crosses a light-dark boundary. Figure 4 . 9 shows the 
result for apertures of various shape and equal t o t a l area. 

The results of section 4 . 3 indicate that best s t a t i c 
resolution occurs with a slow sweep speed. This i s equivalent 
to a low value of slope on the video signal at the boundary. 
Figure 4 . 9 shows that for a given aperture area (and hence a 
given maximum sig n a l ) , the square aperture gives the lowest 
slope at the boundary. 

4 . 5 "Video band l i m i t i n g 

In section 4 . 3 , It was pointed out that the noise on the 
video signal can cause multiple triggering at the threshold. 
It i s possible to introduce hysteresis and thus trigger on the 
f i r s t crossing only. However,this provides no smoothing of the 
noise on the video signal. I f instead, low-pass f i l t e r i n g i s 
used, multiple triggering i s prevented and also smoothing i s 
provided. Various types of f i l t e r s could be used (e.g. single-
or multi-stage LC or RC). For s i m p l i c i t y , a single-stage RC 
f i l t e r was considered. 

When s u f f i c i e n t f i l t e r i n g i s performed to prevent multiple 
triggering at the threshold, there remains an uncertainty i n the 
trigger time as shown i n figure 4 . 5 . This causes, an uncertainty i n 
the Voltage, which i s loaded to represent the boundary, thus, 
l i m i t i n g system resolution.' In the f i n a l system,, the desired 
band l i m i t i n g minimizes the uncertainty at a given speed of 
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Figure,4.9 
The e f f e c t of. aperture shape on the video r i s i n g edge 

f o r apertures of equal t o t a l area 
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operation. 

In order to determine the desired band l i m i t i n g , 
measurements were performed on the flying-spot system. As a 
primary measurement, studies were made of the time of 
occurrence of the f i r s t boundary after a fixed point i n the 
four-sweep scan cycle. The boundary i s indicated by the 
triggering of the comparator i n the video detection c i r c u i t . 
The fixed point i s the occurrence of the X load pulse. This 
signal was used to trigger an oscilloscope* which then d i s ­
played the time of occurrence of the f i r s t video, threshold 
after t h i s pulse. The results are shown i n the photographs of 
figure 4.10. The photographs were taken at i d e n t i c a l exposure 
with the same inte n s i t y and s e n s i t i v i t y settings on the 
oscilloscope. The relevant data are i n table 4.2. 

It i s possible to calculate the voltage resolution from 
these photographs as the product of the measured time uncertainty 
and the sweep speed. The results, appear i n table 4.-3. The values 
of resolution show good, agreement with those i n table 4.1. (The 
trend was found to continue to poorer resolution at higher sample 
rates.) This shows again the trade-off between resolution and 
sweep speed. 

Figure 4.10 shows that between 4 and 8 KHz.., an increase 
i n the RC time constant yields a decrease i n the uncertainty. 
Table 4.3 shows that t h i s also yields an improvement i n resolution. 

*The oscilloscope was a Tektronix type 545A. The delayed sweep 
was used to obtain a horizontal s e n s i t i v i t y of 0.1 usec./div. 
The delay involved was less than 100 usee. The specifications 
state a j i t t e r of 1:20000 for the delayed sweep so t h i s causes 
an error of 0.005 usee, which is. n egligible on the 0.1 usec./div. . 
scale. 



(a) 

Photographs of the time 
uncertainty at the video threshold 

(see table 4.2) 
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Figure 4.10 Output Sweep 

sample rate speed 
KHz. v./usec. 

RC f i l t e r 
sec. 

Vert. Horiz. 
sens. sens, 
v./div. nsec./div. 

(a) upper 4 • 0.0235 2.2xl0 - 7 2 100 

lower 4 0.0235 l.OxlO" 6 2 100 

(b) upper 6 0.0495 6.8xl0 - 8 2 100 

lower 6 0.0495 l.OxlO - 6 2 100 

(c) upper 8 0.12 1.5xlO - 9 2 100 

lower 8 0.12 

Table 4.2 

l.OxlO - 6 2 100 

Sample 
rate 
KHz. 

RC f i l t e r 
sec. 

Time 
uncertainty 
usee. 

Resolution 
mv. 

4 2.2xl0 - 7 0.5 11.8 
l.OxlO - 6 0.45 10.6 

6 6.8xl0" 8 0.3 14.8 
l.OxlO" 6 0.25 12.4 

8 1.5xlO~ 9 0.14 16.8 
l.OxlO - 6 0.12 14.4 . 

Table 4-3 

In order to determine the extent of the f i l t e r i n g being 
performed i n each case, the theoretical transient response must 
be computed. The degree of decay of the exponential term at 
the threshold can then be determined. 

The transient response i s determined as follows. The 
input (V^) to the f i l t e r during the time that the aperture (or 
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CRT spot i n this case) i s crossing the boundary i s a ramp of 
slope k. As shown i n figure 4.11, the clipping levels are 
ground and V . The threshold l e v e l i s V+=^m. Also, "a" i s the 
equivalent aperture or spot size i n v o l t s , v i s the sweep speed 

s 
i n volts/usec. Thus, the time of crossing the edge or the video 
risetime i s — and the slope k=V /(a/v ). After the spot has v * m s s 
crossed the edge, the input i s a constant V . Thus, the net input 
can be represented as a positive ramp sta r t i n g at t=0 followed 

Figure 4.11 
Mathematical representation of a 
tr a n s i t i o n on the' video signal 

by a negative ramp sta r t i n g at t=— as shown i n figure 4.11. 
s 

For t h i s input, the output V q (see figure 4.12) can be shown 
to be 

•Vq = k(t + RC(exp(-t/RC) - l ) ) 
- k U ( t - t 1 ) ( t - t + RC(exp(-(t-t 1)/RC) - l ) ) 

... 4.5 
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where U(t-t^) i s a unit step function delayed by t ^ . In a l l 
cases, V=6 volts and v,=3 volts (see figure E.2). 

Figure 4.12 
The video f i l t e r 

Using equation 4.5, i t i s possible to determine (by t r i a l 
and error) the time t ^ at which V Q=V^ for the system operating 
conditions shown i n figure 4.10. , For the CRT, the spot size 
i s about 1 mm. so a=0.125 v o l t . The values of RC and v g appear 
i n table 4.2. The results are shown i n table 4.4. For sample 
rates of 6 and 8 KHz., i t i s apparent that the exponential term 
at the threshold i s not always negligible compared to unity. 
However, i n both cases a reduction i n uncertainty i s achieved 
for these f i l t e r s . Thus the f i l t e r i s effective even i f the 
decaying term i s not negligible at the threshold l e v e l . 

On the basis of these data, i t i s assumed that the require­
ment i s simply that the exponential term at the threshold l e v e l 
be constant. This means that at the beginning of each boundary 
t r a n s i t i o n , the exponential due to the previous boundary should 
be n e g l i g i b l e . If t h i s i s satisfied,, then the video at each , 
boundary starts from the same i n i t i a l value (zero or V ) so the 

m 
transient response i n each case i s identical, as required. 

This c r i t e r i o n requires detailed knowledge of the video 
signal. The main components of this signal are the transitions 
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Sample . RC f i l t e r t t exp(-t t/RC) 
rate sec. RC 
KHz. 

4 2.2xl0" 7 13 <10~4 

l.OxlO - 6 3.6 0.0273 
6 6.8xl0 - 8 17 <10 - 4 

l.OxlO" 6 2.1 0.122 
8 1.5xl0 - 9 ,346 

l.OxlO - 6 1.2 0.301 

Table 4.4 

between the dark and the l i g h t levels caused by the pupil bound­
aries. The two possible forms of t h i s signal are. sketched i n 
figure 4.13. The transitions marked x^, x^, etc. are those 
caused by the crossing of the respective pupil boundaries. 
The reason for the extra pulses marked A i s as follows. The 
f i r s t edge (from l i g h t to dark) occurs because after the x^ 

and y 2 edges are located, the track sweep i s zeroed before 
the counter i s advanced (see figure 3 .2) . Thus,the spot moves 
back onto the pu p i l . This i s permissible since video blanking 
i s also performed. The second edge of A (from dark to l i g h t ) 
i s produced when the counter i s advanced and the spot i s moved 
to i t s next position which i s outside the pu p i l . Since these 
are both high-speed t r a n s i t i o n s , A i s considered to have v e r t i c a l 
sides. 

The reason for the two forms of the video signal shown 
in. figure 4.13 i s the amount of f i l t e r i n g performed r e l a t i v e to 
the risetime — . In (a), a r e l a t i v e l y large time constant i s 

s. 
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v 

Figure 4.13 (a) The video s i g n a l f o r t,+2>-
u V 

{ 
Figure 4.13 (b) The video s i g n a l f o r t^+2<-. t v a . . . s -

Video before f i l t e r 

— V i d e o a f t e r f i l t e r 

Dark V m 

V, 

l i g h t 0 
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used so that t,+2> — . In (b) however, t,+2<— and thus the t ' v t v s s 
spot has not f u l l y crossed the boundary before the end of the 
2 usee, pulse. In the f i r s t case (x^ or y^), t h i s i s a "load 
number 1" pulse (see figure 3.2) and immediately after i t , the 
track sweep i s zeroed and.the counter i s advanced. This means 
that the spot i s moved to i t s next position which i s within 
the pupil, so the video suddenly changes to the dark l e v e l as 
shown. In the second case (x^ or y^), t h i s i s a "load number 
2" pulse, so immediately after i t , the track sweep i s zeroed. 
This moves the spot back onto the pupil and the f i r s t edge of 
the A pulse i s created before the video reaches the l i g h t l e v e l . 

