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SECTION I

INTRODUCTION: THE RECORDING OF-EYE MOVEMENTS

The d e s c r i p t i o n s  o f  eye movements found  i n  

s t a n d a r d  works a r e  p r a c t i c a l l y  a l l  b a s e d  on th e  work 

o f  R. Dodge and  C. H. Ju d d  w hich  was c a r r i e d  o u t  w i th  

t h e  p h o to g r a p h ic  equ ipm en t a v a i l a b l e  d u r i n g  th e  f i r s t  

d ecade  o f  t h i s  c e n t u r y .

Dodge (1 9 0 1 , 1903 , 1907) worked w i th  a  m ethod 

w hich  e n a b le d  him t o  s e c u re  good r e s o l u t i o n  i n  th e  t im e 

d im e n s io n  b u t  he d id  n o t  a c h ie v e  any n o te w o r th y  p r e c i 

s i o n  i n  r e c o r d i n g  th e  p o s i t i o n  o f  th e  e y e .  T h is  l a c k  

o f  p r e c i s i o n  i s  f a t a l  t o  any  c o n v in c in g  a n a l y s i s  o f  th e  

d a t a  d i r e c t e d  to w ard  u n c o v e r in g  th e  m u s c u la r  mechanisms 

s u b s e r v i n g  th e s e  movem ents. Y e t h i s  p a p e r  (1903) i s  

c l a s s i c a l  and many o f  h i s  f i n d i n g s  a r e  c o r r o b o r a t e d  in  

t h i s  r e p o r t ,

J u d d ’s d a t a  (190 5 , 1907) a re  u n f o r t u n a t e l y  q u i t e  

u n a c c e p ta b le  a s  a  g u id e  t o  t h e  te m p o ra l  seq u en ce  o f  

e v e n t s  d u r in g  eye  m ovem ents. Most o f  h i s  r e c o r d s  were 

o b ta in e d  p h o t o g r a p h i c a l ly  w i th  e x p o su re s  l a s t i n g  o f t e n  

a s  lo n g  a s  100 m i l l i s e c o n d s .

I n  o r d e r  t o  be a b l e  t o  draw c o r r e c t  c o n c lu s io n s  

c o n c e rn in g  th e  n e rv o u s  and  m u s c u la r  m echanism s s u b s e r v 

i n g  eye movements i t  seemed i n  o r d e r  t o  i n v e s t i g a t e
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a g a i n  th e  t im e  r e l a t i o n  o f  th e  change i n  p o s i t i o n  o f  

th e  ey es  i n  th e  o r b i t s  d u r in g  v a r i o u s  eye movem ents.

S e v e r a l  m ethods o f  s t u d y in g  eye movements a r e  

a v a i l a b l e  { b u k e -E ld e r  (1 9 ^ 2 ) ,  C a rm ich a e l  and  D earbo rn  

( 1 9 ^ 7 ) ,  T a y lo r  ( 1 9 3 7 ) ,  S te w a r t  (1 9 5 1 )7  ♦

The f i r s t  q u a n t i t a t i v e  m ethod was a  s u b j e c t i v e  

one [H e lm h o ltz  (1 9 2 5 ) ,  V o l . I l l T p .  153_] and  was u se d  

s u c c e s s f u l l y  b y ,  among o t h e r s ,  Lamansky ( I 8 6 9 ) and  

B ru c k n e r  ( 1 9 0 2 ) ,  D u r in g  th e  eye  movements th e  eye i s  

i n t e r m i t t e n t l y  e x p o sed  t o  a b r i g h t  p o i n t  s o u rc e  and th e  

r e t i n a l  s e p a r a t i o n s  o f  th e  a f t e r - i m a g e s  p ro d u ce d  by th e  

s o u rc e  g iv e  i n f o r m a t i o n  a b o u t  th e  a v e ra g e  v e l o c i t y  o f  

t h e  eye d u r in g  t h e  i n t e r v a l s  b e tw een  s u c c e s s iv e  f l a s h e s .

N e ith e r  th e  s u b j e c t iv e  n a tu r e  n o r  th e  d i s c o n t in 

u i t y  o f  th e  r e g i s t r a t i o n  i s  by i t s e l f  enough t o  condemn 

th e  m ethod s in c e  s u b j e c t iv e  Judgment and d i s c r e t e n e s s  

o f  i n t e r v a l  e n t e r  in t o  th e  a n a ly s i s  o f  ev en  th e  m ost 

c o n tin u o u s  o b j e c t iv e  r e c o r d .

L e a v in g  a s i d e  th e  m e c h a n ic a l  m ethods [D u k e -E ld e r  

(194-2)J  , w hich by t h e i r  n a t u r e  r e q u i r e  some i n t e r f e r 

en ce  w i th  th e  n o rm al  p h y s i o l o g i c a l  p r o c e s s e s ,  thetfe  

rem a in  th e  e l e c t r i c a l  and  p h o to g r a p h ic  m e th o d s .  A good 

d i s c u s s i o n  o f  th e  e l e c t r i c a l  m ethod h as  been  g iv e n  by 

Marg (1951) r e c e n t l y .  P e rh a p s  th e  o u t s t a n d i n g  d i s a d v a n 

t a g e  o f  th e  m ethod i s  th e  l i m i t a t i o n  o f  i t s  p r e c i s i o n ;  

i t  i s  e s t i m a t e d  t h a t  w i th  i t  th e  p o s i t i o n  o f  th e  eye
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w i t h i n  th e  o r b i t  c a n n o t  be d e te rm in e d  w i th  an  a c c u ra c y  

o f  more t h a n  a b o u t  one d e g r e e .

The p h o to g r a p h ic  m ethod h a s  b een  w id e ly  and  v a r i 

o u s ly  u se d  and i n  i t s  m ost r e c e n t  form s h as  been  -ex tend

e d  t o  y i e l d  c o n t in u o u s  r e c o r d s  o f  h o r i z o n t a l  and 

v e r t i c a l  eye movements w i th  a h ig h  d e g re e  o f  a c c u ra c y .  

