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ABSTRACT 

A' new approach to the study of the human V i s u a l Evoked 
P o t e n t i a l i s described, based on a simple model of the v i s u a l system. 
This model i s then used as a t o o l f o r the i n v e s t i g a t i o n of the v i s u a l 
system and i t s c h a r a c t e r i s t i c s . C e r t a i n assumptions are made con
cerning the spontaneous b r a i n a c t i v i t y accompanying the v i s u a l r e s 
ponse and t h i s a c t i v i t y i s then described by i t s p r o b a b i l i t y d e n s i t y 
and a u t o - c o r r e l a t i o n f u n c t i o n s . A t h e o r e t i c a l basis i s described f o r 
the two noise reduction techniques of ensemble averaging and the 
s l i d i n g mean and the i m p l i c a t i o n s of these processing procedures as 
ap p l i e d to the v i s u a l system are discussed with reference t o the sys
tem model. The t h e o r e t i c a l assumptions of t h i s a n a l y s i s are then 
experimentally i n v e s t i g a t e d . The nature of the v i s u a l response i s 
.discussed and i t i s shown that t h i s response can be subdivided i n t o 
two components on the b a s i s of t h e i r time behaviour. Each of these 
two components, the V.E.P. and the Rhythmic A f t e r - d i s c h a r g e i s i n v e s 
t i g a t e d i n d e t a i l . The r e l a t i o n of the Alpha Rhythm to the A f t e r -
discharge i s a l s o i n v e s t i g a t e d u s i n g . a u t o - c o r r e l a t i o n techniques. 
F i n a l l y , a s t a t i s t i c a l model f o r the V.E.P. i s described as a means 
f o r studying and applying the v i s u a l response, i t s uses, being d i s 
cussed i n some d e t a i l . 

An e l e c t r o n i c coding scheme was designed to f a c i l i t a t e the 
cataloguing of experimental data, and i s described i n the Appendix. 

i i 



TABLE OP CONTENTS 
Page 

LIST OF ILLUSTRATIONS i v 
LIST OF TABLES ' v i 
ACKNOWLEDGEMENT . '." v i i 
1 . INTRODUCTION. 1 ' 

2 . THE VISUAL EVOKED POTENTIAL AND THE VISUAL SYSTEM 4 

2 . 1 The System Model - • 4 

2 . 2 The Mathematical Model f o r the Averaging Process... 8 

2 . 3 The Mathematical Model f o r the A p p l i c a t i o n of the 
S l i d i n g Mean 1 1 

2 . 4 C o r r e l a t i o n on a D i g i t a l Computer 17 

2 . 5 The V.E.P. Detection and Processing 2 1 

2 . 6 Experimental V e r i f i c a t i o n of the T h e o r e t i c a l 
Assumptions of the Model of the V i s u a l System "26 

3 . THE ENVIRONMENT 3 1 

3 . 1 P h y s i c a l Environment 3 1 

3 . 2 L i n e a r i t y and Time Behaviour of the V i s u a l System.. '41 

3 . 3 The Nature of the V i s u a l Response 4 8 

4 . A STATISTICAL MODEL FOR THE V.E.P 55 

4 . 1 The D i s t r i b u t i o n of the Data 55 

APPENDIX I - Te c h n i c a l S p e c i f i c a t i o n s 67 

APPENDIX I I - The Logic I n t e r f a c e 6 8 

APPENDIX I I I - Data Cataloguing System 72 

REFERENCES 78 

i i i 



LIST OF ILLUSTRATIONS 
Figure Page 

2.1.1 The Main Components of the V i s u a l System 5 

2.1 . 2 The Model of the V i s u a l System 6 
2 . 3.1 The Noise Reduction Process 16 
2 . 4.1 Normalized Auto-Correlogram Estimates 2 0 

2 . 5.1 Data Processing.... 25 

2 . 6.1 The "Goodness of F i t ' r of the Noise Data to the 
Gaussian D i s t r i b u t i o n 29 

2 . 6 . 2 Normalized Noise Auto-Correlogram Estimates....... 3 0 

3.1.1 The Human B r a i n Showing the R e l a t i o n s h i p Between 
Electrode P o s i t i o n and the V i s u a l Cortex..... 3 3 

3.1 . 2 Electrode Placement Showing the Mounting Appara
tus w i t h the Electrode Cross and A m p l i f i e r Leads 
i n Place 35 

3.1 . 3 Monopolar vs B i p o l a r Responses ••«» 3 7 

3.1 . 4 The Human Eye Showing the Main Components and 
Angles Subtended by the Macula and the Fovea 3 9 

3 . 2.1 The R e l a t i o n of Stimulus Size to V.E.P. P a t t e r n . . . %2 

3 . 2 . 2 The R e l a t i o n of Stimulus I n t e n s i t y to V.E.P. 
P a t t e r n 44 

3 . 2 . 3 The I n d i v i d u a l Consistency i n Three Subjects 
Over Ten Months 4 7 

3 . 3.1 Mean V i s u a l Evoked P o t e n t i a l s 5 0 

3 . 3 . 2 Sample V i s u a l Responses...... 52 

4.1.1 Goodness of F i t of the Latency of Electrode 
Number One to the Ga/ussian D i s t r i b u t i o n 5 9 

4.1 . 2 Goodness of F i t of the Amplitude of Ele c t r o d e 
Number One to the Gaussian D i s t r i b u t i o n 5 9 

4.1 . 3 A c c e p t a b i l i t y Scheme f o r Electrode Number One..... 62 
4.1 . 4 A c c e p t a b i l i t y Scheme f o r Electrode Number Two 62 
4.1 . 5 A c c e p t a b i l i t y Scheme f o r Electrode Number Three... 6 3 

i v 



4.1.6 A c c e p t a b i l i t y Scheme f o r Electrode Number Four.... 63 

A2-1 Data Transfer Sequence 69 

A2-2 Paper Punch I n t e r f a c e 71 

A3-1 D i g i t a l Encoder 74 

A3-2 D i g i t a l Decoder. 77 



LIST OP TABLES 
Page 

Table 3.3.1A Mean Values of Latency and Amplitude as 
Computed "by Ciganek..... 51 

Table 3.3.IB Mean Values of Latency and Amplitude as 
Computed by Bennett 51 

Table 3.3.2 Comparison of E.E.G. Frequencies with. 
those of the Af t e r - d i s c h a r g e '.'. 54 

Table 4.1.1 Comparison of the Latency and Amplitude of 
the Major D e f l e c t i o n s of the Four Electrode 
P o s i t i o n s 56 

Table 4.1.2 Chi-Square "Goodness of F i t " Test Results 
f o r the F i t t i n g of the V.E.P. Data to the 
Gaussian D i s t r i b u t i o n 58 

v i 



ACKNOWLEDGEMENT 

Acknowledgement i s most g r a t e f u l l y g i v e n to the N a t i o n a l 

Research C o u n c i l f o r t h e i r f i n a n c i a l support through the s t u d e n t s h i p 

and to the M e d i c a l Research Coun c i l , grant number 6 7 - 7 2 6 4 , f o r t h e i r 

f i n a n c i a l support of the r e s e a r c h . 

I would a l s o l i k e to express my s i n c e r e s t thanks to 

Dr. J . S. MacDonald f o r h i s guidance and recommendations'during the 

p r o j e c t , to Dr. R. W. Donaldson f o r h i s r e a d i n g and c o n s t r u c t i v e 

c r i t i c i s m of the t h e s i s and to Dr. K. Uenoyama f o r h i s i n v a l u a b l e 

guidance and a s s i s t a n c e i n the experimental work.; 

F i n a l l y , I would l i k e t o thank Mr. A. Leugner f o r h i s 

h e l p i n the c o n s t r u c t i o n of the c i r c u i t hardware,, to my f e l l o w 

students who proofread the t h e s i s , and to A v i s Hopkins f o r t y p i n g 

the manuscript. 

v i i 



1. INTRODUCTION 

When the human eye i s stimulated with a pulse of l i g h t 
energy, e l e c t r i c a l p o t e n t i a l v a r i a t i o n s are evoked and can be 
detected at the surface of the scal p over the region of the v i s u a l 
cortex. These p o t e n t i a l v a r i a t i o n s c o n s t i t u t e what i s known as the 
V i s u a l Evoked P o t e n t i a l and have been the subject of much i n t e r e s t 
and controversy i n recent years. Of p a r t i c u l a r i n t e r e s t i s the 
pos s i b l e use of the V i s u a l Evoked P o t e n t i a l as a c l i n i c a l d i a g n o s t i c 
t o o l , s p e c i f i c a l l y , as a means of d e t e c t i n g abnormalities i n a par
t i c u l a r v i s u a l system. Fundamental to t h i s type of a p p l i c a t i o n are; 
f i r s t , the consistency i n time of some c h a r a c t e r i s t i c of the V i s u a l 
Evoked P o t e n t i a l obtained from any normal i n d i v i d u a l , and second, 
the.presence of that c h a r a c t e r i s t i c i n at l e a s t part i f net a l l of the 
general population. 

In most published work to date concerning the V i s u a l Evoked 
P o t e n t i a l , i t has been assumed t h a t , w i t h i n reasonable l i m i t s , a con
s i s t e n t response can be obtained from any one i n d i v i d u a l over pro
longed periods of time. This assumption has been experimentally i n -

(1 2) 
v e s t i g a t e d ' . Both authors have demonstrated that the degree 
of consistency i n the general p a t t e r n of the response v a r i e s from 
i n d i v i d u a l t o i n d i v i d u a l and that l a r g e v a r i a t i o n s i n amplitude can 
be expected over time periods of a few days. 

Concerning the subject of i n t e r - i n d i v i d u a l s i m i l a r i t i e s i n 
the V i s u a l Evoked P o t e n t i a l , very l i t t l e consistency has been reported, 
and, i n f a c t , i t has been s u g g e s t e d ^ \ that t h i s response may 
someday be used as a measure of i n d i v i d u a l i t y . Notable exceptions 
to t h i s however, have been reported by Ciganek and C r e u t z f e l d t 
and Kuhnt^^. 
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Cigane'k has proposed a model for the V i s u a l Evoked Poten
t i a l based on the d i s t r i b u t i o n of seven major p o t e n t i a l d e f l e c t i o n s 
observed i n the f i r s t 250 msec of the response, and r e p o r t s good 
consistency over a population sample of f o r t y - f i v e subjects. 

C r e u t z f e l d t and Kuhnt a l s o claim good consistency i n t h i r t y 
subjects and have proposed a model based on the ensemble average of 
the t h i r t y i n d i v i d u a l ensemble averages. Their model d i f f e r s from 
that of Cigan^k both i n the number and l a t e n c y of d e f l e c t i o n s observed. 

This t h e s i s represents an i n v e s t i g a t i o n i n t o the exact na
ture of the V i s u a l Evoked P o t e n t i a l and i t s p o s s i b l e a p p l i c a t i o n i n 
c l i n i c a l d i a g n o s t i c s . As an a i d to t h i s i n v e s t i g a t i o n , a simple com
munication system i s proposed as a model of the v i s u a l system. While 
some co n s i d e r a t i o n was given t o the p h y s i o l o g i c a l processes i n v o l v e d , 
the model was proposed p r i m a r i l y on the b a s i s of the input-output 
r e l a t i o n s h i p s observed i n experimentation and i s not intended as an 
accurate r e p r e s e n t a t i o n of the i n t e r n a l v i s u a l processes. I t does, 
however, serve as a u s e f u l t o o l f o r the a n a l y s i s of these processes. 

The experimental r e s u l t s used i n t h i s t h e s i s are based on 
responses obtained from s i x t y p a t i e n t s i n a l l , s i x of whom were 
studied on s e v e r a l occasions over a period of ten months. The sub
j e c t s were male, between the ages of 20 and 80 years, predominantly 
50 to 75- The stimulus i n a l l experiments consisted of a pulse of 
white l i g h t a p p l i e d t o the c e n t r a l f o v e a l area of the r e t i n a . S p e c i a l 
data processing'equipment included a computer of average t r a n s i e n t s 
i n t e r f a c e d to a PDP-9 d i g i t a l data processing computer, combining the 
advantages of o n - l i n e monitoring of the data as i t was accumulated, 
with speed and f l e x i b i l i t y of data processing and a n a l y s i s o f f - l i n e . 

A f i r s t study was done to determine the extent of the i n d i 
v i d u a l consistency over the ten month period i n order to c l a r i f y the 
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seeming dis c r e p a n c i e s i n the l i t e r a t u r e and to cla.ssify the proposed 
model with respect to time variance or i n v a r i a n c e . The l i n e a r i t y of 
the system was a l s o i n v e s t i g a t e d with respect to stimulus s i z e and 

(5) 

i n t e n s i t y , and.the r e s u l t s compared with those of Vaughan . The 
r e l a t i o n s h i p between the V i s u a l Evoked P o t e n t i a l and the i n t r i n s i c 
Alpha Rhythm i s discussed w i t h reference to pertinent l i t e r a t u r e and 
experimental r e s u l t s . 

A model f o r the V i s u a l Evoked P o t e n t i a l i s proposed and 
compared wi t h those of Ciganek and.Creutzfeldt and Kuhnt.- I t i s 
shown that the parameters of the model are Gaussian d i s t r i b u t e d and 
95$ s t a t i s t i c a l l i m i t s are determined f o r the normal response. An 
algorithm i s o u t l i n e d to i d e n t i f y the normality or abnormality of a 
given V i s u a l Evoked P o t e n t i a l on the b a s i s of the model. 
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2 . THE VISUAL EVOKED POTENTIAL AND THE VISUAL SYSTEM 

2 . 1 The System Model 
Por the purposes of t h i s t h e s i s , the V i s u a l Evoked Poten

t i a l (V.E.P.) i s defined as the t o t a l i t y of the p o t e n t i a l v a r i a t i o n s 
observed at the surface of the human scal p which are synchronized 
with a l i g h t stimulus a p p l i e d to. e i t h e r or both r e t i n a s of the eyes. 

The V.E.P. as defined i s submerged i n f u r t h e r p o t e n t i a l 
v a r i a t i o n s r e f l e c t i n g spontaneous b r a i n a c t i v i t y r e s u l t i n g from other 
b o d i l y f u n c t i o n s and mental processes. Since t h i s spontaneous a c t i 
v i t y i s unsynchronized w i t h the stimulus, i t can be regarded as 
"noise" and the a c t u a l evoked p o t e n t i a l as the " s i g n a l " . The " s i g n a l " 
to "noise" r a t i o i s about 1/25 f o r an average system. 

The v i s u a l system r e f e r r e d to i n t h i s t h e s i s i s defined as 
the t o t a l i t y of a l l components of the nervous system which i n f l u e n c e 
the p a t t e r n of the V.E.P. i n the absence of the spontaneous b r a i n 
"noise". _The main components of the v i s u a l system are shown i n F i g . 
2 . 1 . 1 . While a d e t a i l e d d e s c r i p t i o n ox the physiology of the v i s u a l 
system i s outside the scope of t h i s t h e s i s , a general d e s c r i p t i o n of 
the s i g n a l flow through the system i s included. For more d e t a i l e d 

(7) 

information on t h i s subject, the reader i s r e f e r r e d to Wolf . 
At the input stage, the l i g h t pulse i s focused on the pos

t e r i o r hemisphere of the eye where i t i s converted to e l e c t r i c a l 
pulses by an elaborate arrangement of s p e c i a l i z e d nerve c e l l s l o 
cated w i t h i n the r e t i n a . The topography of the r e t i n a i s described 
i n f u r t h e r d e t a i l i n Section 3 . 2 . The outputs of these "transducers" 
are fed i n t o a complex processing network of nerve c e l l s which t e r 
minate i n the v i s u a l f i b r e s of the o p t i c nerve. The s i g n a l informa
t i o n i s then transmitted along the f i b r e s of the o p t i c nerve to the 
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Retina 

Chiasma 

L a t e r a l 
Geniculate 
Body 

V i s u a l 
Cortex 
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Associated 
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R i g . 2.1.1 The Main Components of the V i s u a l System 

chiasma. Within the chiasma, the s i g n a l s from the two eyes cross, 
with most of the information from the r i g h t eye proceeding on to the 
l e f t l a t e r a l g e n i c u l a t e "body and that from the l e f t eye proceeding 
on to the r i g h t l a t e r a l g e n i c u l a t e body. From the l a t e r a l g e niculate 
bodies, the information enters the two sides of the v i s u a l cortex 
where f u r t h e r processing and d i s t r i b u t i o n to other parts of the b r a i n 
occurs. 
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The p o t e n t i a l p a t t e r n s observable a t the s u r f a c e of the 

b r a i n , while they are not the a c t u a l i n f o r m a t i o n c a r r i e r s , are an 

accurate " r e f l e c t i o n " of the t o t a l i t y of n e u r a l responses w i t h i n the 

immediate c o r t i c a l r e g i o n s . * Hence, these p a t t e r n s w i l l r e f l e c t not 

only the i n f o r m a t i o n from the v i s u a l process, but a l s o i n f o r m a t i o n 

from other p a r t s of the c e n t r a l and p e r i p h e r a l nervous systems. T h i s 

a d d i t i o n a l i n f o r m a t i o n c o n s t i t u t e s what has been p r e v i o u s l y r e f e r r e d 

to as n o i s e . 