The c r i t e r i o n for negligible exponential terms must be 
s a t i s f i e d at B and C on figure 4.13 since these points are the 
beginning of the boundary transitions (the other transitions 
at x^ and y^ are i d e n t i c a l to these two) . It i s possible that 
the f i l t e r e d video may not reach the dark l e v e l by the end of 
the pulse A, but to provide for the worst case* i t i s assumed 
that i t does. In a l l cases, the video at C Is a simple expon-
e n t i a l decay of V volts i n time T' = 17 + 2. usee. For ease m — 

s 
of comparison with B,this i s inverted and treated as an expon­
e n t i a l approach to V m from zero. This can be expressed as 

VoC = Vm ( l " exp(-t/RC)) 
and at C th i s i s 

V o C(T') = V m ( l - exp(-T*/RC)). ... 4.6 
The sit u a t i o n at B can be i n two forms, corresponding 

to figure 4.13 (a) or (b). Case (a) i s shown i n figure 4.14. 
After the video input has reached V ( i . e . after t=— ), th i s 

^ m v 
s 
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V O l t f 
a 
v * -i B 

V 
m / 

v t / 
V -

"h i m p 

"2' 
Figure 4 . 1 4 

— 
s 

case can be treated as an exponential approach to from some 
i n i t i a l voltage V. This can be expressed as 

VoB = Vm ( l " expC-VHC) ) + V exp(-t/RC)) 
a. 

where t starts at — . Then at B this i s 
v s 

V B(T'+\) = V (1 - exp(-(T'+\)/RC)) + V exp(-(T'+\)/RC). 
. . . 4 . 7 

Since t,+2> — , \>0. Thus at B, the f i r s t term i n t h i s t ' v s 
expression i s closer than equation 4 . 6 i s to the terminal voltage 
V . Equation 4 . 7 has an additional positive term 
V exp(-(T !+\)/RC). In t h i s case then, the extent of the 
exponential decay i s greater at B than i t i s at C. 

The case (b) i n figure 4 . 1 3 i s shown i n figure 4.15. 
Again, t h i s can be treated as an exponential approach to 
from some i n i t i a l voltage V (after t=t^.+2 i n t h i s case). Thus, 
for case (b), the situ a t i o n at B i s 

V (T 1) = V (1 - exp(-T'/RC)) + V exp(-T'/RC). ... 4 . 8 
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Pigure 4-15 
A video t r a n s i t i o n for t. + 2 < f 

In t h i s case, the f i r s t term.is i d e n t i c a l to equation 4.6 so 
the presence of the second term i n equation 4.8 means that the 
video signal i s nearer to V at B than i t i s at C. ° m 

Thus, i n both cases, the most stringent requirement i s that 
the exponential term at C be neg l i g i b l e . To examine th i s 
requirement, equation 4.6 i s solved for RC: 

exp(-t/RC) = Vm " VoC V m 
V - V n and -t/RC = ln( m „ o G ) . V m 

When t=T'. the error m oCK ' i s set to some small value 
V m 

d (in section 4.6, d i s set to 1% and 0.1%). Then the maximum 
f i l t e r time constant i s given as 

17 + 2 
v 

RC -ln(d) -ln(d) ^ S e C ' ... 4 . 9 

and the corresponding video bandwidth i s 
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Af = i s l i i MHz. ... 4 . 1 0 

1 7 + 2 
v 
s 

This bandwidth gives optimum f i l t e r i n g at a given sweep 
speed v . However, i t i s apparent from figure 4 . 1 3 that as s 
the time constant RC i s increased, the time to the threshold 
t_j. w i l l increase. This increases the t o t a l period T d i r e c t l y 
and yields a reduced output sample rate. If t h i s change i s more 
important than the reduction i n resolution, then a larger min­
imum bandwidth than that set by equation 4 . 1 0 must be used. 
This new l i m i t w i l l be set experimentally according to the 
sample rate required. The extent of the change i n sample rate 
can be computed as follows. 

For a given set of system parameters (e, a, and v ), the 
minimum bandwidth i s calculated from equation 4 - 1 0 . Using the 
corresponding value of RC i n equation 4 . 5 (k and t ^ computed 
as before), the value of t for V 0=3 volts i s calculated (by 
t r i a l and error). This i s the time t ^ on figure 4 . 1 3 . For 
system operation at very large bandwidths, ^§*~2^~' Thus, at 

s 
f i n i t e bandwidths, the f i l t e r adds a delay t ^ - at each 

s 
boundary. Then the period of the four-sweep scan i s increased 
by 4 ( t t -

s 
Table 4-5 shows the results with d=0.1% for 4 , 6 , and 8 

KHz. with e = 0 . 8 v o l t and a = 0 .125 v o l t (the parameter values 
for figure 4 . 1 0 and table 4 . 2 ) . In each case, the upper trace 
of figure 4 . 1 0 i s taken as the large-bandwidth reference. 
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Table 4.5 a l s o shows the change i n sample rate f o r an . 
intermediate bandwidth (from t a b l e 4-4). 

Sample 
rate 
KHz. 

RC f i l t e r 
sec. 

Time to 
threshold 
usee. 

usee. 

a., 
2v Change i n 

sample 
period 

r e f . 
1.0x10 
6.7x10 
max 
r e f . 
1.0x10" 
4.4x10 
max 
r e f . 
1.0x10 
3.3x10 
max 

-6 
-6 

-6 

-6 
-6 

2.65 
3.6 
7 

1.26 
2.1 

4 

0.52 
1.2 

3 

0.95 
4.35 

0.84 
2.74 

0.68 
2.48 

+ 1.5 
+ 7 

+ 2.0 
+6.5 

+2.2 
+8 

Table 4.5 

4.6 Noise considerations 

In properly constructed p h o t o m u l t i p l i e r tubes, there are 
three fundamental sources of n:.ise: s t a t i s t i c a l f l u c t u a t i o n s 
of (a) the dark current due to thermionic emission and cosmic 
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rays; (b) the signal current; (c) the secondary emission process. 
Although SI photocathodes have quite high dark current 

(normally between 3x10 D and 3x10 A/cm.), i t i s usually 
several orders of magnitude below the usable signal current. 
Also, i t may be reduced as much as one-hundred fo l d by cooling 

23 
from room temperature to the temperature of l i q u i d nitrogen . 
If i n addition, the dark current due to cosmic rays i s assumed 
neg l i g i b l e , then only the other two sources of noise need be 
considered. 

The signal current i n a phototube contains shot noise. 
For a DC cathode current of 1̂ ., the shot noise i n t h i s signal i s i 2 , = 2el, Af nk k 
where i .̂ i s the rms noise current i n the signal, 

e i s the electronic charge = 1.6xlO~ 1 9 coulomb., 
1̂ . i s the DC cathode current, 
Af i s the bandwidth of the associated equipment (since 

the secondary emission m u l t i p l i e r i n a photomultiplier i s a 
very wide-band amplifier, t h i s i s usually the bandwidth of the 
c i r c u i t s connected to the tube). 

In the case .of a photomultiplier, both the noise and the 
signal undergo tremendous' amplification i n the m u l t i p l i e r section. 
However, because shot noise i s also associated with the second-

24 
ary emission process, i t can be shown that this process causes 
a s l i g h t decrease i n the signal-to-noise r a t i o . 

Since the video detection system i s a voltage threshold 
detector, a signal current-to-noise current r a t i o was considered 
i n preference to a signal power-to-noise power r a t i o . 

Appendix G shows that t h i s signal-to-noise r a t i o for a 
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photomultiplier i s 

N _ >/. 2eAfw 
In an image dissector, the cathode signal 1^ i s that portion 
of the t o t a l current which enters the aperture. For dissectors 
with unity gain i n the image section, t h i s current i s given 
hy 1̂ . = J^A where i s the cathode current density i n amperes 

2 2 per cm. and A i s the aperture area i n cm. Substitution for 
I, , e, and OJ (see appendix G-) yields 

In the above, the noise current i s an rms value. This i s 
not a good measure of the noise on a signal being used for 
threshold detection. In t h i s case, some estimate of a peak-
to-peak value i s more p r a c t i c a l . While peak-to-peak noise i s 
t h e o r e t i c a l l y meaningless (because pulses of any amplitude can 
t h e o r e t i c a l l y occur), reference 25 indicates that a value can 
be estimated from an oscilloscope presentation. The conclusion 

26 
i n reference 25 based on experimental as well as theoretical 
considerations i s i n(peak-to-peak) = 7i n(rms). Then the 
effective signal-to-noise r a t i o using t h i s approximation i s 

Figure 4.16 shows t h i s signal-to-noise r a t i o plotted against 
image dissector cathode current density. The sample rates are 
the nominal values based on T = 125 and 250 usee.. Using these 
values and equation 3-1, values of v g were obtained i n each case 
for e = 0.5, 1.0, and 1.5 v o l t s . Then equation 4.10 gave the 
minimum bandwidth for the two conditions d = 1.0$ and 0.1$. 