T h is  a p p ro a c h  h a s ,  how ever, b e en  a p p l i e d  o n ly  t o  th e  

s m a l l  movements o f  th e  ey es  d u r in g  " s te a d y "  f i x a t i o n  and 

h a s  a p p a r e n t l y  n e v e r  been  e x te n d e d  to  th e  i n v e s t i g a t i o n  

o f  th e  g r o s s e r  ty p e s  o f  eye movem ents.

The m ethod w hich p r o v id e d  th e  d a ta  upon which 

t h i s  d i s s e r t a t i o n  i s  b a s e d ,  a p p e a r s  o p t i o n a l  f o r  th e  

p u r p o s e .  I t  h a s  b e e n  p o s s i b l e ,  where n e e d e d ,  t o  s e c u r e  

c o n t in u o u s  p h o to g r a p h ic  r e c o r d s  o f  th e  h o r i z o n t a l  move

ment o f  b o th  e y e s .  The r e s o l v i n g  power i n  th e  tim e 

d im e n s io n  i s  a b o u t  one m i l l i s e c o n d  and  th e  p o s i t i o n  o f  

t h e  eye i s  r e g i s t e r e d  w i th  a  p r e c i s i o n  o f  f i v e  t o  t e n  

m in u te s  o f  a r c .

The a p p a r a tu s  ( f i g u r e  1 ) c o n s i s t s  o f  an  Am erican 

O p t i c a l  Company "O phthalm ograph" eye movement camera on 

w hich  th e  f o l lo w in g  m o d i f i c a t io n s  were made,
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(1 ) The f i lm  was moved by a s p r o c k e t  w heel d r i v e n  by 

an  a sse m b ly  d e s ig n e d  to  keep  th e  m o tio n  a t  a u n ifo rm  

r a t e  and  f r e e  from c h a t t e r .  The a sse m b ly  was d r i v e n  

by an  e l e c t r i c  m o to r  g e a re d  down by a s e r i e s  o f  p u l l e y s  

t o  keep  th e  f i l m  moving a t  th e  d e s i r e d  sp e e d .

(2 )  A n a rro w  ( l e s s  t h a n  1 /1 0  mm) h o r i z o n t a l  s l i t  was 

p o s i t i o n e d  i n  f r o n t  o f  th e  f i l m ,

(3 )  The l e n s e s  i n  th e  camera were r e p l a c e d  by a  p a i r  

o f  c o a te d  ach ro m a ts  o f  26mm a p e r t u r e  .and 90mm f o c a l  

l e n g t h  which were combined w ith  a  p a i r  o f  1.5D c y l i n d e r s  

o r i e n t e d  so  t h a t  a  p o i n t  o b j e c t  was imaged a s  a v e r t i c a l  

s t r e a k  i n  t h e  p la n e  o f  th e  f i l m ,

(U) The i l l u m i n a t i n g  sy s tem  c o n s i s t e d  o f  a  p a i r  o f  

s t r e a k  f i l a m e n t  b u l b s .  The images o f  th e  s t r e a k s ,  

o r i e n t e d  v e r t i c a l l y ,  were fo c u s e d  a  l i t t l e  b e h in d  th e  

c e n t e r  o f  c u r v a t u r e  o f  th e  c o rn e a .

The combined e f f e c t  o f  m o d i f i c a t i o n s  (3 ) and  (U) 

i s  t o  p ro d u ce  i n  th e  p la n e  o f  th e  f i lm  a v e r t i c a l  s t r e a k  

image o f  th e  c o r n e a l  r e f l e x .  ( I n  t h i s  d i s s e r t a t i o n  th e  

te rm  c o r n e a l  r e f l e x  r e f e r s  t o  th e  r e f l e c t i o n  o f  a  lum

in o u s  o b j e c t  i n  th e  c o r n e a . )  A n a rro w  p a r t  o f  t h i s  

v e r t i c a l  s t r e a k  i s  i n t e r c e p t e d  by th e  h o r i z o n t a l  s l i t  

t h u s  i s o l a t i n g  p u r e l y  th e  h o r i z o n t a l  component o f  th e  

movement o f  th e  s t r e a k  a c r o s s  th e  s l i t .

D u r in g  most p a r t s  o f  th e  e x p e r im e n ta t io n  th e  f i lm  

sp e e d  was 87mm p e r  s e c o n d .  The r e s o l u t i o n  and s t e a d i 



n e s s  i n  th e  t im e  d i r e c t i o n  a r e  i l l u s t r a t e d  i n  f i g u r e  2a 

w hich shows a s e c t i o n  o f  f i lm  w hich  was i n t e r m i t t e n t l y  

i l l u m i n a t e d  by a  S t r o b o t a c  f l .a s h in g  250 t im e s  o e r  se co n d .

I n  o r d e r  t o  t e s t  f o r  s t e a d i n e s s  i n  th e  d i r e c t i o n  

o f  eye m ovem ents, a  c o n t a c t  l e n s  was clam ped t o  th e  

s u b j e c t ’ s  b i t e  b a r  and a r e c o r d  o b ta in e d  i n  th e  o r d i n 

a r y  m anner. A s e c t i o n  o f  i t  i s  shown i n  f i g u r e  2 b .

F ig u r e  2c shows th e  t r a c e  o f  b o th  c o r n e a l  images 

o f  a s u b j e c t  d u r in g  b i n o c u l a r  s t e a d y ' f i x a t i o n  o f  a l i g h t  

s p o t  10 m in u te s  o f  a r c  i n  d ia m e te r  s i t u a t e d  i n  th e  med

i a n  l i n e  150cm i n  f r o n t  o f  th e  o b s e r v e r .  I t  w i l l  be 

s e e n  t h a t  th e  w id th  o f  th e  t r a c e  i s  e q u i v a l e n t  t o  an  

eye  movement o f  a b o u t  1 / 4 °  and  t h a t  v a r i a t i o n s  i n  p o s i 

t i o n  o f  th e  t r a c e  o f  a b o u t  a h a l f  o f  i t s  own w id th  a r e  

c l e a r l y  d i s c e r n i b l e  and p o s s i b l y  c a p a b le  o f  m easurem ent. 