From the b r a i n s u r f a c e , the p o t e n t i a l p a t t e r n s pass through 

the s k u l l and a s s o c i a t e d t i s s u e s to the s c a l p s u r f a c e where they are 

detected by the e l e c t r o d e s . 

A s i m p l i f i e d b l o c k diagram of a model of the v i s u a l system 

i s i l l u s t r a t e d i n F i g . 2 . 1 . 2 . ]h this model, v ( t ) r e p r e s e n t s the t r a n s f e r 

c h a r a c t e r i s t i c s of the r e t i n a s , the chiasma, the l a t e r a l ~ g e n i c u l a t e 

S i ( t ) 
ih). 

F i g . 2 . 1 . 2 The Model of the V i s u a l System 
f o r a F i x e d Input -

*Sances and L a r s o n v have shown that i n f a c t , the V.E.P. o r i g i n a t e s 
-within 2 mm of the b r a i n s u r f a c e . 

** Assuming f i x e d input c o n d i t i o n s . 
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bodies, and a l l portions of the b r a i n concerned with the v i s u a l pro
cess i n such a way as to i n f l u e n c e the pattern of the V.E.P. At 
t h i s p o i n t , no assumptions are made concerning the nature of v ( t ) 
although i t s l i n e a r i t y and time behaviour are i n v e s t i g a t e d i n Chap
t e r 3. The output of v ( t ) , the s i g n a l S 2 ( t ) , represents the p o r t i o n 
of the " r e f l e c t e d " p o t e n t i a l patterns at the b r a i n surface due to 
the responses of the neurons of the v i s u a l cortex. I t w i l l be shown 
i n l a t e r s e c t i o n s , that the noise ^ ( t ) can be approximated by a zero-
mean, s t a t i o n a r y , Gaussian process, s t a t i s t i c a l l y independent of the 
s i g n a l S 2 ( t ) . While the r e s u l t s and methods of t h i s t h e s i s do not 
depend on these assumptions, i t w i l l be seen that c e r t a i n s i m p l i f i 
cations r e s u l t i n the mathematical a n a l y s i s of the noise r e d u c t i o n 
processes i f these assumptions can be made. ; 

The t r a n s f e r f u n c t i o n of the s k u l l and associated t i s s u e 
l a y e r s i s represented by h ( t ) , and i s assumed to be both l i n e a r and 
t i m e - i n v a r i a n t , p a r t l y on the b a s i s of p h y s i o l o g i c a l c o n s i d e r a t i o n s * , 

( 8 ) 

and .partly on the work of Sances and Larson who have found that 
the V.E.P. i s s i m i l a r i n p a t t e r n to the patterns observed near the 
surface of the b r a i n . 

While these assumptions are not mandatory to the study of 
the V.E.P., they do a f f e c t i t s usefulness as a d i a g n o s t i c t o o l . I f 
h ( t ) i s l i n e a r and t i m e - i n v a r i a n t , the V.E.P. i s a more workable rep
r e s e n t a t i o n of the p o t e n t i a l v a r i a t i o n s at the.surface of the b r a i n 
and hence of the a c t i v i t y of the v i s u a l system.. That i s , a l l non-
* While the t r a n s f e r f u n c t i o n of the s k u l l and associated t i s s u e s 

has not been f u l l y i n v e s t i g a t e d experimentally, i t i s not l i k e l y 
that s i g n i f i c a n t changes would occur i n i t s frequency response or 
a t t e n u a t i o n c h a r a c t e r i s t i c s e i t h e r in. time or with s i g n a l v a r i a 
t i o n s . Por these reasons, l i n e a r i t y and time-invariance are 
assumed. 
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l i n e a r i t i e s and time-variance can then he a t t r i b u t e d to the v i s u a l 
process i t s e l f , and not to the combination of two phenomena, one of 
which has no r e l a t i o n to the v i s u a l process at a l l . 

A second advantage of the previous assumptions i s as f o l l o w s 
I f n^(t) i s s t a t i o n a r y , zero-mean, Gaussian and s t a t i s t i c a l l y inde
pendent of S 2 ( t ) , the output noise n ( t ) w i l l a l s o be s t a t i s t i c a l l y 
independent of the output s i g n a l s ( t ) or the V.E.P., and s t a t i o n a r y , 
zero-mean and Gaussian as w e l l . Mathematically, 

y ( t ) = s ( t ) + n ( t ) 
+ CO 4 CO 

y ( t ) = 
u 

s 2 ( r ) h ( t - r ) d r + 
u 

n ( r ) h ( t - f ) d r . 2.1 

- co -co 
F i n a l l y , these assumptions are a l s o s i m p l i f y i n g i n the a p p l i 

c a t i o n of two noise reduction techniques to be o u t l i n e d i n the f o l 
lowing s e c t i o n s . In these s e c t i o n s , i t i s shown that by the a p p l i 
c a t i o n of these techniques, the output noise n ( t ) can be reduced to 
a n e g l i g i b l e minimum and hence the second term i n Equation 2.1 i s 
e f f e c t i v e l y zero. The remaining s i g n a l , the V.E.P., i s simply a 
l i n e a r transformation of the a c t i v i t y at the surface of the b r a i n 
and hence of the v i s u a l .system. 

2.2 The Mathematical Model f o r the Averaging Process 
I t has been p r e v i o u s l y assumed that.the output of the 

v i s u a l system can be s u b d i v i d e d i n t o the sum of two s t a t i s t i c a l l y 
independent components: a s i g n a l s ( t ) which can be assumed at t h i s 
stage to have a mean ensemble value <^s(t^> , and an ensemble v a r i -
ance CTi. ( t ) ; and a noise component, n ( t ) , which i s s t a t i o n a r y , zero-s 
mean, and Gaussian w i t h variance ( t ) . The equations governing 

the output of such a system are simply; 
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y(t) = s ( t ) + n ( t ) 
<y(t)> = <s(t)> + <n(t^> 

C T y ( t ) = c r f ( t ) + o r * ( t ) . 

where the t r i a n g u l a r brackets represent the sample mean value and 

O" y('k) represents the variance of y ( t ) . 

In a d d i t i o n to the assumptions already made concerning the 
system and i t s output, one f u r t h e r assumption i s u s e f u l i n the 
a p p l i c a t i o n of the ensemble averaging technique; namely, that two 
samples of the noise separated i n time by the sample time i n t e r v a l , 
be un c o r r e l a t e d . In Chapter 3 , t h i s assumption i s experimentally 
i n v e s t i g a t e d and shown to be approximately true. 

The ensemble averaging technique c o n s i s t s of s t i m u l a t i n g 
the system N times, and a l g e b r a i c a l l y adding the N outputs i n such a 
way that corresponding sample i n s t a n t s which are time-locked to the 
stimulus, are added together. The r e s u l t i s then d i v i d e d by N. 
Hence the sample mean of the output at any i n s t a n t i n time ( t ^ ) w i l l 
be'given.by the equation: 

N 
<y(t ±)> = | X ( s k ( t l ) + W) 

k=l 

= z ( t i ) . 

In the averaging process, the s i g n a l i s d i g i t i z e d i n t o a 
f i n i t e number (p) of d i s c r e t e values, each one corresponding to the 
amplitude of the s i g n a l at some fixed, time t ^ . Hence the output of 
t h i s process can be described as a p dimensional "vector" on a time-
magnitude plane. In vector n o t a t i o n then, the output of the process 
can be wr i t t e n : 
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z ( t ) .= 

z ( t l ) 

z ( t ± ) 

z ( t ) p 

In the l i m i t , as N*-co; 

N= co 
and since we have assumed the noise to have zero mean; 

Z ( t . ) = E f s ( t . ) | 
N=co 

Hence, i n the t h e o r e t i c a l l i m i t of an i n f i n i t e number of 
samples i n the average, the noise could be t o t a l l y eliminated from 
the output l e a v i n g the u n d i s t o r t e d V.E.P. In p r a c t i c a l experimenta
t i o n however, i t was found that a reasonable value f o r N was about 
128 and as a r e s u l t , the noise was not t o t a l l y e l i m inated. Never
t h e l e s s , the averaging process when used with a f i n i t e N, improves 
the s i g n a l - t o - n o i s e r a t i o by decreasing the noise-variance. 

The theory of noise r e d u c t i o n by ensemble averaging i s 
w e l l known and w i l l not be repeated i n t h i s t h e s i s i n d e t a i l . For 
a complete t h e o r e t i c a l development of the mathematical r e l a t i o n s h i p s 
stated i n t h i s s e c t i o n , the reader i s r e f e r r e d to Bendat^^. In the 
theory of ensemble averaging, i t i s shown that the variance of the 
averaged s i g n a l i s reduced by l/N, where N again i s the number of 
s i g n a l s averaged. For the system under consideration,.the variance 
r e l a t i o n s h i p s are: 

c r 2 ( t . ) = | c r - 2 ( t . ) 
z l N w y l 

1 
N 
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I f CT Q("t^) = 0, that i s , i f the s i g n a l variance i s zero, 
or a l t e r n a t i v e l y , i f the system i s t i m e - i n v a r i a n t , * then the variance 
of the output can be a t t r i b u t e d e n t i r e l y to the noise n ( t ) ; and the 
square root of the va r i a n c e , the standard d e v i a t i o n , can be used as 
a reasonable f i g u r e f o r assessing improvement i n the s i g n a l to noise 
r a t i o . Hence an improvement i n the s i g n a l - t o - n o i s e r a t i o of a f a c 
t o r of s| N can be expected. 

The s i g n a l - t o - n o i s e r a t i o of the v i s u a l response was found 
to vary considerably among subjects and from day to day with any one 
i n d i v i d u a l . While i n some cases the ensemble averaging technique 
proved s u f f i c i e n t to reduce the noise to acceptable l e v e l s , such was 
not the case on many occasions and f u r t h e r noise reduction procedures 
were necessary. Since i n c r e a s i n g the number of samples i n the en
semble average was not a p r a c t i c a l s o l u t i o n f o r reasons of time and 
subject discomfort, a second noise r e d u c t i o n technique, the s l i d i n g 
mean, was chosen and i s discussed i n the f o l l o w i n g s e c t i o n . 

2 = 3 The Mathematical Model f o r the A p p l i c a t i o n of the S l i d i n g Mean 
In a d d i t i o n to on - l i n e ensemble averaging, a second tech

nique, the s l i d i n g mean was used o f f - l i n e to f u r t h e r reduce the noise 
l e v e l i n the s i g n a l . The a p p l i c a t i o n of t h i s technique was f a c i l i 
t a t ed i n two ways. F i r s t , since i n the data processing procedure, 
the output of the ensemble averaging process was d i g i t i z e d and stored 
on paper tape compatible w i t h the PDP-9 data processing computer, the 
sliding.mean could be performed q u i c k l y and e f f i c i e n t l y . Secondly, 
the assumptions p e r t i n e n t to the theory of the s l i d i n g mean, i . e . , 
s t a t i s t i c a l l y independent, zero-mean, Gaussian and uncorrelated noise 
* The v a l i d i t y of t h i s assumption i s a l s o i n v e s t i g a t e d i n Chapter 3-
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have a l l been p r e v i o u s l y i n v e s t i g a t e d f o r the ensemble averaging 
process.* 

I t has been shown that the output of the ensemble averaging 
process can be w r i t t e n i n ve c t o r form as: 

z ( t ) = 

where z ( t ^ ) represents the ensemble average at time t ^ , and P, 
the number of such d i s c r e t e averages taken of the s i g n a l . 

I f the sampling r a t e of the averaging process i s n samples per second, 
the l e n g t h of the s i g n a l examined w i l l be P/n seconds. 

•The output of the s l i d i n g mean process i s a ve c t o r of, i n 
general P-L dimensions, where L can assume a value between 1 and P - l . 
The i t h component of the s l i d i n g mean vector i s given by the equation 

i+L 

m(t i) = I y~z(t.y 

The s l i d i n g mean output i s then described by the v e c t o r 

M(t) 

Applying t h i s technique to the output of the system model, 
* A c t u a l l y , the s l i d i n g mean theory assumes that adjacent samples of 

noise are uncorrelated r a t h e r than samples separated by 1 second as 
i n the ensemble averaging process. The assumption of adjacent un
co r r e l a t e d noise samples i s a much more s t r i n g e n t assumption and i s 
only approximated, i n the p h y s i c a l world, (see Section 2.6) Hence, 
the t h e o r e t i c a l r e s u l t s can only be regarded as v a l i d to the extent 
of t h i s approximation. 

z ( t 1 ) 

z ( t ± ) 

z ( t p ) 

m ( t x ) 

m(t i) 

m ^ t p - L ) 
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i+L 

N 
where" s z ^ j ^ = W Z. S k ^ i ^ 

Jc=l 

l v 1 — n z(t.O = I ) n k ( t . ) .and 
•k=l-

as i n the previous s e c t i o n . 
Since n ( t ) i s e s s e n t i a l l y a continuous process to which the 

V.E.P. has been added, the samples of noise can be assumed to form an 
ergodic process and therefore the time and ensemble averages of both 
n, ( t . ) and n ( t . ) w i l l be equal.* Consequently, i f L i s s u f f i c i e n t l y 
l a r g e , the average over L adjacent samples w i l l be approximately 
zero. The previous equation can therefore be r e w r i t t e n as 

T,-L I-* oo . 

I t can be seen from t h i s equation, that an i r r e v e r s i b l e 
transformation has been performed on the s i g n a l z ( t ^ ) , but at t h i s 
expense, the. noise has been t h e o r e t i c a l l y e l i m i n a t e d . I n a c t u a l 
p r a c t i c e , the choice of L i s made on the b a s i s of a compromise be
tween e f f e c t i v e noise e l i m i n a t i o n and desired s i g n a l a l t e r a t i o n accord
i n g to t h i s transformation equation. However, the e f f e c t of a f i n i t e 
L i s to reduce the noise variance, as w i l l be shown. 

The variance of the s l i d i n g mean output can be expressed as 

CT^(t.) = < m ( t . ) 2 \ - < ^ ( t . ) \ 2.3.1 

where / m ( t . ) \ corresponds to the expected value of m(t.) 
\ 1 />r, L 1 

f o r L points i n the time average. 
* S t a t i o n a r i t y , which has been assumed i n t h i s statement, i s discussed 

i n Section 2.6. 
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This expected value i s the t h e o r e t i c a l mean of an i n f i n i t e number of 
samples of m(t..). We define z(t_, v) as a s i n g l e sample value at time 
t ^ , and hence 

i+L 

An a l y s i n g each term of equation 2.3.1 i n t u r n and s u b s t i t u t i n g f o r 
m ( t i ) : 

i+L i+L r Y. 
k=i J=i 

i+L i+L 

x-t-u i t j j 

<m(ti)2>T,L =<?TT X-z(t->z(v\: 

L k"=I l = i 
+ n ( t . . ) , 

z ^ 7 / T f l 

i+L i+L-

-j-2 / / \ z .ik z v x j . z v i k ' z' 13 7 

L , 
k=i 3=1 

+ W s z ( t i k > + n z ( W V^dOn T,L J 
2.3.2 

We have assumed that adjacent noise samples are uncorrelated. 
Therefore, 

T,L 

Al s o , since the noise i s zero-mean, and s ( t . ) + n ( t . ) are indepen-
z 1 z JL 

dent, 
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F i n a l l y , i n Chapter 3> i t i s shown that the V.E.P. can be regarded 
as a t i m e - i n v a r i a n t process f o r any one system. Therefore, t h e . s i g 
n a l sz(tjjP i s a constant. Equation 2.3.2 can therefore be r e w r i t t e n 
i n the form,:' 

i+L . ^ ± + k 

' k=i ' k=l ' 

S i m i l a r l y we can w r i t e 
2 i + L 2 

<m(t ±) > = ^K^^i^) 
T,L L k=i T,L * 

Therefore, 

i±L. 

k=i ' 

Since i t has been assumed that the s i g n a l s ^ t ^ . - i s a constant and 
therefore has zero variance, 

i+L 
CT2(t. ) = ^ y A ( t . , 

m 1 L 2 f - ^ - X * l k > T , L k=i ' 

m i ii \ z I / ,j 

Again, since the noise process i s ergodic, 
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F i g . 2.3.1 The Noise Reduction Process, showing, (a) the 
s i n g l e system response, (b) the average of 6 4 
responses, (c) the average of 128 responses, 
(d) the output from the f i r s t a p p l i c a t i o n of 
the s l i d i n g mean, (e) the output from the sec
ond a p p l i c a t i o n of the s l i d i n g mean, ( f ) the 
output from the t h i r d a p p l i c a t i o n of the ' s l i 
d i ng mean. 
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where E jn z(t^)| represents the ensemble mean as before. 
I t can be seen that the variance of the noise has been 

f u r t h e r reduced by l / L . Hence, one ca n . a n t i c i p a t e an improvement i n 
the s i g n a l - t o - n o i s e r a t i o ofJ L. 