4.12 
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Table 4.6 shows the bandwidths calculated by this procedure. 

Also shown i s the change i n sample period for each case. These 
are calculated i n a sim i l a r manner to the results i n table 
4.5. The reduction i n bandwidth caused by the use of d =1.0% 

instead of 0.1% causes an additional 3% increase i n the sample 
period. However, figure 4.16 shows that only a r e l a t i v e l y 
small increase i n signal-to-noise r a t i o i s achieved by thi s 
change. The use of d = 0.1%. appears more p r a c t i c a l since i t 
gives a smaller reduction i n sample rate (i.e. a.smaller increase 
i n sample period). 

T e • • v„ d Af Change i n 
s D 

usee. v o l t s v,/usec. %> KHz. sample 
period 

% 

125 

250 

0.5 0.154 0.1 362 6.7 
1.0 241 9.6 

1.0 0.308 0.1 350 6.7 
1.0 234 9.6 

0.462 0.1 347 6.7 
1.0 231 9.6 

0.5 0.014 0.1 178 8.2 
1.0 119 11.5 

1.0 0.029 0.1 153 8.2 
1.0 102 11.5 

1.5 0.044 0.1 146 8.2 
1.0 99 11.5 

Table 4.6 



0.01 2 0.1 
Cathode current density J, uA/cm. 
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Figure 4.16 also shows the trade-off between sample rate 

and signal-to-noise r a t i o . At the slower speeds, better r e s o l ­
ution and signal-to-noise r a t i o are predicted, but the higher 
speeds are preferred for d i f f e r e n t i a t i o n of the output. 

At the slower sweep speeds, there i s a wider spread i n 
signal-to-noise r a t i o for variations i n e because at these 
speeds, the sweeps occupy a r e l a t i v e l y larger portion of the 
sample period. However, even at 4 KHz. only a s l i g h t v a r i a t i o n 
with e i s predicted. 

The simulation performed i n chapter 5 determines the 
approximate values of that would be anticipated i n system 
operation with an image dissector. In chapter 6, t h i s information 
i s used i n conjunction with figure 4.16 to evaluate system 
performance. 



CHAPTER 5 

Image d i s s e c t o r evaluation 

5.1 Purpose 

The purpose of the evaluation experiments was to gain i n ­
sig h t i n t o the operation to be expected from the image 
d i s s e c t o r i n the proposed f i n a l system. Since these tubes require 
high l i g h t l e v e l s f o r su c c e s s f u l operation, i t was necessary to 
ensure that t h i s could be achieved i n the proposed a p p l i c a t i o n . 
I t was p o s s i b l e to use a simple p h o t o m u l t i p l i e r and glass eyes 
to p r e d i c t the approximate s i g n a l s i n the image d i s s e c t o r . Then 
a predicted s i g n a l - t o - n o i s e r a t i o was computed. In. a d d i t i o n to 
t h i s , considerable information was obtained about the 
i l l u m i n a t i o n of the eye and i t s r e f l e c t i v i t y to i n f r a - r e d l i g h t . 

5.2 D e s c r i p t i o n of image d i s s e c t o r s i m u l a t i o n 
The s i m u l a t i o n was performed by using a simple photo­

m u l t i p l i e r with a s p e c t r a l response s i m i l a r to the proposed 
image d i s s e c t o r . For l i g h t i n the i n f r a - r e d , the c l o s e s t match 
i s obtained with an SI photocathode. The s p e c t r a l response i s 
shown i n f i g u r e 5.1. By focusing an image of the eye onto the 
cathode of. the simple p h o t o m u l t i p l i e r and by using, a mask with 
a small hole to expose only one area of t h i s image to the 
photocathode at a time, i t i s po s s i b l e to determine the r e l a t i v e 
s i g n a l l e v e l s at various points on the image. This i s done by 
moving the hole i n the mask to various p o s i t i o n s on the image 
and no t i n g the r e l a t i v e anode currents from the p h o t o m u l t i p l i e r . 

In a d d i t i o n , i t i s po s s i b l e to form an expression which' 
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describes mathematically the differences between this 
experimental configuration and the proposed configuration 
using the image dissector (see section 5 . 3 ) . With this 
expression plus the measured anode current from the simple 
photomultiplier, the absolute value of the cathode current 
density i n the image dissector i s computed. Using the curves 
i n section 4 . 6 , i t i s then possible to predict the system 
performance. 

Since the actual method of illuminating the eye i n the 
experiment i s i d e n t i c a l to that which w i l l be used with the 
image dissector, t h i s does not enter into the conversion 
expression. Thus, i t i s convenient to experiment with various 
illumination methods. | 

In the experiment, i t was found that i t was not p r a c t i c a l 
to focus the image d i r e c t l y onto the photomultiplier cathode. 
The r e l a t i v e response of the various portions of the cathode 
surface was highly non-uniform, creating differences i n the 
tube output which interfered with the differences i n radiant 
energy i n the various portions of the image. For this reason, 
the Kohler illumination system was used instead of direct 
focusing onto the photocathode. The system essentially de-
focuses the l i g h t from the aperture so that the whole photo-
cathode i s used for a l l positions of the mask.(see figure 5.3). 

5 . 3 Calculations for image- dissector simulation 

Figures 5 .2 and 5-3 show the image dissector configuration 
and the experimental configuration respectively. It can 
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be seen that the i l l u m i n a t i o n method i s common to both. I t i s 
2 

assumed that the luminance of the eye i s B watts/cm. This w i l l 
be a f u n c t i o n of p o s i t i o n on the eye. 

Consider f i r s t f i g u r e 5 . 2 . The f o l l o w i n g symbols are 
used: r i s the f r a c t i o n o f . t h e • i n c i d e n t l i g h t that i s r e f l e c t e d 
from the m i r r o r (assumed independent of wavelength) = 0 .7 , 

t(X) i s the transmission f u n c t i o n of the i n f r a - r e d f i l t e r , 
n-j- i s the standard f number of the lens = 2 . 8 , 

mj i s the m a g n i f i c a t i o n of the system = 0 . 4 3 2 , 
t i s the transmittance of the lens , P 
Sj( \ ) i s the s p e c t r a l s e n s i t i v i t y of the S i photocathode 

i n amperes/watt. 
Then the illuminance of the image on the photocathode of the 
image d i s s e c t o r as a f u n c t i o n of wavelength i s (see appendix H) 

icrBt t ( \ ) 2 

E T = r ^ o — watts/cm. 
1 4 n I

2 ( l + m j ) 2 

Then the t o t a l cathode current density i s 

jcrBt 
J, j = p" ^ 2 — / "k(^)S-j-(A.)dA. amps .7cm.2 

4 n I (1 + m-j-) J 
5.1 

The i n t e g r a t i o n i s performed over a l l wavelengths i n the 
i n c i d e n t l i g h t . 

Next consider f i g u r e 5 - 3 . This development f o l l o w s 
reference 2 7 . The eye i s imaged onto the plane of the mask 
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Figure 5 .2 
Image d i s s e c t o r o p t i c a l c o n f i g u r a t i o n 
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with the 55 mm. l e n s . The diaphragm of t h i s lens i s imaged 
onto the photocathode with the second l e n s . In t h i s way the 
l i g h t passing through the aperture i n the mask f i l l s the 
whole of the photocathode independent of the p o s i t i o n of the 
aperture. 

The image of the eye on the mask has the same average 
luminance as the eye i t s e l f except f o r the lens transmittance 

28 t and f i l t e r transmittance t ( \ ) . Image luminance then i s p to 

Bt t ( \ ) watts/om. The small hole i n the mask (area A-™) p hi 

acts as a l i g h t source to i l l u m i n a t e the cathode. The 
i n t e n s i t y of t h i s source seen from the cathode i s Bt t(\)t gA-g 
watts (where t i s the transmittance of the simple l e n s ) . . 
Thus the illuminance of the cathode at distance v (see f i g u r e 
5-3) i s 

Bt t ( \ ) t A E 2 E-g = — ^ 2 watts/cm. ....5.2 
v 

2 
F i n a l l y , f o r a cathode of area A^ cm., a s p e c t r a l s e n s i t i v i t y 
of Sj,(\) amperes/watt, and a m u l t i p l i e r s e c t i o n of gain G-g, 
the p h o t o m u l t i p l i e r anode current i s 

J E = 
Bt t A~A vG p P 

p s
2 / t ( \ ) S E ( \ ) d \ amperes 

. . . . 5.3• 

where the i n t e g r a t i o n l i m i t s are as before. 
Combining equations 5 . 1 and 5-3 and n o t i n g that S-g(\) 

and S j ( \ ) are both JEDEC S i response curves ( i . e . S-g(\) = 
S I ( \ ) ) y i e l d s 

J, T 2 
E 4 n 2 ( l + m T ) 2 t s A E A k G E 
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Only t and G-g are not known at this point. An estimate of 
t i s 0.92 based on the assumption that 4% of the incident 
l i g h t i s l o s t at each lens surface. The gain of the secondary 
emission m u l t i p l i e r was measured as described i n appendix I. 