I t  i s  e s t im a t e d  from t h i s  t h a t  th e  r e s o l v i n g  power i n  

th e  l a t e r a l  d i r e c t i o n ,  i . e . ,  a t  r i g h t  a n g le s  t o  t h e  

t im e  d i r e c t i o n ,  o f  th e  a p p a r a tu s  a s  u se d  i s  o f  th e  o r d e r  

o f  f i v e  m in u te s  o f  a r c ,  i . e . ,  changes i n  eye  p o s i t i o n  

o f  a b o u t  f i v e  m in u te s  can  b<3 r e c o g n iz e d  on th e  r e c o r d .

Com parison o f  f i g u r e s  2b and 2c shows th e  un 

s t e a d i n e s s  o f  th e  t r a c e  d u r in g  ’ s t e a d y '  f i x a t i o n .

T h is  may c o r r e s p o n d  to  th e  eye movements d u r in g  s t e a d y ,  

f i x a t i o n  which have  b e en  so  a b u n d a n t ly  d e m o n s t r a te d  

[A d le r  and  F l ie g e lm a n  (1 9 3 * 0 , Lord, and W righ t ( 19^ 8 ) ,  

H a t l i f f  and  R iggs (1 9 5 0 ) ,  D i t c h b u m  and G in sb o rg  (1 9 5 3 ) ,



2. Performance of modified "Ophthalmograph"
Strobotac flashing 250 times per second.
Contact lens clamped to subject’s bite bar.
T raqe  o f  c o r n e a l  r e f l e c t i o n s  from  b o th  eyes 

d u r in g  ’s t e a d y ’ f i x a t i o n .



B arlo w  ( 1 9 5 2 ) ] .  Not to o  much a t t e n t i o n  I s  b e in g  p la c e d  

on t h i s  p o i n t  i n  th e  p r e s e n t  d i s s e r t a t i o n ,  how ever, s in c e  

t h e s e  phenomena a r e  j u s t  a b o u t  a t  th e  t h r e s h o l d  o f  th e  

r e s o l v i n g  power o f  th e  a p p a r a tu s  and s in c e  one can n o t  

be c e r t a i n  t h a t  l a t e r a l  o r  r o t a t i o n a l  headmovements o f  

t h i s  o r d e r  a r e  b e in g  c o m p le te ly  e l i m i n a t e d  by u s in g  

m e re ly  a  b i t e  b a r  w i th  a  wax im p re s s io n  o f  t h e  s u b j e c t ’ s 

t e e t h , ;

R a t l i f f  and  R i g g s , and  D i t c h b u m  and G lnsb o rg  

u s e d  a c o n ta c t  l e n s  method o f  r e c o r d i n g  eye movements 

w hich e n s u r e s  t h a t  th e  r e c o r d  i s  n o t  c o n ta m in a te d  by 

t r a n s l a t i o n a l  movements o f  th e  eye  i n  th e  o r b i t  a s  

opposed  t o  p u r e ly  r o t a t i o n a l  m ovem ents. A c o n ta c t  l e n s  

p ro b a b ly  fo l lo w s  a c c u r a t e l y  th e  s m a l l  i n v o lu n t a r y  move

m ents d u r in g  f i x a t i o n , .  A c o n ta c t  l e n s  w i l l  n o t ,  how

e v e r ,  f o l lo w  th e  eye p r e c i s e l y  i n  i t s  l a r g e r  e x c u r s io n s .

The c o r r e l a t i o n  be tw een  e x t e n t  o f  l a t e r a l  e x c u r 

s i o n  ( r o t a t i o n )  o f  th e  e y e b a l l  and  th e  d i s t a n c e  th ro u g h  

w hich th e  t r a c e  moved l a t e r a l l y  a c r o s s  th e  f i lm  was 

e s t a b l i s h e d  e x p e r i m e n t a l ly  f o r  e a c h  s u b j e c t .  I t  was 

fo u n d ,  t h a t  o v e r  a m edian  25°,. i ue „ ,  12 1 / 2 °  on e i t h e r  

s i d e  o f  th e  p r im a ry  p o s i t i o n ,  t h i s  r e l a t i o n  i s  l i n e a r  

( f i g u r e  3 )  b u t  f a l l s  o f f  s h a r p l y  from l i n e a r i t y  a s  th e  

e x t e n t  o f  th e  movement i n c r e a s e s . Care was ta k e n  t o  use  

f o r ,  th e  p u rp o se  o f  a n a l y s i s  o n ly  th o s e  p a r t s  o f  th e  

t r a c e  f a l l i n g  w i t h in  t h i s  l i n e a r  r a n g e „
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SECTION II

PROCEDURE AND RESULTS

A. S te p  S t i m u l i ,

Two n eo n  b u lb s  N-, and  were m ounted so  t h a t  

t h e y  c o u ld  be moved t o  any p o s i t i o n  on a  h o r i z o n t a l  a r c  

o f  150cm r a d i u s  c e n t e r e d  on th e  m id p o in t  o f  th e  b a s e  

l i n e  c o n n e c t in g  th e  c e n t e r s  o f  r o t a t i o n  o f  th e  s u b j e c t ' s  

e y e s .  They were c o n n e c te d  by an  e l e c t r i c  c i r c u i t  

( f i g u r e  i n  su ch  a m anner t h a t  when th e  m ic ro s w i tc h  K 

was p r e s s e d ,  b u lb  K-, , would l i g h t  up  and b u lb  N2 would 

be e x t i n g u i s h e d ,  and  th e  r e v e r s e  would o c c u r  on r e l e a s 

in g  th e  m ic ro sw itc h o  A l i g h t  s o u rc e  S was p o s i t i o n e d  so  

t h a t  th e  l e n s  L and t h e  two m i r r o r s  M-̂  and Mg would image 

i t  on th e  f i lm  p la n e  a  l i t t l e  t o  th e  s i d e  o f  th e  t r a c e  

o f  th e  c o m e a l  r e f l e x  an d , l i k e  th e  l a t t e r ,  was i n t e r 

c e p te d ' by D, th e  d iaphragm  w i th  th e  n a rro w  s l i t .