The e f f e c t of the transformation performed by the s l i d i n g 
mean process can be approximated by a low pass f i l t e r w i t h a high 
frequency c u t - o f f determined by the Nyquist Sampling Theorem. I f a 
1 second s i g n a l i s d i g i t i z e d i n t o R d i s c r e t e values, the maximum f r e 
quency component i n the d i g i t i z e d s i g n a l w i l l be approximately R/2 Hz. 
The maximum frequency component of the output of the s l i d i n g mean 
process w i l l then be approximately.R/21 Hz. 

A value of ten was chosen f o r L as a s u i t a b l e compromise 
between the noise r e d u c t i o n and the bandwidth re d u c t i o n of the V.E.P. 
The e f f e c t s of the e n t i r e noise r e d u c t i o n processing can be seen, i n 
P i g . .2.3.1- A f t e r the a p p l i c a t i o n of the s l i d i n g mean, the e n t i r e 
waveform was s h i f t e d L/2 u n i t s to the r i g h t i n order t o preserve the 
proper l a t e n c y r e l a t i o n s h i p s . I t can a l s o be seen, that repeated 
a p p l i c a t i o n of the s l i d i n g mean can be performed w i t h l i t t l e or no 
a l t e r a t i o n of the V.E.P., but v i r t u a l l y complete e l i m i n a t i o n of the 
noise. 

2.4 C o r r e l a t i o n on a D i g i t a l Computer 
Before proceeding to the experimental p o r t i o n of the thesis,' 

one f u r t h e r data processing technique warrants d i s c u s s i o n at t h i s 
stage. In the absence of a stimulus input to the v i s u a l system of 
F i g . 2.1.2, the output c o n s i s t s s o l e l y of the noise n ( t ) . A p o t e n t i a l 
vs time r e c o r d i n g of the spontaneous a c t i v i t y generated w i t h i n the 
b r a i n i n the absence' of any e x t e r n a l stimulus input, i s r e f e r r e d to 
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as the Electroencephalogram (E.E.G.). Embedded w i t h i n t h i s random 
a c t i v i t y i s a spontaneous p o t e n t i a l o s c i l l a t i o n a l s o generated by 
the b r a i n at a frequency between 6 and 15 Hz ., kncwn as the Alpha 
Rhythm. The amplitude of the Alpha Rhythm v a r i e s considerably be
tween i n d i v i d u a l s and i n time f o r any one i n d i v i d u a l . 

In Section 2 . 5 , the Alpha frequency i s compared with the 
dominant frequencies of the V.E.P. and t h e i r p o s s i b l e r e l a t i o n s h i p 
i s discussed. While the.dominant frequencies of the V.E.P. are 
e a s i l y measured from an X-Y r e c o r d i n g of the output of the s l i d i n g 
mean or averaging processes, the frequency of the Alpha Rhythm cannot 
u s u a l l y be measured i n t h i s way. The l a c k of a stimulus synchronized 
with the Alpha Rhythm makes the use of the averaging technique d i f f i 
c u l t i f not impossible, and hence, only a s i n g l e record can be used 
f o r measurement. However, since the Alpha Rhythm represents the 
dominant p e r i o d i c component of the E.E.G... f o r most i n d i v i d u a l s , the-
Alpha Prequency can of t e n be determined from the time a u t o - c o r r e l o -
gram of the E.E.G. 

Assuming n ( t ) i s both zero-mean* and s t a t i o n a r y * , the auto
c o r r e l a t i o n f u n c t i o n estimate of n ( t ) i s independent of the time o r i 
g i n , and a l s o i s not d i s t o r t e d by the presence of a dc o f f s e t i n 
the noise signal.. Since the E.E.G. d i f f e r s from the noise, i f at 
a l l , only by the presence or absence of the Alpha Rhythm**, which i s 
a l s o zero-mean and reasonably s t a t i o n a r y over the h a l f second period 
during which i t i s measured, the E.E.G. i s assumed to s a t i s f y the 
t h e o r e t i c a l assumptions of zero-mean and s t a t i o n a r y behaviour. A l s o , 
since the c o r r e l a t i o n was performed on the d i g i t a l computer, the 
* Both assumptions are investigated, i n Section 2 . 6 . 

** The presence or absence of the Alpha Rhythm i n the noise i s d i s 
cussed i n Chapter 3« 
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f i n i t e or d i s c r e t e r e p r e s e n t a t i o n of the c o r r e l a t i o n , f u n c t i o n i s 
presented. 

Bendat and P i e r s o l ' " * " ^ provide two d i g i t a l estimates of 
the a u t o - c o r r e l a t i o n f u n c t i o n , the best being defined by the equa
t i o n 

A -, fa: 

^ l x ( r ) = N l r ^Lj. x i x i + r r=0, 1, 2....m 2.4.1 

where x^ represents the s i g n a l (E.E.G.) value of the i t h sample, 
N the t o t a l number of samples taken, and r , the number of samples 
in. the time delay ?j~ . I f the sampling r a t e was again n samples per 
second, as i n Section 2.3? the delay time i s given by = ^. The 
value of m chosen hence determines the maximum value of and can
not exceed N. Although, f o r m<^N, equation 2.4.1 provides the best 
e,stimate of the true a u t o - c o r r e l a t i o n f u n c t i o n , i t was found that 
i n a c t u a l p r a c t i c e , as m was increased to values close to N so as 
to f a c i l i t a t e the accurate measurement, of the frequencies of 
i n t e r e s t , the behaviour of Rj_x^""^ "became e r r a t i c and meaningless 
because of the h i g h noise content of the s i g n a l . This phenomenon 
occurred as the number of samples i n the summation decreased to the 
point where the noise was no longer averaged out s u f f i c i e n t l y . To 
avoid t h i s e r r a t i c behaviour of the auto-correlogram, a biased 
estimate, the second of the two proposed by Bendat and P i e r s o l , 
was chosen and i s defined by the equation . 

/s -] Nzjr 
R 2 x ( ? ' ) = N 5lZ x i x

i + r r=0,l,...m 2.4.2 

where a l l symbols are as p r e v i o u s l y defined. 

I t can be seen that f o r l a r g e r or m, the amplitude w i l l be 
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F i g . 2.4.1 Normalized* Auto-Correlogram Estimates showing 
(a) an 8 Hz. sine wave, (b) An E.E.G. sample, 
(c) t ( ? i of the 8 Hz sine wave, (d)1T 
of the E.E.G., (e) %„(?-) of the E.E.G. a f t e r 
a p p l i c a t i o n , of the s l i d i n g mean process. 

* Auto-correlograms have been normalized to a constant ampl. 
a t r = 0. 
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reduced- as the d i v i s o r N i s not decreased w i t h the decreasing numb.er 
of samples averaged. However, since only the frequencies were of 
i n t e r e s t , t h i s was not considered to be a se r i o u s l i m i t a t i o n . 

I t was found that w i t h t h i s biased estimate, no e r r a t i c 
behaviour occurred and accurate frequency measurements could be made. 

Figure 2.4.1 shows a t y p i c a l E.E.G. and the estimate of 
the auto-correlogram computed u s i n g Equation 2.4.2. To i l l u s t r a t e 
the a c t u a l b i a s i n g e f f e c t of the estimate, a sine wave and i t s auto-
correlogram are a l s o included. 

2. 5 The "V.E.P. Detection and Processing 
A s i g n a l flow diagram of the V.E.P. d e t e c t i o n and proces

s i n g equipment i s shown i n F i g . 2.5.1. The t e c h n i c a l information 
• a n d . s p e c i f i c a t i o n f o r the major equipment i s provided i n Appendix I. 

At the beginning of an experiment, the subject was seated 
i n s i d e a comple t e l y darkened and e l e c t r i c a l l y shielded chamber f o r 
a prescribed period of time (see Section 3.1). The s h i e l d i n g was 
necessary to avoid contamination of the low l e v e l (<̂  50 M-V) s i g 
nals by e x t e r n a l i n t e r f e r e n c e . The stimulus was d e l i v e r e d v i a a 
small aperture i n the chamber, w a l l d i r e c t l y i n f r o n t of the subject 
at eye l e v e l , and connections t o the elec t r o d e s on the subject's 
scalp were made with shielded cable passing through the chamber w a l l 
to the d i f f e r e n t i a l a m p l i f i e r s . 

F i v e s c a l p electrodes were used i n conjunction with four 
channels of d i f f e r e n t i a l a m p l i f i c a t i o n . A s w i t c h i n g box was designed 
and b u i l t to enable the a p p l i c a t i o n of any desired combination of the 
f i v e electrode s i g n a l s and a ground i n t o the four channels of the 
a m p l i f i e r . Hence both b i p o l a r (one electrode i n t o each input of the 



22 

d i f f e r e n t i a l a m p l i f i e r ) and monopolar (one electrode on one input 
and the other input grounded) responses could he examined. The sys
tem ground was connected to the lobe of the l e f t ear,of the su b j e c t . 

The four s i g n a l s from the a m p l i f i e r were simultaneously 
recorded on four t r a c k s of an eight-channel F.M. tape recorder and 
processed by an average response computer. The average response 
computer performed the ensemble averaging process discussed i n Sec
t i o n 2 . 2 . As each l i g h t stimulus was presented to the sub j e c t , a 
synchronous pulse was d e l i v e r e d to the average response computer by 
the e l e c t r o n i c s t i m u l a t o r , Triggered by the pulse, the computer 
sampled each of the four s i g n a l s from, the a m p l i f i e r simultaneously 
f o r a prescribed period of time, u s u a l l y 5 0 0 msec- The computer 
was set to sample a preset number of responses and d i s p l a y the four 
ensemble averages on a monitoring o s c i l l o s c o p e . The averaged, s i g n a l s 
were then p l o t t e d on paper u s i n g the X-Y recorder. 

A l o g i c i n t e r f a c e was b u i l t to enable data t r a n s f e r i n 
d i g i t a l form from the average response computer memory to the o f f 
l i n e PDP-9 d i g i t a l computer f o r f u r t h e r processing. The i n t e r f a c e , 
which was c o n t r o l l e d by the average response computer, worked i n 
conjunction with a paper tape punch which punched the informat i o n on 
paper tape i n a format compatible w i t h the PDP-9 paper tape reader. 
The c i r c u i t diagram and a d e s c r i p t i o n of operation f o r the i n t e r f a c e 
i s provided i n Appendix I I . 

In a d d i t i o n to the storage of the ensemble-averaged data on 
paper tape, i t was deemed d e s i r a b l e to store the raw analog data on 
magnetic tape as i t was accumulated. This was often done without 
the. o n - l i n e averaging and p l o t t i n g i n order to speed up the e x p e r i 
ment and f a c i l i t a t e the accumulation of more data during any one ses-
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s i o n . A l s o , i t was often necessary to re-examine the raw data f o r 
t r a n s i e n t and a r t i f a c t i n t e r f e r e n c e which o f t e n f i r s t appeared i n . 
the o f f - l i n e a n a l y s i s . 

As an a i d to the cataloguing, recording and playback of 
the raw data on the magnetic tape, a d i g i t a l encoding-decoding system 
was b u i l t (see Appendix I I I ) . In the r e c o r d i n g mode, the encoder 
was used to generate a unique binary code each time a l i g h t stimulus 
was presented to the subject. This binary code was placed on a f i f t h 
t r a ck of the tape recorder i n " p a r a l l e l " with the f o u r channels of 
data. The encoder was t r i g g e r e d by a pulse d e l i v e r e d by the s t i m u l a 
t o r synchronously w i t h the l i g h t f l a s h . This pulse was recorded on 
a s i x t h t r a c k of the tape recorder. V i s u a l monitoring of the binary 
code was provided to enable f u r t h e r c a t a l o g u i n g as d e s i r e d . 

On playback, the encoder was used to search out a desired 
set of data and to s t a r t and stop the average response computer pro
cessing. The decoder could be preset to detect any p a r t i c u l a r code 
desired and to s t a r t the averaging process. V i s u a l monitoring of 
the code as i t was examined by the detector was a l s o provided to 
f a c i l i t a t e the l o c a t i n g of i n f o r m a t i o n on the magnetic tape. -

An o s c i l l o s c o p e and X-Y recorder were used to monitor the 
accumulation and processing of data both on and o f f - l i n e . An I.B.M. 
7044 was used i n the f i n a l stages of the data a n a l y s i s to perform 
s t a t i s t i c a l a n a l y s i s f o r the system model of Chapter 4. 

P r e l i m i n a r y Data Processing 
The s i g n a l - t o - n o i s e r a t i o of the v i s u a l system as defined 

i n Section 2.1 v a r i e s considerably from system to system. As a r e s u l t , 
the number of s i g n a l s required by the ensemble averaging process to 
reduce the s i g n a l - t o - n o i s e r a t i o to a prescribed value a l s o v a r i e s 
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considerably. In order to e s t a b l i s h a s u i t a b l e compromise between 
time and noise r e d u c t i o n , ensemble averages of from 2 to 1024 s i g n a l s 
were i n v e s t i g a t e d and i t was found that 128 was s a t i s f a c t o r y f o r most 
cases. This value was used as a standard number f o r most of the ex
periments described i n t h i s t h e s i s . The average response computer 
was a l s o used'in the processing of E.E.G-. s to measure Alpha frequen
c i e s . I n the absence of a stimulus, the computer was manually t r i g 
gered and sampled a desired l e n g t h of E.E.G. information, converting 
i t to d i g i t a l form and s t o r i n g i t i n memory. The inform a t i o n was 
then punched onto paper tape f o r f u r t h e r processing on the PDP-9 

computer. 
(1 2 3 ) 

Fo l l o w i n g the procedure used by most experimenters, ' ' 
a scanning time of 500 msec was chosen as adequate f o r the complete 
recording of a V.E.P. S i m i l a r lengths of E.E.G. data were g e n e r a l l y 
taken. ~ 

As i t came from the average response computer, the data con
tained various a r t i f a c t s introduced by the d e t e c t i o n and averaging 
processes, which had to be removed or compensated f o r before f u r t h e r 
data processing could be a p p l i e d . The f i r s t of these a r t i f a c t s to 
be removed was a dc component of unknown magnitude introduced by 
the average response computer. Since t h i s dc component was impos
s i b l e to d i s t i n g u i s h from p h y s i c a l a x i a l o f f s e t s , i t was decided to 
remove a l l dc from the s i g n a l by t a k i n g the average value and sub
t r a c t i n g i t from the s i g n a l . This operation was performed on both 
the V.E.P. and E.E.G., usi n g the PDP-9 computer. 

A second a r t i f a c t i n the form of amplitude a t t e n u a t i o n was 
introduced at the s c a l p - e l e c t r o d e contact. E l e c t r o d e pressure, the 
degree of e l e c t r o d e s a t u r a t i o n w i t h s a l i n e s o l u t i o n , s c a l p c l e a n l i n e s s , 
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and h a i r thickness a l l i n f l u e n c e the impedance of the sc a l p - e l e c t r o d e 
contact and hence the amplitude of the response i n s p i t e of precau
t i o n s taken to standardize the electrode mounting procedure. As a 
r e s u l t , i t was impossible to d i s t i n g u i s h between a r t i f a c t a t t e n u a t i o n 
and amplitude v a r i a t i o n s due to p h y s i o l o g i c a l changes between exper
iments. For t h i s reason, a l l s i g n a l s were normalized on the PDP-9 

to a constant RMS value before f u r t h e r processing, except when i t was 
desired to compare responses taken from any one i n d i v i d u a l during a 
si n g l e experimental s e s s i o n as i n the i n t e n s i t y and stimulus s i z e 
experiments. Otherwise, comparisons i n amplitude were made on the 
basis of an estimate of the s i g n a l - t o - n o i s e r a t i o as i t would not be 
af f e c t e d by a t t e n u a t i o n of the o v e r a l l response e i t h e r by a r t i f a c t or 
amplitude s c a l i n g . 