The results of the gain measurement on the tube used 
appear i n appendix I and the average gains appear i n table 
5.1. 

vb 1200 1300 1400 1450 
(over-all 
voltage) -

(over-all 
voltage) -

GB 0.5xl0 6 1.05xl0 6 1.85xl0 6 2.45xl0 6 

Table 5.1 

5;.4 Comparison of direct and diffuse illumination 

As stated e a r l i e r , i t was f e l t that i f practicable, 
diffuse illumination was preferable to direct illumination 
because under diffuse l i g h t there i s no highlight formed on 
the eye. 

I n i t i a l l y , diffuse transmission was considered using 
ground glass and certain p l a s t i c s . In most cases the 
d i f f u s i o n was i n s u f f i c i e n t to prevent the formation of a 
highlight. The reason for t h i s was that although the 
illumination was diffused to a larger area than the l i g h t 
i t s e l f , t h i s area was bright enough to cause a highlight. 
A more uniform d i s t r i b u t i o n could be achieved with greater 
distance between the source and the diffuser but then less 
l i g h t i s being used. Reflecting or focusing the l i g h t onto 
the diffuse transmitter again creates a r e l a t i v e l y small, 
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b r i g h t area. 
Probably the best d i f f u s e t r a n s m i t t i n g medium was poly­

ethylene T to j inch t h i c k . In t h i s case the l i g h t source 
could be very close behind the medium without causing a high­
l i g h t to be formed. However i t was obvious that the t r a n s -
mittance of t h i s m a t e r i a l was very low. Studying the data. . 
i n t a b l e 6-18 of reference 29, i t i s apparent that m a t e r i a l s 
with good d i f f u s i n g p r o p e r t i e s have transmittances i n the 
range from 5.% to 65%. However d i f f u s e r e f l e c t i n g surfaces 
r e f l e c t 75% to 92%. This range i s obtainable with such 
simple m a t e r i a l s as f l a t white paint or white p l a s t e r . 

Tests i n d i c a t e d that very uniform l i g h t i n g could be 
obtained with no corneal r e f l e c t i o n using the theory of the 
U l b r i c h t sphere . The theory i s based on a complete sphere 
whose inner surface i s p e r f e c t l y d i f f u s i n g and which contains 
a l i g h t source. The photometric brightness of any point on 
the w a l l due to r e f l e c t e d l i g h t only, i s p r o p o r t i o n a l to the 

29 / t o t a l l i g h t f l u x from the source . A small hemisphere (3 
inches diameter) was obtained and the inner surface painted 
white. A hole was cut f o r the subject's eye as shown i n 
f i g u r e 5.4 and a l i g h t was shone i n t o the hemisphere. Even 
t h i s p a r t i a l sphere y i e l d e d uniform f a i r l y strong l i g h t with 
no corneal r e f l e c t i o n . However as the i n t e n s i t y was 
increased to obtain higher s i g n a l l e v e l s , the eye took on a 
washed-out appearance. The reason for t h i s i s the i n t e g r a t i n g 
e f f e c t of the sphere. The brightness of a l l points on the 
inner surface i s p r o p o r t i o n a l to the t o t a l f l u x i n the sphere. 
Thus the contrast of the p u p i l - i r i s boundary i s l o s t . This was 
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Eye 

Figure 5.4 
Ulbricht sphere illumination of the eye 

confirmed when the simulation tests were performed since no 
clear t r a n s i t i o n was evident i n the photomultiplier signal 
(see figure 5.10 configuration "g"). 

It was thus necessary to consider direct illumination 
of the eye. This i s permissible i f the l i g h t i s positioned 
so that the corneal r e f l e c t i o n never obscures the pupil. For 
a maximum pupil diameter of 1 cm., computer analysis of the 
corneal r e f l e c t i o n indicates that the above requirement i s 
s a t i s f i e d i f the l i n e of sight i s never less than 45 degrees 
from the position of the l i g h t source. This does not 
represent a severe l i m i t a t i o n i f the illumination can be 
performed with a single l i g h t source (for example con­
figurations d, e, f, or h i n section 5.5). I f a mu l t i - l i g h t 
source i s used, careful positioning and l i m i t a t i o n of eye 
movements w i l l be required. 
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5 .5 L i g h t i n g c o n f i g u r a t i o n s 

In choosing the source of l i g h t to i l l u m i n a t e the eye, 
the p r i n c i p a l c o n s i d e r a t i o n i s the s p e c t r a l d i s t r i b u t i o n 
compared to the s p e c t r a l response of the S i photocathode. 

29 
Figure 5 .5 shows these data f o r se v e r a l sources . This 
f o r c i b l y demonstrates that very l i t t l e of the i n f r a - r e d 
spectrum i s a c t u a l l y u s e f u l with an S i photocathode. A good 
source i s one which a l s o has energy i n the v i s i b l e p o r t i o n 
of the spectrum. 

One system requirement however, i s that the subject 
should not be disturbed by the l i g h t . This means that 
f i l t e r i n g must be performed to remove some of the v i s i b l e 
l i g h t . Figure 5.6 shows some s u i t a b l e f i l t e r s . I t i s 
evident that the 87 or 88A f i l t e r s would provide p r a c t i c a l l y 
" i n v i s i b l e i l l u m i n a t i o n " of the eye by f i l t e r i n g out a l l the 
v i s i b l e region. However these also remove a rather l a r g e 
p o r t i o n of the SI response curve. 

M e d i c a l l y i t i s known that l i g h t of wavelength 6500 A 
or greater does not a f f e c t the process of dark adaption. For 
these purposes then, e i t h e r f i l t e r number 70 or 92 would be 
s u i t a b l e . The t e s t s were performed using four f i l t e r s : 87, 
70, 92, and 25. 

On the basi s of the above information, s e v e r a l a r b i t r a r y 
l i g h t i n g c o n f i g u r a t i o n s were constructed. Following are 
d e s c r i p t i o n s of these c o n f i g u r a t i o n s : 

a. three i n d i c a t o r lamps (GE 1477) mounted i n a c i r c l e 
about 2" from the eye, each with a r e f l e c t o r d i r e c t i n g the 
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l i g h t onto the eye. In t h i s case they are operated at rated 
voltage (25" v o l t s ) . 

b. i d e n t i c a l c o n f i g u r a t i o n to "a" only run at 35 v o l t s . 
c. four i n d i c a t o r lamps (GE 6S6) mounted i n a s i m i l a r 

manner to the three 1477's i n "a". They are operated at rated 
voltage (145' v o l t s ) . 

d. a 300 watt s l i d e p r o j e c t o r with the focusing lens 
f u l l y extended and p o s i t i o n e d about 3 inches from the eye. 
This concentrates the l i g h t onto the eye and a small area 
around i t . This i s run at 145 v o l t s . 

e. a 500 watt p r o j e c t o r with condenser o p t i c s only, 
p o s i t i o n e d i n a s i m i l a r manner to the p r o j e c t o r i n "d". This 
i s run at 145 v o l t s . 

f. I d e n t i c a l c o n f i g u r a t i o n to "d" except that a good 
d i f f u s e / r e f l e c t o r i s placed on the opposite side of the eye 
from the p r o j e c t o r . I t i s p o s i t i o n e d so as to improve the 
u n i f o r m i t y of the i l l u m i n a t i o n . 

g. the i n t e g r a t i n g hemisphere described i n s e c t i o n 5.4 
i l l u m i n a t e d with the 300 watt p r o j e c t o r (run at 145 v o l t s ) . 

h. the 300 watt p r o j e c t o r with condenser o p t i c s only, 
p o s i t i o n e d as i n "d". In a d d i t i o n , a d i f f u s i n g surface i s 
p o s i t i o n e d f o r u n i f o r m i t y of i l l u m i n a t i o n as i n " f " . This i s 
run at 145 v o l t s . 

The d i f f u s i n g surface used i n c o n f i g u r a t i o n s " f " and "h" 
d i d not a f f e c t the p u p i l - i r i s boundary,but d i d improve the 
u n i f o r m i t y of i l l u m i n a t i o n on the eye without c r e a t i n g an 
a d d i t i o n a l corneal r e f l e c t i o n . S p e c t r a l d i s t r i b u t i o n data 
were not a v a i l a b l e f o r the small i n d i c a t o r l i g h t s used i n 
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c o n f i g u r a t i o n s "a" and "c", but they were included i n the 
experiments because they are r e l a t i v e l y small and thus would be 
convenient i f the r e s u l t s were favourable. 

5.6 R e f l e c t i v i t y of the eye to i n f r a - r e d l i g h t 

As a p r e l i m i n a r y i n d i c a t i o n of the usefulness of i n f r a ­
red l i g h t , photographs of r e a l eyes were taken using i n f r a - r e d 
l i g h t and i n f r a - r e d f i l m . The f i l m i s s e n s i t i v e i n the region 
from 6700 A to 8700 A,so i t i s not i d e n t i c a l to the SI photo­
cathode. Pigure 5.7 ( a ) , (b) and (c) show three such photo­
graphs. Subject (a) had brown eyes, subject (b) had blue and 
subject (c) had dark brown. Subject (c) i s e s p e c i a l l y 
i n t e r e s t i n g since the whole of the i r i s and the p u p i l appeared 
dark brown under v i s i b l e l i g h t . The p u p i l was b a r e l y d i s ­
t i n g u i s h a b l e from the i r i s . These r e s u l t s i n d i c a t e good contrast, 
e x i s t s between the i r i s and the p u p i l when using i n f r a - r e d l i g h t . 