M ir ro r  Mj_ was a t t a c h e d  t o  an  e le c t r o m a g n e t  which 

i n s t a n e o u s l y  ( i . , e ,  w i t h i n  a b o u t  one o r  two m i l l i s e c o n d s )  

assum ed d i f f e r e n t  p o s i t i o n s  on p r e s s i n g  and  r e l e a s i n g  

th e  m ic ro s w i tc h  and  i n  t h i s  way th e  s i g n a l  l i n e  was 

d i s p l a c e d  s y n c h ro n o u s ly  w i th  th e  c h a n g e -o v e r  from one 

b u lb  t o ' t h e  o t h e r .  The b u l b s ,  i n c i d e n t a l l y ,  a l s o  l i t  

up  and became e x t i n g u i s h e d  i n s t a n t a n e o u s l y ,

10
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FIG. 4 .  DIAGRAM OF APPARATUS FOR 
PRO D UC I N G  AND R E C  OR DING

S T E P  A N D  P U L S E  S T I M U L I
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F i g ,  5» T y p ic a l  Record o f  a 
20° S a c c a d ic  Eye Movement,

Time l i n e  i n t e r r u p t e d  e v e ry  10 m i l l i s e c o n d s .

S te p  S t im u lu s  a t  S ,
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An e p i s c o t i s t e r  d i s c  d r i v e n  by a  syn ch ro n o u s  m oto r  

was p la c e d  a t  E i n t e r c e p t i n g  th e  l i g h t  r a y s  c o n s t i t u t i n g  

th e  s i g n a l  l i n e  once e v e ry  one h u n d re d th  o f  a se co n d  and 

in  t h i s  manner a t im e  s c a l e  was e s t a b l i s h e d  on th e  r e 

c o rd  i t s e l f ,

A f t e r  s e c u r i n g  th e  c a l i b r a t i o n  r e c o r d  f o r  e v e ry  

s u b j e c t  a s  I l l u s t r a t e d  i n  f i g u r e  3 ,  th e  r e s p o n s e  o f  th e  

eye to  a  s t e p  s t im u lu s  was o b ta in e d  i n  th e  f o l lo w in g  

m anner. The s u b j e c t  was I n s t r u c t e d  t o  f i x a t e  th e  neon  

b u lb  which was l i t  up and w hich was th e  o n ly  t a r g e t  

v i s i b l e  i n  th e  o th e r w is e  d a r k  room and was t o l d  t o  

change f i x a t i o n  to  th e  o t h e r  t a r g e t  im m e d ia te ly  i t  b e 

came v i s i b l e .  B o th  neon l i g h t s  p r e s e n t e d  a  n a rro w  

r e c t a n g u l a r • f i l a m e n t  t o  th e  s u b j e c t  m e a su r in g  a p p r o x i 

m a te ly  2mm in  th e  h o r i z o n t a l  d i r e c t i o n  and a p p ro x im a te ly  

8mm i n  th e  v e r t i c a l  d i r e c t i o n .  They had  a p i n k i s h  glow 

when c u r r e n t  was p a s s e d  th ro u g h  them and t h e i r  lu m inance  

was m atched  by a d j u s t i n g  th e  v a r i a b l e  r e s i s t a n c e  R^.

R esponses  were o b t a in e d  f o r  sy m m e tr ic a l  p o s i t i o n 

in g  o f  th e  two t a r g e t s  on e i t h e r  s i d e  o f  th e  m edian 

p la n e  and f o r  a n g u la r  s e p a r a t i o n s  a t  th e  n o d a l  p o i n t  o f  

th e  eye o f  2 , ^ , 6 , 8 , 1 0 , 1 2 , 1 ^ , 1 6 , 1 8 , 2 0 , 2 5 ,  and 30 d e g r e e s ,  

A t y p i c a l  r e s p o n s e  t o  a 20°  s t e p  s t im u lu s  i s  shown in  

f i g u r e  5 .



I t  e x h i b i t s  c e r t a i n  c h a r a c t e r i s t i c s  some o f  which 

have n o t  &o f a r  b e en  d e s c r i b e ! ,

T here  i s  a r e a c t i o n  tim e  which v a r i e s  be tw een  

120 and 180 m i l l i s e c o n d s c The s m a l l e r  o f  th e s e  v a lu e s  

I s  somewhat l e s s  t h a n  p r e v i o u s ly  r e p o r t e d .  An a n a l y s i s  

o f t h e  r e l a t i o n  be tw een  th e  e x t e n t  o f  th e  s e p a r a t i o n  o f  

th e  two b u lb s  and th e  r e a c t i o n  tim e  has  n o t  b een  a t t e m p t 

e d .  I t  would r e q u i r e  a  r a n d o m iz a t io n  o f  th e  p r e s e n t a 

t i o n  o f  th e  s t i m u l i  which was n o t  c a r r i e d  o u t d u r in g  

th e  e x p e r i m e n t a t io n .

Some o f  th e  o t h e r  f e a t u r e s  t o  be  n o te d  i n  f i g u r e

5 a r e :

(a )  The h ig h  d e g re e  o f  s i m u l t a n e i t y  o f  o n s e t  o f  

th e  movement i n  th e  two e y e s .

(b )  The r a p i d  a c c e l e r a t i o n  t o  a  v e l o c i t y  which 

i s  m a in ta in e d  o v e r  a l a r g e  p a r t  o f  th e  movement.

( c )  The o v e rs h o o t  and  sm a ll  o s c i l l a t i o r s  a ro u n d  

th e  f i n a l  p o s i t i o n .  T h is  o v e r s h o o t  i s  t o  be 

d i s t i n g u i s h e d  from th e  o v e rs h o o t  d e s c r i b e d  by 

p r e v io u s  w r i t e r s .  I f  th e  f i r s t  f i x a t i o n  was 

beyond th e  c o r r e c t  p o i n t  and a f t e r  a n o th e r  r e 

a c t i o n  tim e  a f u r t h e r  movement was made t o  a  more 

a c c u r a t e  p o s i t i o n ,  t h i s  was o f t e n  r e f e r r e d  t o  a s  

an  o v e rs h o o t  o f  f i x a t i o n ,
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A d i s c u s s i o n  o f  th e  t h e o r e t i c a l  i m p l i c a t i o n s  o f  

t h e s e  f i n d i n g s  w i l l  be  g iv e n  i n  S e c t i o n  I I I .