F i n a l l y , a ten point s l i d i n g mean was performed on v i r t u a l l y 
a l l of the data according to the procedure o u t l i n e d i n Section 2.3. 
This r e s u l t e d i n a bandwidth r e d u c t i o n to approximately 25 Hz. The 
remaining s i g n a l , t h e r e f o r e , consisted e s s e n t i a l l y of the "slow waves" * 
of the V.E.P. The r e s u l t s reported i n t h i s t h e s i s are based p r i m a r i l y 
on the nature of these slow waves. 

The s l i d i n g mean was sometimes performed'on the E.E.G. to 
enhance the 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 " of the Alpha Rhythm. 
This procedure r e s u l t e d i n higher c o r r e l a t i o n and e a s i e r measurement 
of the Alpha frequency from the auto-correlogram. (see F i g . 2.4 . 1) . 

2.6 Experimental V e r i f i c a t i o n of the T h e o r e t i c a l Assumptions of the 

Model of the V i s u a l System 

In Section 2 . 1 , i t was assumed that the noise n ( t ) at the 

output of the system, model was zero-mean, Gaussian and s t a t i s t i c a l l y 

independent of the s i g n a l s ( t ) . In Chapter 3, i t w i l l be demonstrated 
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that f o r a f i x e d input, s ( t ) may be regarded as a constant. Under 
these conditions then, n ( t ) can be treated as s t a t i s t i c a l l y indepen
dent of s ( t ) . * The remaining assumptions, however, were l e f t to be 
proven i n t h i s s e c t i o n . 

To obtain a sample of the noise n ( t ) , the obvious approach 
would be to sample the output i n the absence of a stimulus i n p u t . 
This output has been p r e v i o u s l y defined as the E.E.G. However, i t 
has a l s o been noted that the E.E.G. contains a v a r i a b l e p e r i o d i c com
ponent, the Alpha Rhythm, which may or may not be present i n the noise 
n(t), when a stimulus i s being a p p l i e d . * * On the p o s s i b i l i t y that n ( t ) 
may change wi t h the a p p l i c a t i o n of a stimulus, i t was decided to use 
a s i n g l e response with a p a r t i c u l a r l y poor s i g n a l - t o - n o i s e r a t i o as 
an approximation to the noise n ( t ) . I f the s i g n a l - t o - n o i s e r a t i o i s 
p a r t i c u l a r l y poor, the output w i l l d i f f e r only s l i g h t l y from the noise 
and the d i f f e r e n c e i n s t a t i s t i c a l p r o p e r t i e s of the two should be neg
l i g i b l e . Since the stimulus r a t e was u s u a l l y 1 f l a s h per second, the 
noise samples added i n the averaging process were spaced by 1 second 
i n time, and hence the d i s t r i b u t i o n of noise samples spaced by the 
same amount i s of i n t e r e s t . To obta i n such information', the data 
from a subject w i t h a low s i g n a l - t o - n o i s e r a t i o was played i n t o the 
average response computer. The scanning r a t e was set as low as pos
s i b l e (1.25 samples per second) to approximate the spacing between 
samples i n a r e g u l a r r e c o r d i n g session. • The d i s t r i b u t i o n of the 
amplitude of these sample observations i s shown i n F i g . 2.6.1, com
pared to the Gaussian d i s t r i b u t i o n , along with, the mean and variance 
of the data,, and the r e s u l t s of the Chi-square "Goodness of F i t " 

* S t a t i s t i c a l independence cannot, i n general, be'assumed. 

The e f f e c t of an ap p l i e d stimulus on the Alpha Rhythm i s the sub
j e c t of much controversy and i s discussed i n Chapter 3. 
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t e s t to the Gaussian d i s t r i b u t i o n . The amplitude d i s t r i b u t i o n i s 
shown p l o t t e d against the u n i t normal deviate z. The v a r i a b l e z 
corresponds to the value of the zero-mean, u n i t - v a r i a n c e Gaussian 
random v a r i a b l e f o r which the p r o b a b i l i t y that a sample observation 
from the same Gaussian data w i l l be l e s s than or equal to z i s equal 
to the observed f r a c t i o n of observations which were l e s s than or 
equal to a given value of the random v a r i a b l e (amplitude) being 
t e s t e d . I f the data were p e r f e c t l y Gaussian d i s t r i b u t e d , the points 
would l i e i n a s t r a i g h t l i n e which would cross the amplitude a x i s at 
the mean value and the slope of which would be equal to the inverse 
of the standard d e v i a t i o n of the data. The Chi-square. percent r e f e r s 
to the percentage of sample observation sets from e x a c t l y Gaussian 
data that one would an t i c i p a t e ' to have a worse f i g u r e f o r the good
ness of f i t than the one observed f o r the data i n question. The 
noise i s assumed to be Gaussian d i s t r i b u t e d on the ba s i s of the 
r e s u l t s of Figure 2.6.1. I t was al s o found that t h i s mean and v a r i 
ance was approximately constant f o r any time " o r i g i n " . 

The second major assumption, that of uncorrelated noise 
samples separated by 1 second i n time, i s i n v e s t i g a t e d i n Figure 
2.6.2A. Again, a s i n g l e evoked response was used as an approximation 
f o r the noise. n ( t ) . I t may be argued that since the noise contains 
a s i g n a l component, i t cannot be s t a t i o n a r y , but, because of the low 
s i g n a l to noise r a t i o , t h i s e f f e c t i s considered n e g l i g i b l e . The 
auto-correlogram of 5 seconds of data i s shown i n the f i g u r e . The 
noisy behaviour of the correlogram i s a t t r i b u t e d i n part to the f a c t 
that the d i s c r e t e approximation to the a u t o - c o r r e l a t i o n f u n c t i o n 
was used and the random behaviour of.the s i g n a l was not t o t a l l y e l i 
minated i n the correlogram as would be the case i n the t h e o r e t i c a l 
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F i g . 2.6.1 The "Goodness o i F i t " of the Noise Data to the 
Gaussian D i s t r i b u t i o n 

l i m i t of an i n f i n i t e number of samples. 
In the theory of the s l i d i n g mean, i t was assumed that, at 

a stimulus d e l i v e r y r a t e of 1 f l a s h per second, adjacent noise 
samples were un c o r r e l a t e d . Since the scanning r a t e of the computer 
under these c o n d i t i o n s was 5 0 0 samples per second, i t was i n e f f e c t 
assuming that noise samples separated by 2 msec i n time were imcor-
r e l a t e d . Figure 2.6.2B shows the auto-correlogram of 50 msec?' of 
noise data, the shortest scanning time obtainable on the average 
response computer. The amount of c o r r e l a t i o n a f t e r 2 msec , (arrow 
marker), i s again submerged i n the random f l u c t u a t i o n s due to the 
d i g i t a l techniques employed. 

Since i t i s impossible to d i s t i n g u i s h between the random 
f l u c t u a t i o n s and o s c i l l a t i o n s due to a c t u a l c o r r e l a t i o n w i t h i n the 
data, i t must be allowed that some c o r r e l a t i o n may e x i s t at both 
time delays of i n t e r e s t . Hence, the r e s u l t s of Sections 2.2 and 2.3 
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fa) f i v e seconds of the noise n ( t ) , 
kb) f i f t y m i l l i s e c o n d s of the noise n ( t ) . 

are only approximate to the extent of t h i s c o r r e l a t i o n . The presence 
of c o r r e l a t i o n would add another term to the f i n a l variance equations 
of these two s e c t i o n s . However, the equations,as they stand, s t i l l 
serve as reasonable approximations t o the r e a l s i t u a t i o n since the 
amount of c o r r e l a t i o n present, i f any, i s l e s s than that i n d i c a t e d 
by Figure 2.6.2. 

F i n a l l y , since the mean and variance of the Gaussian noise 
are r e l a t i v e l y constant over time t r a n s l a t i o n s of the " o r i g i n " , and 
to the extent that the a u t o - c o r r e l a t i o n f u n c t i o n of the noise can be 
approximated by the impulse f u n c t i o n , the noise process can be assumed 
s t a t i o n a r y . 
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3. THE ENVIRONMENT 

3•1 P h y s i c a l Environment 
The human V i s u a l Evoked P o t e n t i a l i s modified by an unu

s u a l l y large number of i n f l u e n c e s , both i n t e r n a l and e x t e r n a l to the 
body. The t o t a l i t y of these i n f l u e n c e s c o n s t i t u t e what i s defined 
as the "environment" of the V.E.P. 

I t could be argued that, as defined (page 4 ) , the v i s u a l 
system must include the e n t i r e human nervous system, fo r , because of 
the extreme complexity and i n t e g r a t e d nature of the nervous system, 
a s m a l l change v i r t u a l l y anywhere i n the system could a f f e c t every 
other part of i t t o a greater or l e s s e r extent. However, most such 
in f l u e n c e s could not be detected with present V.E.P. re c o r d i n g tech
niques and the e f f e c t s of the i n t e r n a l v a r i a b l e s are l a r g e l y due to 
two phenomena; namely, the degree of mental concentration;- and the 
general p h y s i o l o g i c a l c o n d i t i o n of the s u b j e c t . 

Concerning the e f f e c t s of the general p h y s i o l o g i c a l condi
t i o n of the subject on the V.E.P., l i t t l e i s known. However, the 
degree of f a t i g u e seems to have some e f f e c t on the s i g n a l - t o - n o i s e 
r a t i o of the response, by decreasing the.amplitude of the s i g n a l com
ponent. This e f f e c t may be l i n k e d with the degree of concentration 
on the stimulus. 

Some work has been done concerning the e f f e c t on the. V.E.P. 
of the degree of mental concentration on the stimulus. ffarcia-Austt 

(13) 
et a l ' , have studied the e f f e c t s of reducing mental concentration, 
both e x t e r n a l l y u s i n g d i s t r a c t i o n i n the form of small secondary s t i 
muli and i n t e r n a l l y by a s s i g n i n g a mental task to the subject to be 
performed dur i n g p r e s e n t a t i o n of the stimulus. The r e s u l t s i n both 
cases were reported to be the same — a r e d u c t i o n i n amplitude and 
decreased consistency of the p a t t e r n of the response. 
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While amplitude v a r i a t i o n s are p a r t i a l l y eliminated i n the 
p r e l i m i n a r y data processing procedure as o u t l i n e d i n Section.2.5, 
pattern v a r i a t i o n s pose a much more d i f f i c u l t problem. 

In the experimental l a b o r a t o r y , the i n t e r n a l environmental 
v a r i a b l e s can be c o n t r o l l e d to a l i m i t e d degree. Subjects can be 
selected of g e n e r a l l y equal p h y s i o l o g i c a l . c o n d i t i o n and a reasonable 
amount of concentration can be assured. In the c l i n i c a l atmosphere 
however, such i s not the case. I f the V.E.P. i s to be used as a 
c l i n i c a l t o o l , allowance must be made f o r these v a r i a t i o n s and any 
model of the V.E.P. which i s to be p r a c t i c a l must be f l e x i b l e enough 
to include these v a r i a t i o n s w i t h i n i t s d e f i n i t i o n of normality. 

In Chapter 4 of t h i s t h e s i s , a s t a t i s t i c a l model of the 
V.E.P. i s proposed. Since the subjects used i n the determination of 
the parameters of the model were selected at random from the age 
group 50-80 years, i t i s proposed that the model w i l l be s u f f i c i e n t l y 
f l e x i b l e to i n c l u d e the f l u c t u a t i o n s due to a wide v a r i a t i o n i n 
i n t e r n a l v a r i a b l e s . I t i s f e l t that subjects w i t h i n t h i s age group 
would be capable of l e s s concentration than any other, (with the pos
s i b l e exception of i n f a n t s ) , and that p h y s i o l o g i c a l v a r i a t i o n s would 
be r e l a t i v e l y l a r g e . 

The most important of the e x t e r n a l environmental v a r i a b l e s 
i n c l u d e : electrode p o s i t i o n , spacing and type; stimulus i n t e n s i t y , 
d u r a t i o n , s i z e , c o l o u r , frequency and background i l l u m i n a t i o n ; r e t i 
n a l scotopic or photopic adaptation and s i t e of r e t i n a l s t i m u l a t i o n — 
f o v e a l , macular or extra-macular. I t i s obvious that a d e s c r i p t i o n 
of the V.E.P. which does not i n c l u d e adequate s p e c i f i c a t i o n of t h i s 
e x t e r n a l environment Is of very l i t t l e value. Much work has been reported 
concerning the i n v e s t i g a t i o n of the e f f e c t s of v a r y i n g one or more 
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F i g . 3.1.1 The Human B r a i n , showing the R e l a t i o n between 
Electrode P o s i t i o n and the V i s u a l Cortex 

of the environmental v a r i a b l e s and, where p o s s i b l e , these r e s u l t s have 
been used. However, s e v e r a l a d d i t i o n a l p r e l i m i n a r y experiments were 
necessary to i n v e s t i g a t e the e f f e c t s of the various parameters and 
to decide on optimum values f o r them. In t h i s s e c t i o n , the environ
ment f o r the model i s described i n d e t a i l and i t s p h y s i o l o g i c a l s i g 
n i f i c a n c e i s discussed. 

Electrode Placement and Type 
The primary re g i o n of the b r a i n concerned with v i s i o n i s 

c a l l e d the o c c i p i t a l cortex and i s centered under the m i d l i n e and 
at the base and back of the s k u l l , as i l l u s t r a t e d i n F i g . 3.1.1. 

The t i p of the o c c i p i t a l cortex i s i n d i c a t e d e x t e r n a l l y by 
a lump on the back of the head, known as the o c c i p i t a l p r o t r u s i o n or 



34 

i n i o n . Since t h i s p r o t r u s i o n a c c u r a t e l y l o c a t e s one of the main 
surface v i s u a l centers of the b r a i n , i t serves as an e x c e l l e n t r e f e r 
ence point f o r the p l a c i n g of electrodes to measure v i s u a l responses. 
A p r e l i m i n a r y study of the e f f e c t of electrode p o s i t i o n on the V.E.P. 
showed that a s i m i l a r response i s obtained over the e n t i r e p o s t e r i o r 
p o r t i o n of the s c a l p but that the l a r g e s t and most consistent r e s 
ponses occurred i n the region of the inion... A l s o , i n a study per-

(13) 
formed by Gastaut et a l v , i t was found that some of the short 
latency components of the V.E.P., i n the range 20-100 msec could 
be detected only w i t h i n a few cm 'of the i n i o n . For these reasons, 
the work i n t h i s t h e s i s was performed w i t h the electrodes on or near 
the o c c i p i t a l .protrusion. 

To ensure constant p o s i t i o n i n g of the e l e c t r o d e s , a small 
p l a s t i c frame was constructed i n . t h e form of a cross, with an electrode 
mounted on each arm.and at the center, making a t o t a l of f i v e . The • 
distance between the center electrode and any other was 3 cm. , and 
both the'frame and electrode s h a f t s were threaded to permit movement 
of the electrode"head toward or away from the s c a l p as the contour of 
the s k u l l d i c t a t e d . The lower electrode was placed, d i r e c t l y over the 
i n i o n and the v e r t i c a l row of three electrodes was placed along the 
m i d l i n e of the head. The approximate p o s i t i o n of the electrodes 
i n r e l a t i p n to the v i s u a l cortex i s i l l u s t r a t e d i n F i g . 3.1.1. The 
p l a s t i c frame was held i n place by an adjustable rubber apparatus and 
the a m p l i f i e r leads were c l i p p e d on to the ends of the electrode 
shafts extending above the frame. 

Figure 3.1.2 shows the electrodes and mounting apparatus i n 
p o s i t i o n . Gold p l a t e d , s a l i n e sponge electrodes were constructed 
from center bored brass b o l t s w i t h concaved heads. The s c a l p was 
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cleaned with acetone and the electrode heads soaked with conducting 
s a l i n e s o l u t i o n before placement of the harness. O r e was taken to 
separate the h a i r from the sca l p - e l e c t r o d e contact and each e l e c t r o d 
was adjusted to approximately the same pressure. The average i n t e r -
electrode dc re s i s t a n c e when i n place was about ^5,000 ohms. 

F i g . 3.1.2 Electrode Placement Showing Mounting Apparatus 
with Electrode Cross and A m p l i f i e r Leads i n Place 

T:.e electrodes were numbered f o r convenience with number 
one l y i n g d i r e c t l y over t l e i n i o n , number two l y i n g three cm immed 
a t e l y above, number three l y i n g three cm to the subject's l e f t of 
number two, number four l y i n g three cm to the subject's r i g h t of 
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number two and number f i v e l y i n g s i x cm above number one. Except 
i n a few p r e l i m i n a r y experiments, electrode number f i v e was seldom 
used. 