Figure 5.7 (d) and (e) are photographs of the two 
a r t i f i c i a l eyes used i n the experiment. I t i s apparent that the 
d i f f e r e n c e s i n the amount of r e f l e c t e d l i g h t between f a l s e eyes 
and r e a l eyes are comparable to the d i f f e r e n c e s between i n d i v i d u a l 
r e a l eyes. Since the equipment necessary to perform the s i m u l a t i o n 
experiment on r e a l eyes was not a v a i l a b l e , the a r t i f i c i a l eyes 
were used. The equipment required c o n s i s t s mainly of a head r e s t 
with a s k u l l s t r a p , a f i x a t i o n point f o r the subject, and a means 
of mounting and a d j u s t i n g the equipment to enable accurate 
focusing to be performed. 

In the course of the s i m u l a t i o n experiments, both the 
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(c) (a) 

Dark brown eye (r e a l ) Blue eye ( a r t i f i c i a l ) 

(e) 
Brown eye ( a r t i f i c i a l ) 

Figure 5 - 7 

I n f r a - r e d photographs of eyes 
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blue and the brown a r t i f i c i a l eye were used f o r part of the' work. 
This provided comparative information about blue and brown i r i s e s 
under i n f r a - r e d l i g h t . The r e s u l t s appear i n f i g u r e 5.8. The con­
c l u s i o n i s that i n a l l cases the brown i r i s has the higher 
r e f l e c t i v i t y . 

In determining the contrast between the p u p i l and the 
i r i s , the f o l l o w i n g procedure was used. By moving the aperture 
and observing the p h o t o m u l t i p l i e r output, i t was p o s s i b l e to l o c a t e 
the p u p i l . When the aperture was moved from the p u p i l to the 
i r i s i n e i t h e r d i r e c t i o n , t h e current increased at f i r s t q uite 
q u i c k l y as the a c t u a l boundary was crossed, and then slowly and to 
a l e s s e r extent due to v a r i a t i o n s i n the i l l u m i n a t i o n on the i r i s . 
The general shape of the s i g n a l i s shown i n f i g u r e 5 . 9 . The 
value used as the " i r i s current" was the lowest value beyond the 

Location 
Figure 5 . 9 

Determination of p u p i l - i r i s contrast 
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boundary - 1^ i n the f i g u r e . The p u p i l was f a i r l y f l a t so the 
average value was used. 

5.7 Simulation r e s u l t s 

Performing the experiments as described above y i e l d e d 
values f o r p u p i l current and i r i s current f o r the various con­
f i g u r a t i o n s used. In t h i s case however, the q u a n t i t i e s of 
i n t e r e s t are the p u p i l and i r i s s i g n a l s . These are defined 
as the p u p i l current l e s s the dark current and the i r i s current 
l e s s the dark current r e s p e c t i v e l y . The values thus obtained 
f o r the p u p i l s i g n a l and the i r i s s i g n a l are s u c c e s s i v e l y used 
as I-g i n equation 5.4 to obtain the corresponding values of 
predicted image d i s s e c t o r cathode current d e n s i t y . These are 
p l o t t e d i n f i g u r e 5.10 where the top of each l i n e represents the 
i r i s s i g n a l and the bottom represents the p u p i l s i g n a l . 

The parameters i n equation 5.4 are as f o l l o w s : 
G E = 10 6 (see Vfc = 1300 t a b l e 5.1) 

A K = 2.25Jt cm.2 ( f u l l area of 150CVP photocathode) 

A E = 9 . 2 3 x l 0 ~ 4 cm.2 (number 80 d r i l l ) . 

The remaining values are given on f i g u r e s 5.2 and 5.3. 
Each reading was performed f i r s t w ith two of the approp­

r i a t e f i l t e r s and then repeated w i t h only one. This r e q u i r e d a 
shutdown f o r each change and thus a double-check of each reading. 
By subsequently checking that the two readings d i f f e r e d by a 
small amount , t h i s ensured r e p e a t a b i l i t y of the readings. The 
dark current was checked before and a f t e r each reading. Because 
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the small i n d i c a t o r lamps (GE 1477) were being run over-voltage, 
they tended to blacken i n use. New bulbs were used f o r the 
f i n a l readings. 



CHAPTER 6 

Conclusion 

The purpose of t h i s research was to study the various 
methods f o r measuring eye movements and to attempt to design 
a b e t t e r method. I t i s believed that the system described here 
achieves t h i s . Although the complete system has not been 
constructed, extensive t e s t i n g of the e l e c t r o n i c c i r c u i t r y and 
c a r e f u l s i m u l a t i o n of the p h o t o e l e c t r i c i n t e r f a c e enable the 
system's performance to be a c c u r a t e l y p r e d i c t e d . The 
f o l l o w i n g improvements over other methods have been achieved : 
(1) very l a r g e eye movements can be tracked (+ 45 degrees); 
(2) both v e r t i c a l and h o r i z o n t a l movements are measured; (3) 
continuous t r a c k i n g of a l l eye movements i s assured i n c l u d i n g 
the f a s t e s t saccades; (4) the system causes very l i t t l e 
i n t e r f e r e n c e with the subject's normal v i s i o n (one eye looks 
through a h a l f - s i l v e r e d m i r r o r , the other has normal v i s i o n ) ; 
(5) since there are no attachments to the subject's eye or 
face, a l a r g e number of subjects can be e a s i l y examined with 

Q 

the system; (6) when the output i s i n t e r r u p t e d by eye b l i n k s , 
i t i s r e - a t t a i n e d a u t o m a t i c a l l y i n approximately 10 msec.; 
(7) the output of the system i s i n r e a l time; (8) i n a d d i t i o n 
to the e y e b a l l p o s i t i o n , the system measures p u p i l diameter (up 
to 10 mm.). 

The only apparent short-comings of the system are: (a) the 
subject must wear a head cap on which some of the system com­
ponents are mounted and (b) the r e s o l u t i o n of the system i s not 
quite s u f f i c i e n t to measure accurately the miniature eye movements. 
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The former l i m i t a t i o n i s not too serious and i t s e f f e c t can be 
minimized by c a r e f u l l y designing the cap f o r l i g h t weight, com­
f o r t , and balance. With regard to the l a t t e r l i m i t a t i o n , the 
a c t u a l r e s o l u t i o n of the f i n a l system cannot be a c c u r a t e l y 
p r e d i c t e d because i t i s a f f e c t e d by the movements of the head 
r e l a t i v e to the measuring apparatus (caused by the subject's 
p u l s e ) . I t i s easy to l i m i t these movements so that they cause 
apparent eye movements no greater than degree. The r e s o l u t i o n 
of the e l e c t r o n i c s i s c u r r e n t l y b e t t e r than t h i s and can be 
improved,if n e c e s s i t a t e d by even b e t t e r l i m i t a t i o n of the head 
movements. 

The e l e c t r o n i c s s e c t i o n of the system has been constructed 
and tested (see chapter 3)• I t s performance i s completely 
s a t i s f a c t o r y . The remaining s e c t i o n of the system i s the 
p h o t o e l e c t r i c i n t e r f a c e (image d i s s e c t o r and o p t i c s ) . This 
s e c t i o n was not constructed but a c a r e f u l s i m u l a t i o n of i t 
(see chapter 5) shows that the image d i s s e c t o r should operate 
wi t h e f f e c t i v e s i g n a l - t o - n o i s e r a t i o s (see s e c t i o n 4.6) of the 
order of 5 to 10 (see f i g u r e s 4.16 and 5.10). Improvements 
are suggested i n appendix J which f u r t h e r increase the predicted 
s i g n a l - t o - n o i s e r a t i o . 

I t i s thus predicted that the proposed complete system 
w i l l operate s u c c e s s f u l l y and w i l l more than s a t i s f y the 
requirements of s e c t i o n 1.4. I t i s recommended that the 
s p e c i f i e d image d i s s e c t o r (see chapter 4) be purchased and the 
l i g h t i n g and o p t i c a l sections of the system be constructed. 



107 

Appendix A 
C h a r a c t e r i s t i c s of the human eye 

I t i s convenient to assemble i n one place a concise 
d e s c r i p t i o n of the eye as used i n t h i s work. 

Figure A . l shows the main i n t e r n a l features of the 
r i g h t eye from above. 

A s i m p l i f i e d model of the eye has been constructed using 
data from various sources ( c h i e f l y references 31 and 6). The 
dimensions shown i n f i g u r e A.2 vary from person to person; thus 
the values shown are approximate only. B i o l o g i c a l l y the eye has 
no s i n g l e point which i s i t s centre of r o t a t i o n . Likewise, the 
eye and cornea are not parts of p e r f e c t spheres nor i s the p u p i l 
a c t u a l l y a c i r c u l a r opening on a f l a t i r i s . However, the 
d e v i a t i o n s are minor and the model shown i n f i g u r e A.2 i s u s e f u l 
i n t h i s case. 
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V i s u a l a x i s 

Diameter of 
cornea 12 - 13 mm. 