F ig u r e  6 Shows t h e  change i n  v e l o c i t y  and  a c c e l e r 

a t i o n  o f  th e  eye d u r in g  th e  c o u rs e  o f  a t y p i c a l  s a c c a d ic  

eye movement o f  2 0 ° .  The i m p l i c a t i o n  o f  t h i s  g ra p h ,  

tOQ, w i l l  be d i s c u s s e d  i n  S e e t i o n  I I I .  I n  t h i s  em<* 

n e e t i o n  i t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  th e  maximum 

a c c e l e r a t i o n  o f  th e  e y e b a l l  showed no s i g n i f i c a n t  d i f 

f e r e n c e s  f o r  s a c c a d i c  movements r a n g in g  from 15°  t o

I n  f i g u r e  7 th e  maximum v e l o c i t y  d u r in g  a  s a c 

c a d ic  movement h a s  b e en  p l o t t e d  a g a i n s t  th e  e x t e n t  o f  

th e  movement. I t  w i l l  be s e e n  t h a t  th e  maximum v e l o 

c i t y  i n c r e a s e s  a s  th e  e x t e n t  o f  th e  movement i n c r e a s e s ,  

b u t  t h a t  th e  r e l a t i o n  f a l l s  o f f  s h a r p l y  from l i n e a r i t y  

f o r  more e x t e n s i v e  movem ents.

When a n  a t t e m p t  was mpde to  o b t a i n  a  s i m i l a r  

cu rv e  f o r  s u b j e c t  L .C . i t  was found  t h a t  t h e  maximum 

v e l o c i t y  was c o n s i s t e n t l y  lo w e r  when th e  movement was 

i n  th e  l e f t  d i r e c t i o n .  T h ere  was p r a c t i c a l l y  no o v e r 

l a p p i n g  o f  th e  d a t a  and f i g u r e  8 i s  a good r e p r e s e n t a 

t i o n  o f  th e  two a v e ra g e  c u r v e s .

T h is  f i n d i n g  i s  n o t  u n iq u e .  T h ere  a r e  a number 

o f  r e f e r e n c e s  i n  th e  l i t e r a t u r e  to  d i f f e r e n c e s  i n  m ax i

mum v e l o c i t y  o f  s a c c a d i c  movements d e p en d in g  on th e



d i r e c t i o n  o f  movement, o r  w h e th e r  th e  movement i s  t o 

w ards th e  c e n t e r  ora*ray from i t  and so  on ( s e e  Techerm ak 

(1931) f o r  a  r e v ie w  o f  th e  l i t e r a t u r e  and  B ro c k h u rs t  

and  L io n  (1951) f o r  a r e c e n t  su ch  d e t e r m i n a t i o n . ) -

I n  o r d e r  t o  a s c e r t a i n  w h e th e r  t h e r e  i s  any s y s 

t e m a t i c  d i f f e r e n c e  i n  th e  maximum v e l o c i t y  o f  a 10° 

h o r i z o n t a l  s a c c a d i c  eye movement d e p en d in g  on i t s  

d i r e c t i o n  and i t s  r e l a t i o n  t o  th e  p r im a ry  p o s i t i o n  o f 

th e  eye and th e  m ed ian  p la n e  o f  th e  body , th e  f o l lo w in g  

e x p e r im e n t  was p e rfo rm e d  on t h r e e  young a d u l t s  w i th  

n o rm al v i s i o n  and w i th  no s i g n i f i c a n t  r e f r a c t i v e  e r r o r  

o r  o c u lo -m o to r  im b a la n c e .

One o f  th e  two neon b u lb s  was p la c e d  i n  th e  

m edian  p la n e  and th e  o t h e r  10°  l a t e r a l  to  i t ,  f i r s t  t o  

th e  r i g h t  and th e n  t o  th e  l e f t .  The maximum v e l o c i t y  o f  

s a c c a d i c  movements from th e  c e n t e r  b u lb  t o  th e  l a t e r a l  

one was m easured  f o r  f o u r  c o n s e c u t iv e  m ovem ents, b o th  

to w ard s  and away from th e  c e n t e r  b u lb ,  and f o r  b o th  

l a t e r a l  p o s i t i o n s .  The m easurem ent was o b ta in e d  f o r  

each  eye and th e  r e s u l t s  f o r  L .C . a r e  s e t  o u t  i n  t a b l e  I .

I t  w i l l  be s e e n  t h a t  th e  m easurem ents earn be 

g rou ped  i n  f o u r  c l a s s i f i c a t i o n s  each  c o n ta in i n g  two 

c a t e g o r i e s ;

(a )  I n  and Out (w i th  r e s p e c t  to  th e  p r im a ry  
p o s i t i o n  o f  e a c h  eye)
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(b )  N a s a l  and  T em poral ( w i th  r e s p e c t  t o  t h e
m edian  p la n e  o f  t h e  body)

(c )  L ook ing  t o  th e  r i g h t  and  t o  t h e  l e f t

(d )  R ig h t  eye and l e f t  eye

The a n a l y s i s  o f  su c h  d a t a  i s  n o t  a  s im p le  m a t t e r  

and  i t  was a t t e m p te d  by s e t t i n g  up a  t r i d i m e n s i o n a l  

a n a l y s i s  o f  v a r i a n c e  f o r  t h r e e  o f  th e  c a t e g o r i e s .  The 

i n t r a g r o u p  v a r i a n c e  was u s e d  as  th e  d e n o m in a to r  f o r  th e  

P r a t i o s .  A s e p a r a t e  F r a t i o  was t h e n  d e te rm in e d  f o r  

th e  sum o f  s q u a r e s  o f  th e  r e m a in in g  c a t e g o r y .  T h is  i s  

a  l e g i t i m a t e  p ro c e d u re  s i n c e  i t  s e p a r a t e l y  e x p r e s s e s  a  

r e l a t i o n  i m p l i c i t  i n  th e  i n t e r a c t i o n  te rm s  o f  th e  main 

a n a l y s i s  o f  v a r i a n c e .  T a b le  I I  shows th e  a n a l y s i s  o f  

v a r i a n c e  o f t h e  d a ta  o f  t a b l e  l f

Under th e  d a ta  i n  t a b l e  I  th e  r e s u l t  o f  th e  

a n a l y s i s  o f  v a r i a n c e  has  b e e n  sum m arized . I t  i s  s e e n  

t h a t  i n  th e  c a se  o f  s u b j e c t  L .C , th e  maximum v e l o c i t y  

d i f f e r s  s i g n i f i c a n t l y  ( a t  th e  ,1% l e v e l )  d e p en d in g  

w h e th e r  th e  movement i s  t o  t h e  r i g h t  o r  t o  th e  l e f t .