Both b i p o l a r and monopolar responses were examined i n d e t a i l 
f o r the f i v e e lectrodes p o s i t i o n e d as i n F i g . 3.1.2. The monopolar 
responses u s u a l l y e x h i b i t e d s i m i l a r basic patterns with some d i f f e r 
ences i n the amplitude of the major d e f l e c t i o n s . The monopolar were 
ge n e r a l l y l a r g e r and n o i s i e r than the b i p o l a r responses. Figure 3.1-3 
shows the monopolar responses obtained from electrodes 1 and 2 and the 
corresponding b i p o l a r response 1,2 taken simultaneously. In the b i 
polar c o n f i g u r a t i o n , the bas i c pattern'of the c o r t i c a l response i s 
elimi n a t e d by the common mode r e j e c t i o n of the d i f f e r e n t i a l a m p l i f i e r . 
The remaining response i s hence the r e s u l t of the d i f f e r e n c e between 
the two monopolar s i g n a l s and, consequently, l o c a l a r t i f a c t s due to 
d i f f e r e n c e s i n contact impedance and l o c a l i z e d n o i se, which both tend 
to d i s t o r t e i t h e r s i g n a l , w i l l be exaggerated i n the b i p o l a r recordings. 
A l s o , i f the f i v e monopolar responses are known, any combination of 
b i p o l a r responses can be obtained by a l g e b r a i c a l l y s u b t r a c t i n g the 
two monopolar s i g n a l s concerned on the computer. This i s a l s o demon
st r a t e d i n F i g . 3.1.3. S i g n a l C represents the b i p o l a r response as 
obtained from the s u b t r a c t i o n of the two appropriate monopolar r e s 
ponses. The r e s u l t s are i d e n t i c a l as would be expected. For these 
reasons then, only monopolar responses were recorded and b i p o l a r wave
forms were constructed as d e s i r e d . 

The Stimulus 
In every experiment described In t h i s t h e s i s , the stimulus 

was a 10 microsecond pulse of white l i g h t provided by a Grass Photo 
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F i g . 3 . 1 . 3 Monopolar vs B i p o l a r Responses 
(a) Monopolar response ( l ) , 
(b) Monopolar response ( 2 ) , 
(c) B i p o l a r response ( 1 , 2 ) , 
(d) B i p o l a r response as computed 

by s u b t r a c t i n g ( 1 ) from ( 2 ) 

s t i m u l a t o r set at i n t e n s i t y four* and working i n conjunction with a 
standard f i v e inch stroboscope.. The face of the stroboscope was 
covered with a cardboard d i s c , the center of which had been bored to 
a prescribed diameter of s i x m i l l i m e t e r s . The subject was seated s i x 
ty centimeters d i r e c t l y i n f r o n t of the stimulus which was at eye 
l e v e l , hence subtending a s o l i d angle about the v i s u a l a x i s of .57 

D 

See A p p e n d i x I 
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degrees at the eye. A f t e r ten minutes of dark adaptation, the s t i 
mulus was d e l i v e r e d at a rate of one f l a s h per second continuously 
f o r the required number of times, most f r e q u e n t l y 128. The subject .• 
was i n s t r u c t e d to r e l a x and s i t as s t i l l as p o s s i b l e during the course 
of the experiment and to concentrate on the f l a s h while i t was being 
d e l i v e r e d , with both eyes open. The f i r s t f i v e responses were ignored 
to permit the subject to adjust to the f l a s h i n t e n s i t y and l o c a t i o n . 

I f the V.E.P. i s to be used as a c l i n i c a l d i a g n o s t i c t o o l , 
the r e l a t i o n s h i p between the stimulus parameters and the topography 
of the eye w i l l be of v i t a l importance i n d e c i d i n g what e x a c t l y i s 
implied by a "normal" response and what a b n o r m a l i t i e s , i f any, would 
be expected to i n f l u e n c e the p a t t e r n of the V.E.P. Por these reasons, 
a b r i e f d e s c r i p t i o n of the r e t i n a and o c c i p i t a l cortex i s included 
at t h i s stage and t h e i r r e l a t i o n s h i p to the stimulus i s discussed. 

The Eye and V i s u a l Cortex . v . 
The f i r s t "stage" of the v i s u a l system, the eye, i s a com

plex p h o t o e l e c t r i c device composed of a l a r g e number of each of two 
types of p h o t o e l e c t r i c transducers c a l l e d rods and cones. These 
transducers are d i s t r i b u t e d i n a non-uniform f a s h i o n over the i n t e r n a l 
p o s t e r i o r p o r t i o n of the e y e b a l l , under the surface of 'the r e t i n a 
(see Figure 3.1.4). The rods are the more s e n s i t i v e of the two detec
t o r s , but are not frequency d i s c r i m i n a t i n g and hence cannot detect 
colour. The cones,'although l e s s s e n s i t i v e than rods, have bandpass 
frequency responses covering one of the three primary colours and hence 
enable colour d i s t i n c t i o n . The center surface of the r e t i n a , subten
ding a s o l i d angle of from three to f i v e degrees about the v i s u a l 
a x i s , i s c a l l e d the fovea and c o n s i s t s of a very dense concentration 
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^ ; Optic nerve 

P i g . 3.1«4 The Human Eye, showing Mean Components and Angles Subtended 
by the Macula and the Fovea 

of transducers, almost e n t i r e l y cones. The fovea i s the most f r e q u e n t l y 
used p o r t i o n of the r e t i n a because i t i s stimulated by objects along 
the v i s u a l a x i s or i n the " l i n e " of v i s i o n . Surrounding the fovea.is 
an area of a s l i g h t l y l e s s dense concentration of transducer c e l l s i n 
general, and a s l i g h t l y higher p r o p o r t i o n of rods i n p a r t i c u l a r . This 
area i s known as the macula and subtends an angle of approximately 
twenty degrees about the v i s u a l a x i s . The area outside the macula i s 
predominantly rods dispersed i n . a r e l a t i v e l y sparse f a s h i o n over the 
remainder of the r e t i n a . 

At the l e v e l of the v i s u a l cortex, p h y s i o l o g i c a l experiments 
have shown that the neur a l p o r t i o n of the b r a i n concerned w i t h rod r e s 
ponse i s loc a t e d p r i m a r i l y i n the medial f o l d s of the o c c i p i t a l lobe, 
dominating the shaded p o r t i o n i l l u s t r a t e d i n F i g . 3.1.1. Since the 
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l a r g e s t diameter of stimulus used i n any of the experiments subtended' 
an angle of l e s s than two degrees about the v i s u a l a x i s , the l a r g e s t 
percentage of stimulated receptors would be cones. For t h i s reason, 
and because of the topography of the v i s u a l cortex, i t i s probable 
that the V.E.P. discussed i n t h i s t h e s i s i s a cone response, s p e c i 
f i c a l l y the cones of the c e n t r a l fovea. 

The l o c a l i z e d nature of the stimulus must, be borne i n mind 
i n any proposed a p p l i c a t i o n of the V.E.P. to c l i n i c a l d i a g n o s t i c s . A 
"normal" response simply r e f e r s to a very small part of the e n t i r e 
system; therefore, a subject w i t h r a t h e r severe v i s u a l defects i n the 
outer regions of the v i s u a l f i e l d could conceivably give a "normal" 
response f o r f o v e a l s t i m u l a t i o n . 

Although no experimentatal i n v e s t i g a t i o n of o f f - f o v e a l 
s t i m u l a t i o n was conducted f o r t h i s t h e s i s , some work i n t h i s area has 
been reported i n the l i t e r a t u r e . Eason et a l ^ (̂ -4) j i a v e e x a m i n e d the 
response e l i c i t e d by a r e d stimulus focused on r e t i n a l areas from zero, 
to f i f t y degrees o f f the fovea. I t was reported t h a t , i n general, a 
good response was obtained i n areas up to ten degrees o f f the fovea, 
i . e . , anywhere i n the macular region,' but that a decrease i n amplitude 
was observed i n the outer off-macular areas. I t would th e r e f o r e 
appear, that any model proposed f o r the c e n t r a l f o v e a l response could 
be extended to include the macular regi o n , with corresponding changes 
i n i t s parameters or form. For t h i s reason, i t i s not f e l t that the 
usefulness of the model proposed i n Chapter 4 i s l i m i t e d i n i t s a p p l i 
c a t i o n by the f a c t that i t i s based on data provided by f o v e a l r e s 
ponses. 
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3.2 L i n e a r i t y and Time-Behaviour of the V i s u a l System  

L i n e a r i t y 

. Because of the inherent complexity and integrated, nature 
of the v i s u a l system, a l i n e a r r e l a t i o n s h i p between the stimulus s i z e 
or i n t e n s i t y and the amplitude or some other c h a r a c t e r i s t i c of the 
response would not be a n t i c i p a t e d . Although no such d i r e c t l i n e a r i t i e s 

( 5 ) 

have as yet been proposed i n the l i t e r a t u r e , Vaughan / has reported 
a l i n e a r r e l a t i o n s h i p between the late n c y of some of the major def
l e c t i o n s of the V.E.P. and the logarithm of the stimulus i n t e n s i t y . 

A p r e l i m i n a r y study of the e f f e c t s on the V.E.P. patter n 
of v a r y i n g both the stimulus s i z e and i n t e n s i t y was performed on each 
of f i v e subjects, male, between the ages of twenty and t h i r t y - f i v e 
years. The purpose of the study was f i r s t to i n v e s t i g a t e any po s s i b l e 
l i n e a r i t i e s of the v i s u a l system f o r a small stimulus f o r futu r e 
experiments — s p e c i f i c a l l y , f o r the s t a t i s t i c a l model of Chapter 4. 
F i g . 3.2.1 shows the r e s u l t s of a t y p i c a l experiment i n which the 
stimulus s i z e was v a r i e d from .5 mm (2.86 minutes) to 20 mm ( 1 . 9 1 
degrees). As can be seen from the f i g u r e , the V.E.P. develops i n a 
non-linear f a s h i o n from a long l a t e n c y s i n g l e ' major d e f l e c t i o n at the 
smallest" s i z e , to the larg e m u l t i d e f l e c t i o n responses of the l a r g e r 
stimulus s i z e s . No attempt was made to determine any l o g a r i t h m i c or 
other mathematical r e l a t i o n s h i p between the response parameters a,nd 
stimulus s i z e other than d i r e c t l i n e a r i t i e s . No such d i r e c t l i n e a r 
i t i e s were found to e x i s t . The t r a n s f e r f u n c t i o n of the system model 
=of F i g . 2.1 i s assumed to be non-linear w i t h respect to stimulus s i z e 
on t h i s b a s i s . 

Of primary i n t e r e s t , however, i s the fact that there appears 
to be a "region of immunity" w i t h i n which the V.E.P. pa t t e r n changes 
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100 msec 

F i g . 3.2.1 The R e l a t i o n of Stimulus Size to V.E.P. Patt e r n 
degrees r e f e r to' angle subtended by stimulus -
perimeter about v i s u a l a x i s . [ 
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r e l a t i v e l y l i t t l e with a small change i n stimulus size, centering 

approximately about the . 5 7 degree size. In deciding on an appro

priate stimulus size with which to perform the experiments upon which 

the s t a t i s t i c a l model of Chapter 4 would be based, i t was decided to 

take advantage of th i s apparent immunity range. It was f e l t that i f 

indeed, in this range of stimulus.size, the V.E.P. was insens i t i v e to 

small charges, then i t would also be insensitive to variations i n 

ind i v i d u a l v i s u a l interpretation of the stimulus size. This would 

p a r t i a l l y eliminate one of the physiological variables discussed i n 

the f i r s t paragraphs of th i s section. 

The second part of the experiment involved keeping the stimu

lus size constant at . 5 7 degrees and varying the intensity from 100% 

of setting four on. the Grass photo stimulator,* down to .001% using 

10% Kodak neutral density l i g h t f i l t e r s . The results are shown In 

Pig. 3-2.2. As can be seen again, the V.E.P. appears to follow a 

non-linear development with stimulus intensity, not d i s s i m i l a r to that 

fo r size. Although the in t e n s i t y increments and stimulus used by 
(5) ' • Vaughan i n a similar experiment were d i f f e r e n t from those used i n 

thi s experiment, the r e s u l t s appeared similar, p a r t i c u l a r l y at the 

lower and higher i n t e n s i t i e s . Again, the pattern appears to vary 

less at the higher i n t e n s i t i e s for incremental changes than at the 

lower values and for the same reasons as outlined for the choice of 

stimulus size, the larger intensity,. 100% of intensity. four on the 

Grass stimulator selector dial, was chosen. Since no dir e c t l i n e a r 

i t i e s could be detected, the transfer function v(t) of Pig. 2.1.1 was 

assumed to be non-linear with respect to stimulus intensity as well. 

No attempt was made to reproduce Vaughan's logarithmic l i n e a r i t y r e l a -
* Corresponding i n t e n s i t i e s i n candlepower are provided i n Appendix I. 
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F i g . 3.2,2 The R e l a t i o n of Stimulus I n t e n s i t y to V.E.P. 
Pa t t e r n . Percentages r e f e r to.$ of max. s t i 
mulus i n t e n s i t y ( s e t t i n g 4 on Grass s t i m u l a t o r ) 
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t i o n s h i p between i n t e n s i t y and la t e n c y as such l i n e a r i t i e s would not 
s a t i s f y the c o n d i t i o n s necessary f o r system l i n e a r i t y . 

Time Behaviour of the V i s u a l System 
Fundamental to the theory and d i s c u s s i o n presented i n the 

previous sections of t h i s t h e s i s i s the assumption that the n o i s e l e s s 
V.E.P., or some part thereof, i s r e l a t i v e l y f i x e d i n time and ampli
tude, or at l e a s t normally d i s t r i b u t e d about some f i x e d values of 
time and amplitude. The e n t i r e noise r e d u c t i o n process i s dependent 
on the f a c t that, as the variance of the noisy s i g n a l i s decreased, 
the waveform converges to the p a t t e r n of the s i n g l e response. A l s o , 
as was pointed out i n the i n t r o d u c t i o n to the t h e s i s , the development 
of a u s e f u l model f o r the V.E.P. depends f i r s t on the existence of an 
i n d i v i d u a l consistency and secondly on a population consistency i n 
the V.E.P. 

The importance of the time behaviour of the v i s u a l system 
necessitated that considerable time be spent i n i t s i n v e s t i g a t i o n . 
While some work has been published i n t h i s area, the i n f o r m a t i o n 
provided has'been s u f f i c i e n t l y vague a s to warrant f u r t h e r exper
imental i n v e s t i g a t i o n . Regarding the v a r i a b i l i t y of the V.E.P. both 
between subjects and over time f o r any one subject, Werre and Smith/ 
r e p o r t , "While there was a recognizable s i m i l a r i t y between a l l . V.E. P. 's, 
there were conspicuous departures from the general o u t l i n e of the 
response. Those between subjects were outstanding. Less s a l i e n t 
were d i f f e r e n c e s between areas of the head and sometimes i n an i n d i 
v i d u a l when s t u d i e d repeatedly....The V.E.P. may w e l l serve as a new 

• ( 2 ) 

t o o l f o r the study of i n d i v i d u a l i t y . " S i m i l a r l y , R i e t v e l d reports 

on a s e r i e s of t e s t s performed on ten subjects;"The general nature 

of the response remains general, l y the same f o r each one of them. The 
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degree of t h i s r e p r o d u c i b i l i t y i s however v a r i a b l e . " 
Experimentally, f i v e male subjects between the ages 20-35 

years were studied over a period of about 10 months and a record of 
both monopolar and b i p o l a r responses was kept f o r t e s t s separated by 
i n t e r v a l s ranging from a few minutes to the f u l l ten months. These 
records served not only as an i n d i c a t i o n of the time behaviour of 
the r e s p e c t i v e v i s u a l systems, but as a check on experimental pro
cedure, a r t i f a c t i n t e r f e r e n c e , and equipment malfunction. Three of 
the monopolar records are shown i n P i g . 3.2.3. As was a n t i c i p a t e d . 
from R i e t v e l d ' s remarks, the consistency does vary s l i g h t l y from i n d i 
v i d u a l to i n d i v i d u a l . I t i s of i n t e r e s t to note however, that, while 
the consistency of the respons.e f o r any one i n d i v i d u a l i s g e n e r a l l y 
poor when the e n t i r e 500 msec i s considered, the consistency of 
approximately the f i r s t 250-300 msec. i s remarkably good. For t h i s 
reason, one i s tempted to subdivide the i n d i v i d u a l v i s u a l response 
i n t o two components: a r e l a t i v e l y t i m e - i n v a r i a n t primary response, 
and a t i m e - v a r i a n t secondary a f t e r - d i s c h a r g e . Hence, i f the model 
of F i g . 2.1.1 i s f u r t h e r r e s t r i c t e d to be defined only f o r the p r i 
mary po r t i o n of the v i s u a l response, the t r a n s f e r f u n c t i o n v ( t ) can 
be assummed t i m e - i n v a r i a n t f o r any i n d i v i d u a l , system with l i t t l e l o s s 
of accuracy. This, i n e f f e c t , i s done i n Chapter 4 where a s t a t i s t i c a l 
model f o r the v i s u a l response i s proposed. This s u b d i v i s i o n h a s , i n 
f a c t , been proposed by other authors and i s g e n e r a l l y accepted i n 
the l i t e r a t u r e . The term V.E.P. has f r e q u e n t l y been used to r e f e r 
only to the primary p o r t i o n of the v i s u a l response, while the secon
dary p o r t i o n of the response has been termed the "Rhythmic A f t e r -
discharge". This terminology w i l l be adopted here and used f o r the 
* This does not mean that v(t~) i s i n v a r i a n t over a set of d i f f e r e n t 

i n d i v i d u a l s . 
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remainder of t h i s t h e s i s . The term " v i s u a l response" s h a l l be used 
to r e f e r to the V.E.P. together with the.Rhythmic A f t e r - d i s c h a r g e . 