I r i s 

V itreous 
humour 
Retina 

Optic 
d i s k 

Optic a x i s 

Diameter of 
p u p i l ^ 5 mm. 
Aqueous 
humour 
Lens 

S c l e r a 
Choroid 

Diameter of 
lens 8 mm. 
Fovea 

Figure A . l 
Main features of the eye. 

Figure A.2 
Model of the eye. 
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Appendix B 
Sample and Hold 

The sample and hold c i r c u i t ( a f t e r reference 32) shown 
i n f i g u r e B . l i s the basic element of the analog b u f f e r and the 
memory. The voltage waveform appearing at the input i s sampled 
during the load s i g n a l and the l a t e s t sample i s held u n t i l the 
next such s i g n a l . For inputs between + 5 v o l t s , the DC accuracy 
i s approximately 10 mv. f o r a 2 usee, load pulse. 

The load s i g n a l i s a 3-6 v o l t pulse to ground which turns 
on Q8. This turns on the current source Q9, thus a c t i v a t i n g the 
comparator Q3 and Q4. Since the comparator operates with, 
respect to the output l e v e l r a t h e r than the ca p a c i t o r (C3) l e v e l , 
o f f s e t and d r i f t i n the output b u f f e r are ca n c e l l e d . The 
comparator c o n t r o l s the two constant-current charging sources 
Q5 (charge up) and Q10 (charge down) thus c o n t r o l l i n g the 
charge on the storage c a p a c i t o r C3. Q6 i s a source f o l l o w e r 
(FET) p r o v i d i n g high-impedance readout of the capacitor and Q7 
i s the output b u f f e r . 

The sample and hold number 9 i n the system required a 
zeroing c a p a b i l i t y as part of the system i n i t i a l i z a t i o n (zero 
pupil-diameter. s i g n a l ) . Figure. ,B.. 2 shows 'how . this, was performed. 
S i g n a l 88 i s a short monostable pulse which occurs during the 
i n i t i a l i z e p eriod. I t sets the f l i p f l o p shown i n f i g u r e B.2 
which grounds the input to sample and hold number 9- This s i g n a l 
i s a l s o used as a load s i g n a l f o r t h i s sample and hold so zero 
v o l t s i s loaded i n t o t h i s sample and hold. Thus the diameter s i g n a l 
i s zeroed. S i g n a l 89 i s an inver t e d v e r s i o n of 88; thus ac short ..:time 



110 

a f t e r 88 f a l l s to zero (thus ending the load i n t e r v a l f o r the 
sample and h o l d ) , the f l i p f l o p is. r e s e t . Then the regular input 
i s a pplied to the sample and hold through the FET switch (more 
d e t a i l about these switches i s found i n appendix C). 

The r e s o l u t i o n of these c i r c u i t s when sampling a constant 
input i s l e s s than 10 mv. However , the e r r o r v a r i e s with the 
voltage being sampled. Thus, as the eye moves to d i f f e r e n t 
p o s i t i o n s , a v a r i a b l e voltage o f f s e t i s introduced c r e a t i n g a 
s l i g h t n o n - l i n e a r i t y . 

I t i s very d i f f i c u l t to measure the system performance 
of t h i s c i r c u i t to any accuracy. The reason f o r t h i s i s that 
during the load pulse, the sample and hold output contains 
o s c i l l a t i o n s which are l a r g e r than the o f f s e t . I t i s clean a f t e r 
t h i s pulse, but then the input i s being switched to another value 
(maximum delay before t h i s s w itching begins i s 600 nsec.). Thus, 
measurement of the e r r o r with an o s c i l l o s c o p e d i f f e r e n t i a l ampli­
f i e r i s impossible. Less accurate measurements can be made by 
c a r e f u l l y c a l i b r a t i n g a dual-trace a m p l i f i e r . Measuring the e r r o r 
i n t h i s manner f o r voltages near zero i s s u c c e s s f u l but i t i s 
required that these measurements be made .over the whole working 
range of the sample and hold. However, a m p l i f i e r s a t u r a t i o n and 
i n s u f f i c i e n t zero suppression l i m i t the s e n s i t i v i t y that can be 
used. Also, since two a m p l i f i e r s are being used, d r i f t introduces 
another e r r o r . Using t h i s method, i t can only be s a i d that the 
e r r o r i s l e s s than 0.1 v o l t over the whole range (+5 v o l t s ) . 
I f the e r r o r were 0.1 v o l t , .the l i m i t on the system r e s o l u t i o n 
would be 1.8 degrees of eye movement (see s e c t i o n 3.7). 
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Notes: 1.Signal 58 i s 
p u p i l d i a . „ _ n V T T output from Figure B.2 Card X I I 
system. 

2. C i r c l e d numbers 
are inputs or outputs f o r each card. 

3. Roman numerals i n d i c a t e the card to which 
the r e s p e c t i v e s i g n a l i s connected. 



Appendix C 
Switching 

1 1 3 

This includes the analog switch and the various counter-
c o n t r o l l e d switches (see f i g u r e 3-2). The switching i s performed 
with f i e l d — e f f e c t t r a n s i s t o r s with a s p e c i f i e d "on" channel, 
r e s i s t a n c e of 30 ohms. The gate-drive c i r c u i t s were designed f o r 
switch input, l e v e l s .between .±i> v o l e s . The gate d r i v e s operate as 
saturated switches which supply +12 or -20 v o l t s to the diode on 
the PET gate. The +12 i s s u f f i c i e n t to keep the diode o f f f o r 
a l l voltage l e v e l s at the PET source so the gate-source voltage 
i s zero and the switch i s on. For -20 the diode i s on so the 
gate i s held at -20. Thus the pinch-off voltage of 10 v o l t s i s 
maintained f o r s i g n a l l e v e l s down to -10 v o l t s at the source 
(5 v o l t s more than necessary). 

The analog switch i s on card XIV ( f i g u r e C . l ) , The 
gate d r i v e s f o r t h i s switch are on cards I I I and IV ( f i g u r e s 
E.5 and E.6 r e s p e c t i v e l y ) . 

The c o u n t e r - c o n t r o l l e d switches i n the output s e c t i o n 
appear on card V I I I ( f i g u r e C2.). The gate d r i v e s are on card 
I I I ( f i g u r e E.5). 

The c o u n t e r - c o n t r o l l e d switches i n the scan—computation 
and feedback s e c t i o n appear on card X I I I ( f i g u r e C.3). 

A switch was also necessary to preset sample and hold 
number 9 to zero v o l t s . The switch and the gate dr i v e s appear 
on card X I I ( f i g u r e B.2). 
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Figure C . l Card XIV 

1. C i r c l e d numbers are inputs or 
outputs f o r t h i s card. 

2. Roman numerals i n d i c a t e the 
card to which the s i g n a l i s 
connected. 

3.,1HDA" and "VDA" are a l s o 
connected to the h o r i z o n t a l 
and v e r t i c a l d e f l e c t i o n amp­
l i f i e r s r e s p e c t i v e l y . 
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Appendix D 
Analog Computation 

The various computational requirements were performed i n 
the standard manner using Nexus SQ 10a opera t i o n a l a m p l i f i e r s . 
Output computation i s shown on card VII ( f i g u r e D . l ) . Scan 
computation i s shown on card XIV ( f i g u r e C . l ) . 

The s p e c i f i e d minimum slewing rate f o r these a m p l i f i e r s 
( f o r f u l l output) i s 1.1 v o l t s / u s e c . Thus i t was necessary to 
allow s e v e r a l usee, f o r slewing the maximum p o s s i b l e i n t h i s 
a p p l i c a t i o n . Experimentally the maximum time required f o r -5 
to +5 v o l t s slewing was approximately 13 usee. In the system, 
16 usee, delays were allowed. 
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Appendix E 
Control s e c t i o n 

The l o g i c was performed using E a i r c h i l d medium-power 
mi c r o l o g i c components. The inv e r s i o n s and the various WAND 
and NOR gates were performed i n the normal manner with u L Q14; 
the s e t - r e s e t f l i p f l o p s and the monostables were al s o r e a l i z e d 
with uL914; the JK f l i p f l o p s f o r the two-bit counter were 
uL923; b u f f e r s were uL900. The w i r i n g diagram to make a mono-
st a b l e i s shown i n f i g u r e E . l . 

1 

Input T 

J 

V cc 

R 

c M r . rV: 
7 

4 

_TL 
Output 

Figure E . l 
Wiring diagram f o r a monostable m u l t i v i b r a t o r 

Figure E.2 shows the p h o t o m u l t i p l i e r voltage d i v i d e r , 
the video d e t e c t i o n c i r c u i t s (uA710 i s the voltage comparator) 
and the video blanking. 

Figure E .3 shows the f i r s t s e c t i o n of the c o n t r o l l o g i c . 



input or output s i g n a l s 
Figure E.2 Video f o r t h i s card. 

2.Roman numerals i n d i c a t e the 
card to which the r e s p e c t i v e 
s i g n a l i s connected„ 
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s i g n a l i s connected. 
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The .two NAND gates marked "k" are c o n t r o l l e d by the counter. 
Their f u n c t i o n i s to stee r the load pulse to the proper s e c t i o n 
of the memory according to the counter s e t t i n g . For a counter 
s e t t i n g of 00 or 01, the pulse i s steered to 19 thus l o a d i n g 
sample and hold numbers 3, 5, and 7. For a counter s e t t i n g of 
10 or 11, the load pulse goes to 20 so sample and hold numbers 
4, 6, and 8 are loaded. 