The p r e s e n t  m anner o f  a n a l y z i n g  th e  d a t a  makes t h i s  

a  d e f i n i t e  c o n c lu s io n  q u i t e  in d e p e n d e n t  o f  v a r i a t i o n s  

i n  maximum v e l o c i t y  w i th  one o r  more o f  th e  o t h e r  

v a r i a b l e s .



T a b le  I

MAXIMUM VELOCITIES OF 10° LATERAL SACCADIC EYE MOVEMENTS

D eg rees  p e r  Second

S u b je c t : L .C .

R ig h t  Eye L e f t  E^e
L o ok in g  R 
Tempor.

L ook ing  L 
N a sa l

L ook ing  R L ooking  L 
N a sa l  T em p or..

C e n te r - R ig h t

o u t  337  
395 
337 
366

i n  380
366
352
337

o u t  407 i n  395 
466 352 
407 366 
407 352

C e n te r - L e f t

i n  380 
4 07
447
w

o u t  407 
447 
407 
337

t

i n  428 o u t  380 
447 428 
466 366 
487 314

382 L e f t  Eye 404 D i f f e r e n c e  s i g n i f i c a n t  a t  $% l e v e l
4 l 4  L ook ing  L 374 D i f f e r e n c e  s i g n i f i c a n t  a t  .1 ^  l e v e l
409 Temporal, 377 D i f f e r e n c e  s i g n i f i c a n t  a t  1% l e v e l
398 Out 388 D i f f e r e n c e  n o t  s i g n i f i c a n t

AVERAGE: R ig h t  Eye
L ook ing  R 
N a s a l  
I n
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The e x p e r im e n t  was r e p e a t e d  w i th  th e  o t h e r  two 

s u b j e c t s  and  th e  d a ta  f o r  t h e s e  i s  p r e s e n t e d  in  

t a b l e s  I I I  and  IV . An a n a l y s i s  o f  v a r i a n c e  f o r  each  

o f  t h e s e  s e t s  o f  d a t a  was c a r r i e d  o u t and  th e  r e s p l t s  

g iv e n  u n d e r  t h e  t a b l e s .

The o v e r - a l l  r e s u l t s  o f  t h i s  g roup  o f  e x p e r im e n ts  

a r e  sum m arized i n  th e  t a b l e  V. I t  w i l l  be s e e n  t h a t ,  

w h i le  th e  r a t i o s  d i f f e r  a t  v a r i o u s  l e v e l s  o f  s i g n i f i 

c a n c e ,  no c o n s i s t e n t  p a t t e r n  can  be fo u nd  t o  c h a r a c 

t e r i z e  th e  v a r i a t i o n s  i n  maximum v e l o c i t y  w i th  one o r  

o t h e r  o f  th e  c a t e g o r i e s  m e n t io n e d .  T h is  r e s u l t  i s  i n  

d i r e c t  c o n t r a d i c t i o n  w i th  th e  f i n d i n g s  o f  B ro c k h u rs t  

and  L io n  (1951) who u s e d  an  e l e c t r i c a l  m ethod o f  meas

u r i n g  eye m ovem ents.

On th e  whole th e  r e s u l t s  o f  th e  p r e s e n t  e x p e r i 

m ent would s u p p o r t  th e  v iew  t h a t  c o n s i d e r a b le  i n d i v i d 

u a l  v a r i a t i o n  o c c u rs  i n  t h i s  ty p e  o f  d a t a  and t h i s  

would e x p l a i n  th e  c o n t r a d i c t o r y  c la im s  made by  th e  

p r e v io u s  i n v e s t i g a t o r s .

No r e a d y  th e o r y  can  be ad vanced  f o r  t h e  o c c u r -  

ance  o f  th e s e  v a r i a t i o n s .  I n  th e  c a se  o f  s u b j e c t  L .C , 

where th e  d i f f e r e n c e  be tw een  th e  r i g h t  and  l e f t  d i r e c t 

io n s  i s  so  h i g h l y  s i g n i f i c a n t  th e  cause  m ust be p la c e d  

i n  a c e n t e r  h i g h e r  th a n  th e  m o to r  n u c l e i .  I n  g e n e r a l  

how ever, i t  i s  p ro p o se d  to  l e a v e  the. q u e s t io n  o f  t h e s e



c o n s i s t e n t  v a r i a t i o n s  I n  th e  maximum v e l o c i t y  o f  s a c 

c a d i c  movements i n  abeyance  u n t i l  a  more d e f i n i t e  u n d e r 

s t a n d in g  o f  t h e  m echan ics  o f  r a p i d  eye  movements has  

b e e n  a c h ie v e d .



T a b l e  II
ANALYSIS OF VARIANCE OF MAXIMUM VELOCITIES  

OF 10° L A T E R A L  SACCADIC E Y E  M O VEM ENTS (SUBJECT L .C .)

SOURCE SUM OF  
SQUA R E S

D EGR. OF 
FR E E D O M

ESTIM.
VARIANCE F SIGNIF.