• 3 - 3 The Nature of the V i s u a l Response 
That a recognizable s i m i l a r i t y e x i s t s among a l l v i s u a l 

responses i s admitted by most authors; however, the degree of t h i s 
s i m i l a r i t y appears to be somewhat i n dispute. I t i s g e n e r a l l y agreed 
that the v i s u a l response c o n s i s t s of two main components as pre
v i o u s l y discussed. — the V.E.P. which was e s t a b l i s h e d as a non-linear 
t i m e - i n v a r i a n t primary response, and a Rhythmic A f t e r - d i s c h a r g e which 
was described as non-linear and ti m e - v a r i a n t . These two components 
are discussed i n d i v i d u a l l y i n the remainder of t h i s s e c t i o n . 

The V i s u a l Evoked P o t e n t i a l 
Three approaches to the determination of the nature of the 

V.E.P. have been described i n the l i t e r a t u r e . Of p a r t i c u l a r i n t e r e s t 
are the works of Gazzullo et a l ^ ^ ) ^ C i g a n e k ^ \ and C r e u t z f e l d and 
Kuhnt^ 4' ). 

C a z z u l l o et a l have shown that by passing the V.E.P. through 
two bandpass f i l t e r s w i t h frequency pass bands of 8 - 1 3 and 1 5 - 2 5 Hz , 
i t can be broken up i n t o two main components of a s i n g l e frequency 
each. These two components can then be added together to rec o n s t r u c t 
the "slow waves" of the V.E.P. with l i t t l e or no d i s t o r t i o n . This 
r e s u l t i s of i n t e r e s t f o r the f o l l o w i n g reasons. F i r s t , since s e l e c 
t i v e f i l t e r i n g e f f e c t i v e l y eliminated the nois e * , i t would appear to 
contain no components i n the frequency range below 2 5 Hz. These 
res u l t s - a l s o i n d i c a t e that the V.E.P. i s a c t u a l l y the sum of two f r e 
quency components, each modulated i n an indeterminate f a s h i o n , and 
* The v a l i d i t y of t h i s statement depends, as i n the s l i d i n g mean pro

cess, on the consistency of the " n o i s e l e s s " waveform. Good c o n s i s 
tency would i n d i c a t e that the noise had i n f a c t been e l i m i n a t e d , 
whereas poor consistency would i n d i c a t e the presence of low frequency-
noise components. 
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each l y i n g below the lowest frequency component of the noise. The 
reason f o r the success of the s l i d i n g mean process can be e a s i l y 
explained i n the l i g h t of these conclusions. I t e f f e c t i v e l y places 
a low pass f i l t e r on the s i g n a l w i t h a c u t o f f frequency between the 
lowest noise frequency component and the highest V.E.P. component. 

C r e u t z f e l d and Kuhnt have averaged the V.E.P. !s taken from 
20 d i f f e r e n t i n d i v i d u a l s i n an attempt to describe a "mean" V.E.P. 
The average of 100 responses was taken from each of the 20 subjects 
and the r e s u l t i n g averaged responses were i n turn averaged. The 
r e s u l t s are reproduced i n P i g . 3.3.1A f o r a monopolar electrode over 
the o c c i p i t a l cortex. The heavy l i n e I n d icates the mean waveform and 
the l i g h t e r l i n e s the standard d e v i a t i o n . Because of the d e v i a t i o n s 
i n l a t e n c y of the major d e f l e c t i o n s observed between i n d i v i d u a l s — 
a f a c t which i s not taken i n t o account i n t h i s "average of averages" 
technique, t h i s mean value i s of l i t t l e p r a c t i c a l value and i s 
included only f o r i n t e r e s t . 

The r e s u l t s of a t h i r d approach, that taken by Ciganek, are 
shown reproduced i n F i g . 3 - 3 .IB. For t h i s "mean", V.E.P. ensemble 
averages were taken from 45 subjects and the average values f o r the 
laten c y and amplitude of the main d e f l e c t i o n s of the V.E.P. were com
puted. The waveform shown i s a sketch of the r e s u l t i n g mean V.E.P. 
The computed values are provided i n t a b l e 3-3.1A. This approach i s 
superior to that taken by C r e u t z f e l d and Kuhnt since l a t e n c y v a r i a 
t i o n s are taken i n t o account i n the averaging of the amplitudes of 
corresponding d e f l e c t i o n peaks. 

As a f u r t h e r i n v e s t i g a t i o n i n t o the nature of the V.E.P., a 

set of experiments was performed i n which 50 subjects were examined 

on a s i n g l e occasion each under i d e n t i c a l environmental c o n d i t i o n s . 



50 

50 msec 

P i g . 3 . 3 . 1 . Mean V i s u a l Evoked P o t e n t i a l s , 
(a) according to C r e u t z f e l d and Kuhnt, 
(b) according to Ciganek, (c) according 
to Bennett 

The su b j e c t s , a l l males, between the ages of 50 and 80 years,, were 
selected at random from the general population of that age group. 
T y p i c a l responses have been s e l e c t e d to show the p a t t e r n v a r i a t i o n s 
observed and are i l l u s t r a t e d i n P i g . 3 - 3 . 2 . The end'; of the V.E.P. 
and the beginning of the After-discharge i s i n d i c a t e d by an arrow 
marker i n each case. Observing the E.E.G. convention, n e g a t i v i t y at 
the electrode r e s u l t s i n an upward d e f l e c t i o n on the graph. As each 
record was taken, an E.E.G. was a l s o recorded f o r each subject along 
with the monopolar b i n o c u l a r and monocular responses. On the bas i s 
of the f i f t y i n d i v i d u a l ensemble averages obtained, a "mean" V.E.P. 
was computed i n the same manner as used by Ciganek. The PDP-9 was used 
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to scan the slow wave response r e c o r d i n g the l a t e n c y and a m p l i t u d e o f 

a l l maxima and minima observed. The mean and s t a n d a r d d e v i a t i o n of 

c o r r e s p o n d i n g peaks were t h e n computed and a r e r e c o r d e d i n t a b l e 

3.3-IB. The waveform s k e t c h e d on the b a s i s of these c a l c u l a t i o n s i s 

shown i n F i g . 3-3.1C. A l t h o u g h a b a s i c s i m i l a r i t y e x i s t s between the 

model of Ciganek and t h a t o f t a b l e 3-3.IB, some n o t a b l e d i f f e r e n c e s 

must be e x p l a i n e d . Ciganek's d e f l e c t i o n number one was not observed 

w i t h s i g n i f i c a n t f r e q u e n c y and i s not i n c l u d e d i n t h i s new model. 

Hence, peaks 2-7 i n Ciganek's model co r r e s p o n d t o peaks 1-6 i n the 

new model. The b e h a v i o u r which Ciganek had i n d i c a t e d w i t h d o t t e d 

l i n e s was a l s o observed on o c c a s i o n but a g a i n , not w i t h s i g n i f i c a n t 

c o n s i s t e n c y . The two models agree w e l l f o r the f i r s t t h r e e d e f l e c 

t i o n s , but d i v e r g e a t t h e l o n g e r l a t e n c i e s . The e x p l a n a t i o n o f f e r e d 

f o r t h e d i s c r e p a n c i e s i s t h a t t h e two environments d i f f e r e d s i g n i f i 

c a n t l y i n two c r i t i c a l a s p e c t s ; namely, s t i m u l u s s i z e and i n t e n s i t y . 

A l s o , s i n c e b o t h models a re based on s m a l l samples of the p o p u l a t i o n , 

f u r t h e r s a m p l i n g may l e a d t o c l o s e r agreement of the two r e s u l t s . 

T a ble 3 - 3 . 1 A Mean V a l u e s as Computed by Ciganek 

D e f l e c t i o n 1 2 3 4 5 6 7 
L a t e n c y (msec) 3 9 . 1 2 . 5 3 . 4 0 7 8 . 3 3 9 4 . 1 9 1 1 4 . 0 0 - . - 1 3 4 . 5 5 , 

no
t 

pr
ov
id
ed

 -
S t andard Dev. ( L a t ) 4 . 1 8 4 . 4 2 6 . 3 6 7 . 1 3 7 . 4 1 9 . 9 2 

no
t 

pr
ov
id
ed

 -

A m p l i t u d e (uV) 2 . 9 3 - 3 . 5 1 . 5 . 2 4 - 7 . 1 8 . 9 2 - 5 . 5 2 no
t 

pr
ov
id
ed

 -

S t a ndard Dev. (Amp) 1 . 5 9 2 . 1 5 3 . 4 3 4 . 1 8 3 . 1 5 2 . 8 8 

no
t 

pr
ov
id
ed

 -

T a b l e 3 - 3 . I B Mean V a l u e s as Computed by B e n n e t t * 

L a t e n c y (msec) 5 3 . 1 2 6 7 . 9 0 1 0 5 . 4 1 1 4 7 . 7 0 1 9 4 . 8 9 2 3 9 . 0 2 
Standard Dev. ( l a t ) 1 2 . 6 7 1 5 . 3 6 1 4 . 7 8 1 1 . 8 3 2 0 . 0 4 2 8 . 5 1 
A m p l i t u d e (|~iV) - 1 . 6 7 1 . 3 6 - 7 . 1 8 4 . 1 2 - 6 . 9 4 5 . 6 5 
Standard Dev. (Amp) 1 . 7 9 2 . 2 5 2 . 5 6 2.82 3 . 6 7 3 . 2 5 

The a m p l i t u d e v a l u e s have been s c a l e d t o the same combined RMS v a l u e 
as those of Ciganek, f o r comparison, s i n c e p r e v i o u s s c a l i n g i n the 
d a t a p r o c e s s i n g procedure had a l t e r e d the t r u e a m p l i t u d e . 



STLM. 

100 msec 

F i g . 3.3.2 Sample V i s u a l Responses 
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The Rhythmic After-Discharge 
Because of the e r r a t i c time behaviour of the Af t e r - d i s c h a r g e , 

i t has received l i t t l e a t t e n t i o n i n the l i t e r a t u r e and w i l l be d i s 
cussed only b r i e f l y here. However, some work has been done by Redmond 
et a l , i n v e s t i g a t i n g the v a r i a t i o n s i n the v i s u a l response, ' spe
c i f i c a l l y the Rhythmic A f t e r - d i s c h a r g e , with the phase of the Alpha 
Rhythm at the time of a r r i v a l of the stimulus at the r e t i n a . I t was 
found that i f the stimulus reached the r e t i n a at the time of a maxi
mum i n the Alpha Rhythm, the rhythmic a c t i v i t y of. the A f t e r - d i s c h a r g e 
was severely attenuated. Conversely, i f the'stimulus was ap p l i e d at 
a minimum of the Alpha Rhythm, t h i s rhythmic a c t i v i t y was s t r o n g l y 
a m p l i f i e d . I t was al s o reported that the-frequency of t h i s Rhythmic 
a c t i v i t y was the same as that of the r e s t i n g Alpha Rhythm. 

This l a t t e r r e l a t i o n s h i p has al s o been i n v e s t i g a t e d by 
(17) 

Barlow , who a l s o reported that an apparent relationship e x i s t e d 
between the two frequencies.. To v e r i f y t h i s proposed r e l a t i o n s h i p , 
an E.E.G. record was t a k e n f o r each of the subjects i n the sample 
study p r e v i o u s l y discussed. The Alpha frequency was measured from the 
auto-correlogram of the E.E.G. and compared with the frequency of the 
Afte r - d i s c h a r g e i n cases where a measureable o s c i l l a t i o n e x i s t e d . The 
r e s u l t s are shown i n t h e T a b l e 3.1.2. Ho attempt was made to deter
mine a r e l a t i o n s h i p between the time- of stimulus d e l i v e r y w i t h r e s 
pect to the Alpha Rhythm phase and the magnitude of rhythmic a c t i v i t y 
i n the A f t e r - d i s c h a r g e . . However, as can be seen i n the t a b l e , the 
two frequencies appear to be about the same and hence, i n part sup-
port the conclusions of Remond et a l . F i n a l l y , a f u r t h e r piece of 
evidence was noted i n the E.E.G. a u t o - c o r r e l a t i o n experiment which 
f u r t h e r s u b s t a n t i a t e s the hypothesis that the Afte r - d i s c h a r g e i s a 
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resumption of spontaneous a c t i v i t y . In some cases, where a p a r t i c u 
l a r subject demonstrated dominant " f a s t " , or high frequency a c t i v i t y 
i n the E.E.G., o s c i l l a t i o n s of approximately the same frequency were 
noted i n the A f t e r - d i s c h a r g e ; a phenomenon which would be expected i f 
indeed the A f t e r - d i s c h a r g e was a resumption of the spontaneous E.E.G. 
a c t i v i t y . Examples of the high, frequency a c t i v i t y can be seen i n 
Figure 3.3.2C and 3.3.2F, and t a b l e 3-3.2. A m p l i f i e d Alpha a c t i v i t y 
i s demonstrated i n responses D.and E of the f i g u r e 3.3.2, and suppress 
a c t i v i t y i n responses A,.B and G. 

For c l a r i f i c a t i o n of terminology, the i m p l i c a t i o n s of the 
conclusions of t h i s s e c t i o n must be considered i n r e l a t i o n to the 
d e f i n i t i o n of the V.E.P. and the system model proposed i n Chapter 2. 
Although the p a t t e r n of the A f t e r - d i s c h a r g e i s r e l a t e d to the stimu
l u s , i t cannot be s a i d that the two are synchronized, therefore the 
After - d i s c h a r g e i s not included i n our d e f i n i t i o n of the V.E.P. The 
s i g n a l p o r t i o n of the output of the system model i s hence the V.E.P. 
alone; a f a c t which, although, not pointed out u n t i l now, does not i n 
any way a l t e r the v a l i d i t y of the previous d i s c u s s i o n . 

A f t e r - d i s c h a r g e 
Hz • 

Alpha Rhythm 
Hz 

Aft e r - d i s c h a r g e 
Hz • 

Alpha Rhythm 
Hz 

10.35 10.95 10.90 10.00 
9.83 10.05 12.00 12.85 

10.30 ii;oo 22.20 21,25 
6.86 5.86 24.00 25.05 
8.71 8.75 25.08 24.05 

10.40 9.20 

Table 3.3.2 Comparison of E.E.G. Frequencies with 
Those of the After-Discharge 
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4. A STATISTICAL MODEL EOR THE V.E.P. . 

4•1 The D i s t r i b u t i o n of the Data . 
As was stated i n Section . 3 - 2 , i t i s ge n e r a l l y agreed that 

a recognizable- s i m i l a r i t y e x i s t s among V.E.P.s taken from s e v e r a l 
d i f f e r e n t s u b j e c t s . This would be a n t i c i p a t e d from p h y s i o l o g i c a l 
considerations of the human v i s u a l system; f o r while v i s u a l exper
ience and l e a r n i n g may d i f f e r widely among i n d i v i d u a l s , the general 
s t r u c t u r e of a l l v i s u a l systems i s the same, and each person "sees" 
e s s e n t i a l l y the same pattern when an i d e n t i c a l object i s presented 
f o r examination.* 

Furthermore, as was a l s o discussed i n Section 3.2, some 
V.E.P.. i n v e s t i g a t o r s have computed mean values f o r the V.E.P. by 
averaging s e v e r a l responses i n various ways. These sample means were 
reproduced and discussed according to t h e i r r e l a t i v e merits and agree
ment i n that s e c t i o n . 

Except f o r the r e p o r t i n g of means and variances of the data, 
no d e f i n i t i o n or d e s c r i p t i o n of the d i s t r i b u t i o n of the V.E.P. p a t t e r n 
has as yet been published. The advantages of such knowledge would be 
manifold and are d iscussed i n d e t a i l at the end of t h i s s e c t i o n . This 
d i s t r i b u t i o n i s i n v e s t i g a t e d f o l l o w i n g a b r i e f examination of the 
dependency of the response on electrode p o s i t i o n . 