The. "search mode B only" s i g n a l s on f i g u r e 3 = 2 are per­
formed by 43, 33, and the monostable "q"„ 

The input 88 provides a load pulse to the p u p i l diameter 
(load memory 21) as part of the "preset sample and hold number 
9 to zero v o l t s " . 

The" NAM) gate " f " performs the f u n c t i o n "track mode only" 
Figure E.4 shows the tr a c k mode f l i p f l o p , the tr a c k swee 

generator, and the generation of the video blanking s i g n a l . 
The NAND gate 1 performs the f u n c t i o n "track mode only". 
The NAND gate 6 allows video blanking from other sources 

than the tr a c k mode f l i p f l o p during search mode. S i g n a l 85 
provides l i n e - f l y b a c k blanking during the normal search raster<, 
S i g n a l 84 provides blanking between search mode A and mode B„ 
Si g n a l 86 provides blanking while the system i s i n i t i a l i z i n g . 

The value of 2e i s set by the potentiometer R. When 
the sweep reaches the value necessary to turn on t h i s t r a n s i s t o r 
a pulse i s generated ( s i g n a l 10) which i n i t i a t e s search. 

Figure E.5 shows the two-bit counter and the gate d r i v e s 
to the cou n t e r - c o n t r o l l e d switches. S i g n a l 5 i n i t i a l l y sets the 
counter to 00 f o r search. During search mode, 2 i s "high" so 
that the pulse which appears on 6 loads the counter to 11 f o r 
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Notes 1. The c i r c l e d 
numbers rep­
resent input 
or output 
s i g n a l s f o f 
t h i s card. 

2. Roman numer­
a l s i n d i c a t e 
the card t o 
which the 
s i g n a l i s 
connected. 

Figure E.5 Card I I I . 
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the search mode B. During track mode, 2 i s "low" so the counter 
i s a normal complementing counter. 

Figure E.6 shows the search mode .B f l i p f l o p and the 
generation of the i n i t i a l i z e s i g n a l s . Signals 88 and 86 are used 
to preset sample and hold number 9 to zero v o l t s . Signals 34, 
35, and 37 are used to i n i t i a l i z e the three f l i p f l o p s . 

Figure E.7 shows the search mode A f l i p f l o p and the 
search sweep generators. The d e r i v a t i o n of the video blanking 
s i g n a l s 85 and 84 al s o appears on t h i s f i g u r e . The two monostables 
on the 1 output of the f l i p f l o p produce the delay, video blank­
ing* and s i n g l e sweep of search mode B. To ensure that a pulse 
appears on 5 when the f l i p f l o p i s set (by 37), s i g n a l 34 f i r s t 
r e s ets the f l i p f l o p . S i g n a l 58 i s the p u p i l diameter s i g n a l . 
When t h i s s i g n a l increases by a s u f f i c i e n t amount, the 2.1 usee, 
monostable i s t r i g g e r e d . A f t e r t h i s delay (which allows f o r 
completion of the f i n a l load pulse i n search mode- A), the search 
mode A f l i p f l o p i s r e s e t . 

i 
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or outputs f o r t h i s card. 

2.Roman numerals i n d i c a t e "the 
card to which the s i g n a l i s 
connected. 
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Appendix F 

Variation i n sample rate 

due to pupil velocity-

It i s assumed i n section 3.8 that the output sample rate 

i s constant when the system i s tracking a pupil moving at con­

stant v e l o c i t y . To determine the error this introduces, con­

sider figure F . l . This shows the output of the track sweep 

generator (sweep speed v volts/sec.) when the system i s i n track 
s 

mode. The x^, x 2, etc. indicate which boundary the sweep i s 

approaching and the periods CA and D are i d e n t i c a l to those 

indicated on figure 3.6. 

It i s assumed that previous to t = 0, the pupil was at 

rest and,that at t = 0, i t begins moving at a constant v e l o c i t y 

D+CA D+CA CA 
DLY 

D+CA CA 

t=0 time 
Figure F . l 

Track sweep generator output (inverted) 

v volts per second i n the x. directi o n . Thus the length of the 

x-̂  and x 2 sweeps w i l l depend upon the speed anddirection of this 

ovement afte r t = 0. The f i r s t x-̂  boundary i s encountered after 

t^ sec. thus,equating distances: 

V i = v t i + £ • 

m 



129 
S i m i l a r l y the second boundary i s encountered a f t e r t + CA + t 2 

sec. Thus 
v g t 2 = v ( t 1 + CA + t 2 ) + e. 

The y^ and y 2 sweeps are unaffected by the movement i n the x 
d i r e c t i o n so the next point of i n t e r e s t occurs at the second 
x^ boundary. In t h i s case 

v t = v(CA + t0 + DLY + t,) + e, 
S j cL j 

v ( t 2 + CA + DLY) + e . 
and t„ = * 1 • 

3 v - v 

Then at the second x 2 boundary 

v g t 4 = v(DLY + M + CA + t 4 ) +. £ 

v ( t , + CA + DLY) + £ 
and t . = * :  

4 v - v 
s 

In general f o r each cycle of the four-sweep scan a f t e r 
the f i r s t : 

v t = v(CA + t -, + DLY + t ) + £ . . . . F . l 
s n n-1 n y 

v ( t x + CA + DLY) + £ 
thus t = '-r , .. •>. F. 2 n v - v ' s 

and ^ n - l = v ( C A + \ - 2 + D L Y + V l ^ + e 

v ( t _„ + CA + DLY) + E 
thus t .. = — . n-1 v - v s 

In order that the sample rate be a constant f o r constant 
p u p i l v e l o c i t y , t = "tn_-j_« ^n equation F.2, the term (tn_-^+CA+DLY) 
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i s the sample period of the system l e s s the time of one sweep. 
The sample period i s i n the range 125 to 250 usee. In 
operation e i s of the order of 1 v o l t . Using the maximum value 
of 33.6 v./sec. f o r v, equation P. 2 becomes 

. .,33.6(200xl0~ 6) + 1 
n v - v s 

V - V 
s 

Thus t & This introduces a maximum e r r o r of about 0.6% 
and the simple development of s e c t i o n 3.8 i s j u s t i f i e d . 

...The r e s o l u t i o n of the system does not permit operation 
with E of the order of m i l l i v o l t s but i f t h i s were p o s s i b l e , 
t h i s development shows that the system sample ra t e would then 
be time'varying... 
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Appendix G-
P h o t o m u l t i p l i e r s i g n a l - t o - n o i s e r a t i o 

For a cathode s i g n a l current of 1̂ ., the anode current 
i n an n-stage p h o t o m u l t i p l i e r i s wnI^. (where co i s the gain 
per stage of the m u l t i p l i e r - f o r an o v e r - a l l gain of 10 6 i n 10 
stages as i n the F 4011, co = 4) . For an e f f e c t i v e load r e s i s t o r 
R, the s i g n a l voltage i s tonI^.R. Reference 24 s t a t e s that f o r 
such an n-stage m u l t i p l i e r , 

noise power out _ to^to11"1"^ - l ) 
noise power i n _ -, * 

tO — _L 

Thus f o r a cathode noise current of i n k > the rms anode noise 
voltage i s 

to - 1 

or ./2eI k A f t o n ( t o n + 1 - l ) 
to - 1 

R 

For a r e s i s t o r at temperature T, the rms t h e r m a l - a g i t a t i o n noise 
voltage i s 

V^e 2 = ^kTRAf 

where k i s Boltzman's constant. Then the video s i g n a l - t o -
noise r a t i o i s 

c to I, R S k 
N /2el, Af uPiJ^ - 1) 

k A i UMCO - x, R + /^TRAf 
tO—± v 
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Because of the a m p l i f i c a t i o n of the noise ( f i r s t term 

i n the denominator), the term y/4kTRAf i s n e g l i g i b l e . Then the 
expression becomes 

S _ /w 2 n(co - l ) I k 

N 
2 e A f o j n ( o j n + 1 > 1) 

D i v i d i n g by ojn+~'~ and no t i n g that f o r OJ = 4, then 1 - ^ 1 
OJ 

y i e l d s 

S / ( " ~ I } I k 
N w 2eAfoj 
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Appendix H 

The i l l u m i n a t i o n of an image i n 

an o p t i c a l system 

The s i t u a t i o n i s that shown i n f i g u r e H . l . The object 
"ds" has luminance B perpendicular to the a x i s of the system. 
EP i s the entrance p u p i l and EP' the e x i t p u p i l of the o p t i c a l 
system. The image formed by the system i s "ds'". Por object 

ds pv_ fij 1 \ ^ n d s ' 

EP 1 

Figure H.l 
A general o p t i c a l system 

and image i n media of the same r e f r a c t i v e i n d e x , i t can be shown 
that the f l u x l e a v i n g the o p t i c s (of transmission f a c t o r t) i s 

F' =-re;B t ds' s i n 2 U ' 
and thus the i l l u m i n a t i o n of the image i s 