In /O ut 6 11 1 611 .68 - -

R ight E y e /  L e ft  E y e 4 p28 1 4 028 4 .5 2 5%

L ooking R. /L o o k in g  L. 1 1 3 3 9 1 11 339 12.73 .1%

In/O ut -  R ight E . / L e f t  E. 375 1 375 .42 _ _

In te ra c t io n
In/O ut -  L ook  k . / L o o k .L . 9 177 , 1 91 77 16.30 1%

I n te ra c t io n
R .E . / L . E .  -  L o o k .R . /L o o k .L . 8 517 1 8 517 9.56 1%

In te ra c t io n •

T r ip le  In te ra c t io n 3 886 : 1 3 886 4 .36 ' 5%'

37 933 7 '

Intragroup 21 392 24 891

59 325 31 1 9 1 4

N a s a l /T e r o p o r a l 8 416 1 8 4 1 6  ‘ 9 .45 l %

ro



T ab le  I I I

MAXIMUM VELOCITIES OP 10° LATERAL SACCADIC EYE MOVEMENTS

D egree  p e r  Second 

S u b je c t :  D.D,

R ig h t  Eye L e f t  Eye

L ooking  R L ook in g  L L o ok in g  E Looking  L
Tempor. N a sa l N a sa l Tempor.

C e n te r - R ig h t

o u t  349 
362 
3^9 
387

l n  362  
389 
389 
404

o u t  404 
420
375
404

i n  375 
389 
389 
389

i n  420 o u t  437 i n  437 o u t  375
375 404 389 362

C e n te r - L e f t 375 420 404 375
404 389 404 349

AVERAGE: R ig h t  Eye 385 L e f t  Eye 390 D i f f e r e n c e  n o t  s i g n i f i c a n t
L ook ing  R 388 L ooking  L 387 D i f f e r e n c e  n o t  s i g n i f i c a n t
N a sa l  402 T em poral 373 D i f f e r e n c e  s i g n i f i c a n t  a t

.1% L e v e l
l n  392  Out 382 D i f f e r e n c e  s i g n i f i c a n t  t

. ' 5% L e v e l
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T a b le  IV

MAXIMUM VELOCITIES OP 10°  LATERAL SACCADIC 

E:*E MOVEMENTS 

D egrees p e r  Second 

S u b je c t  P.M.

R ig h t  Eye L e f t  Eye

L ook ing  
R Tempor,

L ooking  
L N a s a l

Looking  
R N a sa l

L ook ing  L 
T em poral

o u t  4 l6 l n  4-16 o u t 4 l6 i n  434
399 416 434 434

C e n te r  - 399 383 399 383
R ig h t .369 416 369 383

i n  4-16 o u t  399 in 369 o u t  399
383 416 399 383 \

C e n te r  - 369 416 342 399
L e f t 369 416 330 399

AVERAGE: R ig h t  Eye 400 L e f t  Eye 392 D i f f e r e n c e  Not
S i g n i f i c a n t

L ooking  R 406 L ook ing  L 386 D i f f e r e n c e  s i&
n i f i c a n t  a t  1$> 
l e v e l

N a sa l  396 T em poral 396 D i f f e r e n c e  n o t
s i g n i f i c a n t

I n  390 Out 402 D i f f e r e n c e  n o t
s i g n i f i c a n t
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T a b le  V

RATIO OF AVERAGE MAXIMUM VELOCITIES OF 

10° LATERAL SACCADIC EYE MOVEMENTS

- D.D.
S u b je c t

L.C„ P.M.

R ig h t  E y e /L e f t  Eye .99 ,95* 1 .0 2

L ook in g  R / L ook ing  L 1 .0 0 1 . 11*** 1 . 05**

N a s a l  /  T em poral 1 .08*** 1 .08** 1 .0 0

I n  /  Out 1 .03* 1 .0 2 .97

-  R a t io  d i f f e r s  from 1 .0 0  a t  Sf° l e v e l  o f
s i g n i f i c a n c e

-  R a t io  d i f f e i ’s from 1 .0 0  a t  1% l e v e l  o f
s i g n i f i c a n c e

-  R a t io  d i f f e r s  from 1 .0 0  a t  . 1$  l e v e l  o f
s i g n i f i c a n c e  ,
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B . P u l s e  S t i m u l i .

By d e p r e s s i n g  th e  r a ic ro s w i tc h  f o r  o n ly  a  h r l e f  

p e r i o d ,  p u l s e  s t i m u l i  were p ro d u ced  i n  which neon  b u lb  

N2 was l i t  up f o r  s h o r t  p e r io d s  w h ile  b u lb  was o f f .  

B e fo re  and  a f t e r ,  th e  r e v e r s e  h e l d .  I t  was p o s s i b l e  in  

t h i s  way t o  p ro duce  p u l s e  s t i m u l i  o f  d u r a t i o n  o f  a s  low 

as  40 m i l l i s e c o n d s ,  and  th e  re s p o n s e  was s t u d i e d  f o r  

p u l s e  s t i m u l i  be tw een  40 and 500 m i l l i s e c o n d s  i n  d u r 

a t i o n .

The r e s p o n s e  c o n s i s t s  o f  a s a c c a d i c  movement 

b r i n g i n g  th e  e y e s  f u l l y  o v e r  t o  th e  p o s i t i o n  c o r r e s p o n d 

in g  t o  th e  p o s i t i o n  o f  neon b u lb  N20 The r e a c t i o n  tim e  

f o r  t h i s  movement i s  o f  th e  o r d e r  o f  120— 140 m i l l i 

s e c o n d s .  A r e t u r n  sweep o c c u rs  e i t h e r  200— 250 m i l l i 

se co n d s  a f t e r  th e  eye has r e a c h e d  th e  new p o s i t i o n  o r  

120 m i l l i s e c o n d s  o r  so  a f t e r  th e  r e t u r n  o f  th e  s t im u lu s  

t o  i t s  o r i g i n a l  p o s i t i o n ,  w h ic h ev e r  i s  th e  l a t e r .

T h is  I s  i l l u s t r a t e d  s c h e m a t i c a l ly  i n  f i g u r e  9 .
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£ .  S te p  V e l o c i t y  S t i m u l i .

I n  o r d e r  t o  g e n e r a t e  v i s u a l  s t i m u l i  moving 

w i th  c o n s t a n t  a n g u la r  v e l o c i t y  a c r o s s  th e  v i s u a l  f i e l d ,  

th e  f o l lo w in g  a p p a r a tu s  was c o n s t r u c t e d ;

L ig h t  from a p r o j e c t o r  was r e f l e c t e d  by a 

f i x e d  m i r r o r  i n t o  a m ovable m i r r o r  and from t h e r e  o n to  

a  l a r g e  c y l i n d r i c a l  s c r e e n  o f  150cm r a d i u s ,  a t  th e  c e n t e r  

o f  c u r v a tu r e  o f  which was s i t u a t e d  the  s u b j e c t ' s  h e a d .  