V a r i a t i o n s i n the Mean V.E.P. with Electrode P o s i t i o n 
On the basis of the f i f t y sample responses obtained i n the 

study of Section 3.3, a model f o r the mean V.E.P. was proposed.. This 
model was obtained by computing the average values of both the l a t e n c y 
and amplitude of the constant major d e f l e c t i o n s observed. For pur
poses of comparison, the mean V.E.P. reported was f o r samples obtained 
* This i s not to say that the i n t e r p r e t a t i o n of the object "seen" w i l l 

be the same f o r each i n d i v i d u a l . 
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from electrode number one lo c a t e d over the o c c i p i t a l p r o t r u s i o n , 
since the other two models were based on o c c i p i t a l responses. The 
mean and variance f o r t h i s electrode and those of the ether three are 
l i s t e d i n Table 4 . 1 . 1 . As can be seen from the t a b l e , the V.E.P. pat
t e r n v a r i e s s l i g h t l y with e l e c t r o d e p o s i t i o n . The latency i s l a r g e r 
f o r corresponding d e f l e c t i o n s f o r the p e r i p h e r a l responses than f o r 
the o c c i p i t a l response. I t can also be seen that the r e l a t i v e ampli
tude of the major d e f l e c t i o n s of the p e r i p h e r a l responses are essen
t i a l l y the same but d i f f e r from those of the o c c i p i t a l pole and r a d i 
ates outward to the p e r i p h e r a l areas, with some time delay and pa t t e r n 

LATENCY (Msec) 
Electrode D e f l e c t i o n 

1 ? 3 4 5 6 
1 . Latency 

Std. Dev. 
49.82 
1 2 . 1 5 

6 6 . 1 1 
1 4 . 1 7 

1 0 5 . 0 0 
1 1 . 3 1 

143.81 
1 3 . 5 8 

1 9 0 . 0 9 
2 0 . 4 3 

2 3 2 . 0 9 
3 2 . 0 1 

2 . Latency 
Std.Dev. 

4 9 . 0 2 
1 2 . 3 8 

6 6 . 4 4 
1 4 . 6 4 

108 . 1 4 
8 . 9 8 

146 . 6 7 
1 3 . 4 4 

1 9 6 . 0 4 
1 9 . 8 3 

2 4 5 . 6 3 
28 . 5 1 

3 . Latency 
Std. Dev. 

5 3 . 1 2 
1 2 . 6 7 

6 7 . 9 0 
1 5 . 3 6 

1 0 7 . 9 5 
9 . 1 7 

1 4 7 . 9 3 
1 1 . 2 3 

1 9 4 . 8 9 
2 0 . 0 4 

238 . 8 7 
3 3 . 0 4 

4 . Latency 
Std. Dev. 

5 2 . 5 0 
1 4 . 7 7 

6 7 . 3 4 
1 5 . 7 8 

1 0 5 . 4 1 
1 4 . 7 8 

1 4 7 . 7 0 
1 4 . 0 1 

""194 • 17 
2 0 . 7 2 

2 3 9 . 0 2 
3 1 . 7 8 

AMPLITUDE (Normalized u.V) 
Electrode D e f l e c t i o n 

1 2 . 3 4 5 6 
1 . Amplitude 

Std. Dev. 
- 1 . 7 9 

2 . 1 7 
1 . 8 6 
2 . 3 1 

- 8 . 3 8 
3 . 1 7 

4 . 6 8 
2.82 

- 6 . 2 3 
4 . 1 1 

5 . 2 7 
3 . 4 7 

2 . Amplitude 
Std. Dev. 

- 1 . 1 2 
1 . 6 3 

- 1 . 6 8 
2 . 2 3 

2 . 0 1 
2.26 

- 7 . 3 5 
3 . 2 0 

4 . 6 4 
2 . 6 7 

- 8.81 
3 . 5 9 

5 . 4 5 
2 . 9 8 

3 . Amplitude 
Std. Dev. 

- 1 . 1 2 
1 . 6 3 

- 1 . 6 8 
2 . 2 3 

2 . 4 1 
2.08 

- 7 . 5 0 
2 . 9 1 

5 . 2 5 
2 . 6 4 

- 7 . 5 8 
3 . 1 3 

5 . 4 7 
3 . 4 0 

4 . Amplitude 
Std. Dev. 

- 1 . 8 6 
1 . 9 2 

1 . 5 3 1 - 8 . 0 4 
2 . 5 2 | 2 . 8 7 

4.61 
3 . 1 9 

- 7 . 7 8 
4 . 1 1 

6 . 3 8 
3 . 7 7 

Table 4 . 1 . 1 Comparison of the Latency and Amplitude of the 
Major D e f l e c t i o n s of the Pour Electrode P o s i t i o n s 

D i s t r i b u t i o n of the V.E.P. Parameters 

The V.E.P. has been c h a r a c t e r i z e d by s i x major d e f l e c t i o n s , 
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each of which can i n turn he s p e c i f i e d by two parameters; the time 
delay or late n c y between the time of d e l i v e r y of the stimulus and the 
a r r i v a l of the maximum point of the d e f l e c t i o n , and the amplitude of 
that maximum. In t o t a l , t h e r e f o r e , twelve parameters completely spe
c i f y the V.E.P. The d i s t r i b u t i o n of these twelve parameters was 
in v e s t i g a t e d experimentally using, the f i f t y sample responses obtained 
i n the experiment described i n Section 3.1. 

On c o n s i d e r a t i o n of the p h y s i o l o g i c a l and experimental e v i 
dence discussed i n previous s e c t i o n s , one i s tempted to regard the 
V.E.P. as a random process w i t h some mean value and standard d e v i a t i o n , 
and as showing some c e n t r a l tendancy or c l u s t e r i n g about that mean. 
Since t h i s type of behaviour i n nature i s ofte n best approximated by 
the Normal or Gaussian d i s t r i b u t i o n f u n c t i o n , the d i s t r i b u t i o n of the 
data was compared with the Gaussian d i s t r i b u t i o n . To t h i s end, a 
data histogram was p l o t t e d superimposed on the corresponding "modified" 
Gaussian d e n s i t y f u n c t i o n curve, computed u s i n g the sample mean and 
variance f o r each of the parameters of the four . responses. The ex
press i o n "modified" i s used to d i s t i n g u i s h between the ordinary pro
b a b i l i t y d e n s i t y curve, and that computed by m u l t i p l y i n g t h i s s t a n 
dard curve by the width of the histogram "bins", thus ensuring proper 
s c a l i n g f o r true comparison. Each of the twelve parameters f o r the 
four e l e c t r o d e s was examined i n this' way. The "goodness of f i t " of 

2 
the data to the t h e o r e t i c a l curve was measured using the standard'X 
Goodness of F i t t e s t , the r e s u l t s of which are i l l u s t r a t e d i n Table 

2 

4.1.2. As i n Section 2.6, the % percentage figure, i s an e s t i m a t i o n 
of the percentage of sample observation sets taken from e x a c t l y 
Gaussian data which one would a n t i c i p a t e as having a poorer f i g u r e f o r 
the "goodness of f i t " than that c a l c u l a t e d for the data i n question. 
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On the b a s i s of these t e s t r e s u l t s , the data cannot be r e j e c t e d as 
being non-Gaussian. 

As v i s u a l i n d i c a t i o n of the f i t of the data to the Gaussian 
curve, the data f o r both the amplitude and la t e n c y parameters are 
pl o t t e d vs the u n i t normal d e v i a t e * f o r electrode number one, i n 
Figures 4 . 1 . 1 and 4 . 1 . 2 , r e s p e c t i v e l y . Since the data f i t s c l o s e l y 

2 

to the t h e o r e t i c a l curve, and since the 9< t e s t f a i l e d to r e j e c t our 
hypothesis, the data i s assumed to be Gaussian d i s t r i b u t e d . • 2 

9C Percentages 
D e f l e c t i o n 

Electrode 1 2 4 5 6 
1 Amplitude 4 8 26 62 84 78 8 4 

Latency 86 87 3 8 63 84 1 0 

2 Amplitude 60 8 26 60 3 0 74 
Latency 1 0 22 35 46 8 8 3 1 

3 Amplitude 5 18 55 98 10 4 1 
Latency 1 0 7 0 92 8 8 66 7 

4 Amplitude 70 4 9 85 87 77 
Latency 92 73 18 25 86 45 

Table 4 . 1 . 2 % Goodness of F i t Test R e s u l t s 

S t a t i s t i c a l Model f o r the V.E.P. 
I t has been shown that the e s s e n t i a l information i n the 

V.E.P. can be s p e c i f i e d by twelve parameters which correspond to the 
latency and amplitude of each of the s i x peak d e f l e c t i o n s i n the r e s 
ponse. I t has a l s o been demonstrated that the Gaussian d i s t r i b u t i o n 
curve with mean and variance estimates as computed from the averages 
of the f i f t y sample subject responses represents a good approximation 
to the a c t u a l d i s t r i b u t i o n of the data. Since each peak d e f l e c t i o n 
i s c h a r a c t e r i z e d by the d i s t r i b u t i o n of two parameters, or random 
v a r i a b l e s , a two-dimensional j o i n t Gaussian density f u n c t i o n can be 
* See Section 2 . 6 . 



5 9 

IS] 

CD 
- P 
Cj 

•rH 
!> 
CD 
P 
H 
a a 
u 
o fe 
+5 

•H 
rt 

o D e f l 
+ D e f l . #2 
A D e f l . #3 
x D e f l . #4 
o D e f l . 
v D e f l . 

#5 
#6 

F i g . 4.1.1 Goodness of F i t of the Latency of Electrode 
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60 

d e f i n e d f o r each d e f l e c t i o n maximum, and w i l l he of the form 

P (a d ) 1 e - ( c r , l - m L l ) 2
 ; e - ( g A l - m A l ) 2 * V 2

(^. A l ' = 2 - S L 1 S A 1 ••<* ' 4.1.1 

where P • ( a T 1 ,a,, ) d e f i n e s the p r o b a b i l i t y d e n s i t y f o r sample obser-

vat ions of the two "parameters represented by ^ ^ ' " A I ^ O N ^ E 

• l a t e m c y :vs a m p l i t u d e plane. and S L 1 r e p r e s e n t the mean and 

v a r i a n c e estimates of the l a t e n c y of peak one and \ ] _ a n ^ . ^ A l ' ~^ a e 

mean and v a r i a n c e of the amplitude. 

By t a k i n g the n a t u r a l l o g a r i t h m of both s i d e s o f the equation 

4.1.1 we have " 

(-
2 " 2 

L § ^ ) - - ^ ' ^ I A ^ Ki. aAi>> • 4 - 1 - 2 

which' i s the equation of an e l l i p s e w i t h center a t (mjJ]_»m^]_) o n ^ n e 

amplitude-latency plane, and semi-axes S L 1 J - 2 L N ( 2 r t S L 1 S A 1 P x x ( a L 1 . a A 1 ) ) ~ 
and S A 1 ^ 2 L N ( 2 ^ S L 1 S A 1 P X i X 2 ( a L 1 , a A 1 ) ) . 

Using the Gaussian d i s t r i b u t i o n t a b l e s , a v a l u e f o r 

P v ( a T , , a A n ) can be computed and an e l l i p s e drawn a c c o r d i n g to 
x ^ ^ 2 AX 

Equation 4 . 1 . 2 . The value of P „ ( a T n , a . n ) can be chosen to ensure 
x^ - ^ 2 - " - J - AX 

that a p r e s c r i b e d percentage of observations of ( a ^ , ) which d e f i n e 

a p o i n t on the same plane, w i l l l i e w i t h i n the a r e a enclosed by t h i s 

e l l i p s e . This area i s r e f e r r e d to as the r e g i o n of acceptance of 

( ajj_> ajy_) and can be computed f o r each of the d e f l e c t i o n s of the V.E.P., 

enab l i n g the assesment of the t o t a l a c c e p t a b i l i t y of a g i v e n V.E.P. 

The a c c e p t a b i l i t y schemes f o r each of the f o u r e l e c t r o d e s are shown 
* S t a t i s t i c a l independence o f amplitude, and l a t e n c y has been assumed 

here. While s t r i c t l y speaking, t h i s assumption has not been v e r i 
f i e d e x p e r i m e n t a l l y , no c o r r e l a t i o n was detected by v i s u a l i n s p e c t i o n . 
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i n Figures 4 . 1 . 2 - 4 . 1 . 6 as drawn by the I.B.M. 7 0 4 4 computer. The 
e l l i p t i c a l areas are drawn f o r the 95$ confidence l i m i t s i n each 
case, i . e . , one would a n t i c i p a t e 95$ of normal responses ( a - ^ , ) 
to l i e w i t h i n the e l l i p t i c a l areas. 

The s t a t i s t i c a l models of f i g u r e s 4 . 1 . 2 - 4 . 1 . 6 , being 
based only on. the f i f t y observations of the sets ( ajj_> aA;L^' a r e n o ^ 
adequate i n t h e i r present s t a t e f o r p a t h o l o g i c a l or even experimental 
a p p l i c a t i o n . They are proposed merely as a demonstration of a tech
nique which could be used to b u i l d a much more r e f i n e d model based on 
se v e r a l hundred observations, ( a ^ , c t ^ ) . However, as an i l l u s t r a t i o n 
of an a p p l i c a t i o n of the model, two subjects were examined and the 
observations ( ^ ^ ' ^ l ^ p l o t t e d f o r each subject on ea.ch of the four 
a c c e p t a b i l i t y schemes of Figures 4 . 1.2 - 4 . 1 . 6 . The f i r s t s u b j e c t , 
male, age- 6 1 , was known to have normal v i s i o n and the parameters of 
h i s response are mapped as crosses on the corresponding schemes. As 
can be seen, the response i s accepted as normal by a l l four schemes. 
The second subject, a l s o male, age 82, was known to have advanced 
Glaucoma and h i s responses are shown mapped as x's. The a c c e p t a b i l i t y 
schemes r e j e c t the. responses as non-normal p r i m a r i l y on the b a s i s of 
the f i r s t two def l e c t i o n s . ' 

While these r e s u l t s are not i n any way con c l u s i v e , they.do 
i n d i c a t e that some s e n s i t i v i t y to v i s u a l "abnormality" can be a n t i c i 
pated i n the model and that f u r t h e r refinement of i t may provide a 
u s e f u l experimental and d i a g n o s t i c t o o l . 

D i s c u s s i o n and Proposals 
A p r e l i m i n a r y s t a t i s t i c a l model f o r the normal V.E.P. has 

been proposed f o r each of the four electrode p o s i t i o n s on. the s c a l p . 
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F i g . 4.1.6 A c c e p t a b i l i t y Scheme f o r E l e c t r o d e Number Four 
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Before such a model could he used to advantage e i t h e r experimental.ly 
or c l i n i c a l l y , f u r t h e r refinement of i t s parameters would he necessary. 
To t h i s end, the f o l l o w i n g procedure i s proposed. 

F i r s t , a computer could be programmed to compute and d i s 
play simultaneously the four a c c e p t a b i l i t y schemes (one f o r each e l e c 
trode) on a v i s u a l monitoring device. As each new normal subject i s 
examined, the four responses would be fed i n t o the computer, the pre
l i m i n a r y data processing of S e c t i o n 2 . 5 performed, and the four slow-
wave responses displayed superimposed o n t h e i r r e s p e c t i v e a c c e p t a b i l i t y 
schemes. The four waveforms could then be inspected f o r a r t i f a c t d i s 
t o r t i o n and a c c e p t a b i l i t y e i t h e r by the computer or the operator on 
the basis of the "goodness of f i t " of the sample to the s t a t i s t i c a l • 
averages. I f the responses appeared abnormal, the experiment could 
be repeated to check f o r m a l f u n c t i o n i n g equipment or improper e l e c 
trode p o s i t i o n or c o n d i t i o n , u n t i l a consistent a r t i f a c t - f r e e response 
was obtained. This procedure would be g r e a t l y f a c i l i a t e d i f an on
l i n e computer were a v a i l a b l e . I f the subject was known to have.normal 
v i s i o n , the computer would be i n s t r u c t e d to recompute the sample mean 
and variance i n c l u d i n g the new sample observation, f o r the twelve 
parameters of each of the four electrodes and a l t e r i t s a c c e p t a b i l i t y 
regions a c c o r d i n g l y . This experiment should be repeated f o r a minimum . 
of 200 people chosen at random from both sexes.of the entire population. 
I t should also be incorporated as a standard procedure f o r a l l f u r t h e r 
experiments and each time a normal response i s examined, i t should be 
incorporated i n t o the model. Over time, a good approximation to the' 
true population mean and variance should thus be obtained. 