E = u B t s i n 2 U ' . 
2 

An expression f o r s i n U ' i s now derived. For a system of 
mag n i f i c a t i o n m, the image distance v and the object distance u 
are r e l a t e d by v = mu. For a lens of f o c a l length F, t h i s becomes 



v = (1 + m)F. 
1 3 4 

This i s the distance of the image from the second p r i n c i p a l p o i n t . 
The s i t u a t i o n i s shown i n f i g u r e H.2. The extreme marginal ray that 

Image 

Figure H.2 

D e r i v a t i o n of an expression f o r IT 

can pass through the lens i s at height y above the a x i s . From the 
f i g u r e , s i n U ! = ^ so the i l l u m i n a t i o n of ds' can be 

(1 + m)F 
expressed as 

E JtB t y 2 

(1 + m)F 

But the usual d e f i n i t i o n of f number f o r a lens focused on 
F F 

i n f i n i t y i s f = ^ = ^ • F o r a lens at f i n i t e m a g n i f i c a t i o n m, the 
e f f e c t i v e f number i s f* = f ( l + m). F i n a l l y then the i l l u m i n a t i o n 
i s 

it B t it B t E = 
4 f , 2 4 f 2 ( l + m) 2 
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Appendix I 
P h o t o m u l t i p l i e r gain measurement 

The gain of a p h o t o m u l t i p l i e r i s the r a t i o of the anode 
current to the cathode current. However, because of the la r g e 
gain of the p h o t o m u l t i p l i e r , i t i s not po s s i b l e to measure both 
these under the same co n d i t i o n s . In f a c t the anode current 
represents the most e f f i c i e n t measure of the cathode current. 
Since the currents involved are p r o p o r t i o n a l to the i n c i d e n t 
radiant energy, the f o l l o w i n g procedure i s customary. F i r s t , a l l 
the dynodes are connected together so the tube operates as a diode. 
The diode current 1^ i s measured under r e l a t i v e l y strong i l l u m i n ­
a t i o n . Then, the i l l u m i n a t i o n i s reduced by a known amount a-̂  
and the tube i s connected as a m u l t i p l i e r . The anode current I 
produced by the reduced i l l u m i n a t i o n i s measured. The gain then 
i s 

G- = T a 
a i V 

Care must be taken to ensure that the diode current i s 
above the knee of the I ^ vs. V^g-^ c h a r a c t e r i s t i c s and t h u s • i s i n . 
the l i n e a r range,but does not approach the maximum. In t h i s case, 
the maximum current density i s about 100 nA/cm. which f o r the 
tube used (150 CVP) corresponds to a cathode current of about 
0.8 uA. Except f o r currents approaching t h i s maximum, the response 
i s l i n e a r f o r an appli e d voltage of 100 v o l t s . Normally, currents 
of the order of 0.1 uA. are p r a c t i c a l . 

The tube was set up i n the experimental c o n f i g u r a t i o n of 
f i g u r e 5 . 3 except that the eye was replaced by a d i f f u s e r e f l e c t i n g 



136 

surface. A 300 watt p r o j e c t o r i l l u m i n a t e d t h i s surface and the 
i n f r a - r e d f i l t e r was a Wratten 70 (see f i g u r e 5.6) so the i n f r a ­
red p o r t i o n of the cathode response was being used. Equation 5.2 
shows that the illuminance of the cathode i s p r o p o r t i o n a l to the 
area of the aperture i n the mask. Since the mask i s evenly i l l u m ­
inated by the d i f f u s e surface, the reduction i n l i g h t a-̂  i s equal 
to the change i n area of the mask. 

In the m u l t i p l i e r connection, the aperture area was 5x10 4 

2 
cm. In the diode connection, two s e r i e s of readings were taken, 

-2 2 
one w i t h an aperture area of 7.06x10 cm. and the other with an 

2 
area of 1.13" cm. Thus, i n the f i r s t case, 

a 1 = 7.1xl0" 3 

while i n the second case, 
a± = 4 . 4 2 x l 0 - 4 . 

The dark current i n the diode connection was between 1.1x10 
and 1.5x10""'"^ A . , while i n the m u l t i p l i e r connection i t v a r i e d 
from 1.6 to 8 uA. according to the o v e r - a l l voltage (V^) a p p l i e d . 
In a l l cases, the current used f o r the c a l c u l a t i o n was the observed 
current l e s s the dark current. The c i r c u i t connections are 
shown i n f i g u r e 1.1. The current meter was an electrometer. 

The o v e r - a l l voltages a p p l i e d i n the m u l t i p l i e r connection 
were 1200, 1300, 1400, and 1450 v o l t s . Since the l i g h t source 
was run from a v a r i a b l e - v o l t a g e transformer,.several readings 
were taken f o r each of these values of V^. Each of the r e s u l t s 
shown i n t a b l e 1.1 i s the average of f i v e or more readings. 



137 

Table.1.1 

1200v. 1300v. l400v. 1450v. 

G-ain G--g 
f o r A E= 
7 . 0 6 x l 0 - 2 0.5xl0 6 l . l x l O 6 2.0xl0 6 2.6xl0 6 

2 
cm. 

2 
1.13 cm. 0.5xl0 6 l.OxlO 6 1.7xl0 6 2.3xl0 6 

ii 

P h o t o m u l t i p l i e r 

See note y 

1 ( 1 f m 

2' 2" 

Note: For m u l t i p l i e r connection, 
terminals marked 1, 2., and 
3 are interconnected as a 
voltage d i v i d e r . 
For diode connection, short 
terminals marked 2 to 3, and 
leave 1 open. 

Figure 1.1 
P h o t o m u l t i p l i e r gain measurement 
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Appendix J 
Suggested improvements 

When the system was designed, inexpensive o p e r a t i o n a l ampli­
f i e r s were se l e c t e d f o r use during the development stage. However, 
t h e i r slow slew-rate ( l . l v,/usec.) ne c e s s i t a t e d the i n s e r t i o n of 
f a i r l y long delays i n the four-sweep scan c y c l e . The scan system 
was designed to provide f a s t information output at the slowest 
p o s s i b l e sweep speed (and hence at the maximum s i g n a l - t o - n o i s e 
r a t i o ) . However, the delays introduced somewhat o f f s e t the 
e f f i c i e n c y of the scan scheme. 

To avoid t h i s problem i n the f i n a l system, o p e r a t i o n a l ampli­
f i e r s with high slewing rates should be s u b s t i t u t e d . At present, 
a m p l i f i e r s w i t h slew rates from lOOv./usec. to 250 v./usee, are 
a v a i l a b l e . I f any one of these i s used, the delays become n e g l i g ­
i b l e compared, to the sample and hold load pulse. I f t h i s too i s 
reduced, equation 3.1 becomes 

T # — ( k , + k„) . . . . J . l v. 1 .2 s 
At T = 250 usee, and e = 1.0 v., equation J . l y i e l d s 

v = 0.016 v./usec. instead of the previous value of 0.029 v./usec. 
(from t a b l e 4.6). This increases the s i g n a l - t o - n o i s e r a t i o (due 
to the change i n Af - see equations 4.10 and 4.12) by a f a c t o r 
of 1.22. 

Furthermore, i t i s p o s s i b l e to double the sample ra t e at a 
given sweep speed i f the b e t t e r o p e r a t i o n a l a m p l i f i e r s are used. 
This i s achieved by computing the output a f t e r every edge encounter 
instead of a f t e r every p a i r . P r e v i o u s l y , the system used the 



139 

values of x^ and. x 2 from each cycle to compute X. The suggestion 
here i s to use each x-edge with the x-edge immediately preceeding i t 
to compute X. Thus, x-̂  i s used i n conjunction with- the previous 

to compute X. Then the next x^ i s used i n conjunction with t h i s 
x-̂  to compute another X. A s i m i l a r procedure i s followed f o r the 
Y output. Since the system c u r r e n t l y performs the sweeps i n the 
order x^, x 2, J-^, y 2 > x j > x2» et c . , t h i s scheme w i l l produce 
two X outputs followed hy two Y outputs. I f t h i s i s undesirable, 
the sweeps can be changed to the order x-̂ , y^, x^, y 2 > x-j_> ŷ > etc., 
thus producing a l t e r n a t e X and Y outputs. 

With the f a s t e r a m p l i f i e r s , the delays necessary f o r the 
a d d i t i o n a l computations introduced by t h i s scheme are n e g l i g i b l e 
when compared to the period of the four-sweep scan. Thus when 
T = 250 u s e e , the system computes two samples of X and two of Y 
f o r each cycle i . e . the sample rate i s 8 KHz. Since t h i s can be 
achieved at the same sweep speed of 0.016 v./usec, the s i g n a l - t o -
noise r a t i o i n t h i s case r e t a i n s the improvement of 1.22 over 
that shown i n f i g u r e 4.16 f o r 4 KHz. 

A f u r t h e r increase i n s i g n a l - t o - n o i s e r a t i o w i l l be achieved 
when t h i s modified system i s set to y i e l d samples at 4 KHz. ( i . e . 
T = 500 usee..). Then the sweep speed w i l l be 0.008 v./usec. and 
the s i g n a l - t o - n o i s e r a t i o i s increased by 1.62 over that shown 
i n f i g u r e 4.16 f o r 4 KHz. 
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