The uses of such a model would be manifold. Experimentally, 
i t could be used as a standard of reference. In s t u d y i n g the e f f e c t 
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of d i f f e r e n t environmental v a r i a t i o n s on the V.E.P., the r e s u l t s 
could he described with reference to the model, showing which d e f l e c 
t i o n s were a f f e c t e d and by how much. With t h i s f i x e d frame of r e f e r 
ence, published r e s u l t s could be more e a s i l y i n t e r p r e t e d and repeated. 
In many p u b l i c a t i o n s to date, p a t h o l o g i c a l and experimental r e s u l t s 
have been compared to s o - c a l l e d normal r e s u l t s based on only one r e s 
ponse. Such comparisons are of l i t t l e meaning, and r e s u l t s thus 
reported l o s e some of t h e i r s i g n i f i c a n c e through the l a c k of a r e l i 
able standard of reference. A l s o , as pointed out e a r l i e r , the begin
ning.of any experiment could be the running of a standard t e s t t o 
determine the n o r m a l i t y of the v i s u a l system under c o n s i d e r a t i o n and 
to detect the presence of equipment or electrode a r t i f a c t . 

C l i n i c a l l y , the model may someday be a very u s e f u l t o o l . . 
I f s i m i l a r models were defined f o r the various areas of r e t i n a l stimu
l a t i o n , the e n t i r e r e t i n a could be scanned and tested f o r normality. 
This could be used as a supplement or even a l t e r n a t i v e f o r the conven
t i o n a l V i s u a l P i e l d Test, which s u f f e r s from the disadvantage that i t s 
r e s u l t s - a r e influenced by the subject's own judgment i n the mapping 
of the v i s u a l f i e l d : 

I t i s a l s o conceivable that b r a i n defects and v i s u a l system 
abnormalities could be detected through the use of the V.E.P. para
meters by p l o t t i n g them on the a c c e p t a b i l i t y charts as i l l u s t r a t e d i n 
the previous d i s c u s s i o n . I f a study were performed on several cases 
of various diseases, i t i s p o s s i b l e that a p a r t i c u l a r disease would 
a f f e c t the V.E.P. parameters i n a unique way. A f t e r considerable 
experimentation and cataloguing of these p a t h o l o g i c a l cases, the 
model could someday be used to diagnose the presence of p a r t i c u l a r 
.diseases, thus reducing the l e n g t h and amount of p r e l i m i n a r y examina-
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t i o n required by a p h y s i c i a n . 

Summation 

Some of the ba s i c a n a l y s i s and s i g n a l processing techniques 
used i n the study of V i s u a l Evoked P o t e n t i a l s have been t h e o r e t i c a l l y 
o u t l i n e d or deri v e d , and the u n d e r l y i n g assumptions experimentally 
j u s t i f i e d . C e r t a i n c h a r a c t e r i s t i c s of the v i s u a l system have been 
i n v e s t i g a t e d w i t h reference to a simple system model. The nature of 
the v i s u a l response has been examined i n d e t a i l . A new t o o l i n the 
form.of a s t a t i s t i c a l model has been proposed f o r the future study 
and a p p l i c a t i o n of the V.E.P. and an algorithm f o r the refinement and 
use of that model has been o u t l i n e d . 
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APPENDIX ONE 
TECHNICAL SPECIEICATIONS 

Stimulator 
The stimulus was provided by a Grass model S8C M u l t i f u n c t i o n 

Stimulator working i n conjunction w i t h a Grass model PS2 Photo stimu
l a t o r . The f u l l stroboscope f l a s h i n t e n s i t y , when the s e l e c t o r d i a l 
was set at i n t e n s i t y four, was approximately 3 7 5 , 0 0 0 candle power of 
du r a t i o n 10 usee. 

S h i e l d i n g 
The subject being examined was seated i n s i d e an r f 

shielded room constructed w i t h double s t e e l layered w a l l s , c e i l i n g 
and f l o o r . The door was s i m i l a r l y constructed with metal l e a f around 
the perimeter to ensure complete s h i e l d i n g and absolute darkness when 
closed. 

Stimulus 
A s i x mm diameter hole was d r i l l e d through a removable 

plate i n the shielded room w a l l . When i n p o s i t i o n on the w a l l , the 
plate made good conducting contact w i t h the w a l l , maintaining the 
s h i e l d i n g except f o r the s i x mm hole provided f o r the stimulus d e l i 
very. The stroboscope was mounted on the outside of the p l a t e , i n s u - . 
l a t e d from i t by a cardboard d i s c , and centered over the stimulus 
hole. The i n s u l a t i o n was used to avoid the p o s s i b i l i t y of ground 
loops. 

A m p l i f i c a t i o n 
Four Grass model P 5 1 1 C R amplifier's were used with voltage 

gain set at 10,000 and bandwidth 3 Hz-lkH.z. 
A P.I. eight channel AM-FM recorder was used with speed 

s e t t i n g 3.25 inches per second and bandwidth 1kHz . on FM. 
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APPENDIX TWO 

THE LOGIC INTERFACE 

To enable the t r a n s f e r of data from the on-lin e average 
response computer to the o f f - l i n e PDP-9 i n f o r m a t i o n processing com
puter, a l o g i c i n t e r f a c e was designed and b u i l t to read the memory 
of the on-lin e computer and t r a n s f e r i t to a paper tape i n a format 

compatible w i t h the PDP-9 reader. Twenty-seven l i n e s were brought 
(18) 

out from the "pen" readout c i r c u i t of the average response computer 
o • 9 

i n t o the i n t e r f a c e "jam-transfer" r e g i s t e r . The ten l i n e s A to A 
correspond to the .address of the data word i n the memory and were 

o 17 
brought out f o r possible f u t u r e use. The l i n e s M to M c o n s t i t u t e 
the data i n f o r m a t i o n i t s e l f . These two words were punched onto the 
paper tape i n a five-row format compatible with the PDP-9 tape reader. 

The address was punched onto the f i r s t f i v e b i t l o c a t i o n s 
of the f i r s t two rows of the informat i o n block. The data information 
was punched, i n the binary mode* i n the remaining three columns to i n d i 
cate the informat i o n mode to the computer. T h e . f i r s t data row con
t a i n s the s i g n b i t and the four most s i g n i f i c a n t b i t s , the second row 
the next most s i g n i f i c a n t b i t s , and the l a s t row, the l e a s t s i g n i f i 
cant b i t s . The computer was programmed to convert the seventeen b i t 
binary word i n t o an eighteen b i t word, by s h i f t i n g the sign b i t to the 
more s i g n i f i c a n t l o c a t i o n and s u b s t i t u t i n g the appropriate 1 or 0 i n 
i t s place. Figure A2-1 i l l u s t r a t e s the data and address t r a n s f e r 
sequence. Only the data i n f o r m a t i o n was read i n t o memory by the PDP-9. 

The operation of the i n t e r f a c e can be e a s i l y explained with 
reference to F i g . A2-2. Two e x t e r n a l timing pulses c o n t r o l the 
* Alpha Numeric and Binary are the two a l t e r n a t e modes i n which data 
may be read i n t o the PDP-9 computer. They are o u t l i n e d i n the PDP-9 
User's Handbook(19). 
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sequence of operation events. While the mechanical punch i s i d l i n g , 
i t continuously sends a t i m i n g pulse to the i n t e r f a c e each time the 
punching mechanism passes through the beginning of a punching cy c l e 
(maximum of 120 times per second). When the computer "pen" readout 
button i s pressed, the TMV ("Transfer memory to v e r t i c a l " ) pulses are 
sent to the i n t e r f a c e at a rate determined by a m u l t i v i b r a t o r w i t h i n 

(18) 
the "pen" c i r c u i t of the average response computer . This rate was 
set at the maximum value permitted by the punch speed. On a r r i v a l of 
the TMV pulse, the readout sequence of the i n t e r f a c e i s triggered, and 
the punch t i m i n g pulse i s used to c o n t r o l the scanning of the "jam-
t r a n s f e r " r e g i s t e r , i n blocks. When readout i s complete, the scanning 
mechanism i s a u t o m a t i c a l l y d i s a b l e d u n t i l the a r r i v a l of the next TMV 
pulse. The heart of the enable-disable mephanism i s a s i n g l e b i t 
s h i f t r e g i s t e r sampling mechanism, the operation of. which i s discuss ed-
i n Appendix Three, under "encoding". The average response computer 
can be set to a u t o m a t i c a l l y punch out the e n t i r e 1023 words of memory 
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or any one of the four 255 word quandrants. Since four s i g n a l s were 
processed simultaneously, the l a t t e r mode was g e n e r a l l y used. The 
i n t e r f a c e was hardware programmed to punch out the information onto 
the tape i n the format of Figure A2-1. 



F i g . A2-2 Paper Punch, I n t e r f a c e 
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APPENDIX THREE 
DATA CATALOGUING SYSTEM 

As was described i n the t h e s i s , the analog data obtained 
during each experiment was stored permanently on magnetic tape f o r 
f u t u r e reference and/or f u r t h e r processing. Since t h i s raw data was 
f r e q u e n t l y re-used and examined, an e f f i c i e n t tagging and c a t a l o g u i n g 
scheme was deemed d e s i r a b l e . For t h i s purpose, an integrated c i r 
c u i t d i g i t a l encoder-decoder system was designed and b u i l t . V i s u a l 
monitoring of the coding was a l s o provided and proved of great a s s i s 
tance i n the accumulation and processing of the data as w e l l . The 
system worked o n - l i n e i n conjunction with the Grass photo s t i m u l a t o r 
and the eight channel tape recorder. 

Encoding 
The f u n c t i o n of the encoder was to place a unique binary 

code on the f i f t h channel of the tape recorder synchronously w i t h the 
four channels of data, immediately f o l l o w i n g the d e l i v e r y of the s t i 
mulus to the subject. As w e l l as p r o v i d i n g the stimulus f l a s h , the 
photo s t i m u l a t o r produced a synchronous pulse which was used to t r i g 
ger the encoding mechanism. On r e c e i p t of t h i s pulse, the encoder 
generates a s e r i a l s t r i n g of 14 p o s i t i v e and negative pulses which 
are recorded on the tape recorder along with the f o u r v i s u a l responses. 
The f i r s t and l a s t b i t s of the code are always p o s i t i v e or "1" b i t s 
and are used as alignment pulses by the decoder as i s explained i n the 
decoding s e c t i o n . The center twelve pulses correspond to a b i n a r y 
number with a 1 being represented by a p o s i t i v e . p u l s e and a 0 by a 
negative pulse. P r o v i s i o n was made f o r v i s u a l monitoring of the code 
as i t was recorded and records were kept of the data l o c a t i o n as 
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' des i r e d . The stimulus pulse was a l s o recorded on a s i x t h channel f o r 
use i n decoding as w i l l he explained l a t e r . A c i r c u i t diagram of the 
encoder i s provided i n Figure A3 - 1 . The heart of the encoder i s a 
continuously running astable m u l t i v i b r a t o r which determines the b i t 
rate of the s e r i a l output. This r a t e , 80 Hz , i s i n turn determined 
by the frequency response of the tape recorder. At 3 - 2 5 inches per 
second tape speed, the high frequency c u t - o f f of the tape recorder 
response was 1 kHz. I t was found that at t h i s speed, a clock f r e 
quency of 80 Hz; was the best compromise between speed and pulse d i s 
t o r t i o n produced by the low c u t - o f f of the recorder. The encoder 
alone however, i s capable of operation i n t o the ..kHz ; range. 

Other main components of the c i r c u i t are a binary counter 
(of 12 b i t s ) , a " s i n g l e b i t " s h i f t r e g i s t e r (of 15 b i t s ) , a l o g i c net

s'' work, and- an output stage. The s i n g l e b i t s h i f t r e g i s t e r 
i s g a t e d s u c h that only a s i n g l e 1 can r e s i d e anywhere i n the 
r e g i s t e r at any one time. This 1 i s s h i f t e d to the l a s t r e g i s t e r 
p o s i t i o n and i s s h i f t e d down the r e g i s t e r by the clock u n t i l i t again 
reaches the l a s t b i t l o c a t i o n . The output stage has two inputs d r i v e n 
by the two outputs of the l o g i c network i n such a way that only one 
input can be d r i v e n at any one time. The purpose of the output stage 
i s to generate a p o s i t i v e or negative pulse depending on which input 
i s pulsed by the l o g i c network. 

At the beginning of a tape, the binary counter was reset 
manually to zero. On the a r r i v a l of the f i r s t stimulus pulse, the 
counter i s incremented to 1 and the s i n g l e b i t s h i f t r e g i s t e r i s 
t r i g g e r e d . As the si n g l e b i t i s s h i f t e d down the r e g i s t e r , the binary 
code i s read by the l o g i c network a b i t at a time, s t a r t i n g at the 
most s i g n i f i c a n t b i t and working down to the l e a s t s i g n i f i c a n t , gener-



12-BIT DIGITAL ENCODER 

F i g , A3-1 D i g i t a l Encoder 
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a t i n g a n output pulse f o r each b i t as i t goes. The output pulse 
i s negative i f a zero i s read and p o s i t i v e i f a 1 i s read. V i s u a l 
monitoring of the code was provided through the use of the jam-transfer 
r e g i s t e r i n the decoder. 

Decoding 
The decoding mechanism was used during the playback of data 

pn the tape recorder and to s t a r t and stop the averaging of that data 
on the average response computer. B a s i c a l l y , the stimulus pulse used 
to s t a r t the averaging process and to c o n t r o l i t s t i m i n g , was d e l i v e r e d 
to the average response computer v i a the decoder. The decoder con
t r o l l e d the d e l i v e r y of that pulse i n a p r e s c r i b e d manner, hence con
t r o l l i n g the data included i n any averaging sequence. The decoding 
c i r c u i t diagram i s shown i n Figure A3-2. The main components c o n s i s t 
of: an i n i t i a l code c o n d i t i o n i n g and delay_network at the input; a 
s h i f t r e g i s t e r ; two m u l t i p l e input nor gates; whose inputs are gov
erned by two sets of switches; and a s e t - r e s e t f l i p - f l o p network con
t r o l l i n g the stimulus pulse d e l i v e r y . To process a given set of data, 
the f i r s t row of switches are set to the address of the response 
immediately preceding- the f i r s t response to be included i n the aver
aging process. The second set of switches are s e t to the address of 
the l a s t response to be included i n the averaging process. The tape 
recorder i s s t a r t e d and the decoder examines each code as i t enters 
the r e g i s t e r u n t i l the prescribed code i s detected. The t r i g g e r i n g , 
pulse i s then fed to the computer and the averaging process s t a r t s . 
The encoder continues to a l l o w the d e l i v e r y of the stimulus pulse to 
the computer u n t i l the stop code i s detected i n the r e g i s t e r . The 
computer i s then stopped by the removal of the t r i g g e r i n g pulse and 
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the averaging i s completed. 
V i s u a l monitoring of each code as i t enters the decoder i s 

provided by the jam-transfer r e g i s t e r . A switch i s a l s o provided to 
permit continuous reading of the successive codes, or to d i s p l a y only 
the codes s p e c i f i e d by the switches as they are detected. 

The input network c o n s i s t s of three branches, a toggle 
branch, a set branch, and a reset branch. The toggle branch simply 
converts a l l input pulses to p o s i t i v e pulses, and a p p l i e s them to 
the toggle input of the s h i f t r e g i s t e r . The set l i n e r e c e ives only 
the p o s i t i v e pulses, delays them by the switching time of the four 
7 2 4 s , and a p p l i e s them to the set term i n a l of the f i r s t b i t of the 
s h i f t r e g i s t e r . The reset l i n e r e c e ives only the negative pulses, 
converts them to p o s i t i v e pulses, delays them by the s w i t c h i n g time 
of the 7 2 4 s , and a p p l i e s them to the reset t e r m i n a l of the s h i f t 
r e g i s t e r . Because of the inherent noisy output of the tape ,'recorder , 
redundancy was b u i l t i n t o the system. As was pointed out e a r l i e r , 
two marker pulses were generated at the beginning and end of the code 
by the encoder. The decoder uses these pulses to determine when the 
code i s completely, i n t o the r e g i s t e r before d e t e c t i n g and d i s p l a y i n g 
i t . A monostable m u l t i v i b r a t o r was also used to reset the r e g i s t e r 
and i t s period was made s u f f i c i e n t l y long so as to prevent extraneous 
pulses from e n t e r i n g the system and causing f a l s e readings. 

Extraneous pulses were oft e n generated when the tape recorder was 
stopped or s t a r t e d during the course of an experiment. A l s o , d i r t 
on the tape sometimes had the same e f f e c t . 
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