T h is  e n s u re d  t h a t  th e  s t im u lu s  l i g h t  was a t  a l l  t im e s  

e q u i d i s t a n t  from th e  s u b j e c t * s  e y e s ,

The m ovable m i r r o r  was mounted on a b a s e  which 

r o t a t e d  a ro u n d  a  v e r t i c a l  a x i s .  A 12” l e v e r  w i th  a 

r o l l e r  a t  i t s  end  was a t t a c h e d  t o  th e  b a s e  and th e  l e v e r  

was h e ld  w i th  a s p r i n g  so  t h a t  th e  r o l l e r  moved a lo n g  

th e  edge o f  a  cam, which was r o t a t e d  a t  a  c o n s t a n t  sp eed  

f o r  a  g iv e n  r u n .  F o r  d i f f e r e n t  r u n s ,  r o t a t i o n  o f  th e  

cam c o u ld  be s e t  a t  v a r io u s  sp e ed s  by a d j u s t i n g  th e  

s e t t i n g  o f  a v a r i a b l e  sp e e d  to r q u e  c o n v e r t e r  i n t e r p o s e d  

be tw een  th e  cam s h a f t  and  a c o n s t a n t  sp e ed  e l e c t r i c  

m o to r .  The cam was c o n s t r u c t e d  so  t h a t  i n  one o f  i t s  

r o t a t i o n s  th e  m i r r o r  was r o t a t e d  i n  su ch  a way as  to  

c au se  th e  s t im u lu s  t o  move 30 ° b a ck  and f o r t h  a c r o s s  th e  

s c r e e n  w i th  c o n s t a n t  v e l o c i t y  th ro u g h o u t  each  e x c u r s i o n .
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As th e  m i r r o r  r o t a t e d ,  a  drum m ounted on t h e  

m i r r o r  s h a f t  gave  o f f  o r  tool£ up i n e x t e n s i b l e  s t r i n g  

w hich was w rapped a ro u n d  a  r o t a t a b l e  m e ta l  c y l i n d e r  and  

was h e l d  t i g h t  by  h a v in g  a w e ig h t  a t t a c h e d  t o  i t .  R o ta 

t i o n  o f  th e  m i r r o r  was th u s  com m unicated w i th  an  e x 

t r e m e ly  h ig h  d e g re e  o f f i d e l i t y  t o  th e  m e ta l  c y l i n d e r ,  

on w hich  was m ounted a s m a l l  t h i c k  p i e c e  o f  g l a s s  i n  th e  

p a th  o f  l i g h t  r a y s  e m a n a tin g  from a s m a l l  s t r e a k  f i l a 

ment lamp o p e r a t e d  on a  1 ,5  V o l t  b a t t e r y  and b r o u g h t  t o  

a  fo c u s  i n  th e  p la n e  o f  th e  f i lm  o f  th e  camera by a  l e n s  

and a  m i r r o r .  By p r o p e r  c h o ic e  o f  th e  s i z e  o f  th e  drum • 

and  c y l i n d e r ,  the . t h i c k n e s s  o f  th e  g l a s s  p l a t e  and  th e  

a x i s  o f  i t s  r o t a t i o n  i t  was p o s s i b l e  t o  g e n e r a t e  on th e  

f i lm  a c u rv e  w hich  p r e c i s e l y  r e p r e s e n t s  the ' movement 

t h a t  th e  e y es  would have t o  make in  f o l lo w in g  p e r f e c t l y  

and synchronously th e  movement o f  th e  t a r g e t  a c r o s s  th e  

s c r e e n .  A tim e s c a l e  was e s t a b l i s h e d  on th e  f i lm  e i t h e r  

by i n t e r r u p t i n g  th e  s t im u lu s  beam e v e ry  1 /100  seco nd  

by a s e c t o r  d i s c  d r i v e n  by a syrrhronous m o to r ,  o r  by 

r e c o r d i n g  th e  movement o f  o n ly  one eye and u s i n g  th e  

o t h e r  eye  tu b e  t o  fo c u s  th e  image o f  a S t r o b o ta c  f l a s h 

in g  a t  th e  r a t e  o f  100 p e r  s e c o n d .  I n  g e n e r a l  i t  was 

n o t  n e c e s s a r y ,  ho w ev er ,  t o  p l a c e  a t im e  s c a l e  e x p l i c i t l y
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on th e  f i l m ,  s in c e  th e  a p p a r a tu s  was d e s ig n e d  and has 

b e e n  r e p e a t e d l y  d e m o n s tra te d  t o  be h i g h ly  r e l i a b l e  i n  th e  

t im e  d im e n s io n .

A m an u a lly  o p e r a te d  m e c h a n ic a l  s h u t t e r  was o r o v i -  

ded  which when r a i s e d  ex p o sed  s i m u l t a n e o u s ly  th e  l i g h t  

s t im u lu s  t o  th e  s c r e e n  and th e  s i g n a l  beam to  th e  f i lm  

and  when lo w e re d  i n t e r c e p t e d  b o th  beam s.

The s u b j e c t ' s  eye movements were r e c o rd e d  when th e  

s u b j e c t  was i n s t r u c t e d  to  lo o k  a t  th e  b la n k  (d a rk )  s c r e e n  

and  s u d d e n ly  a  l i g h t  s p o t  a p o e a re d  somewhere i n  th e  c en 

t r a l  r e g i o n  and m oving h o r i z o n t a l l y  w i th  a  s t e a d y  v e l 

o c i t y .  The s p o t  was r e c t a n g u l a r  o f  1 0 ' h o r i z o n t a l  w id th  

and  2 0 ' i n  th e  v e r t i c a l  d i r e c t i o n .  Care was t a k e n  to  

random ize  b o th  th e  v e l o c i t y  o f  th e  s p o t  and’ i t s  p o s i t i o n  

when i t  f i r s t  a p p e a re d .

T y p ic a l  r e c o r d s  o b ta in e d  a r e  shown l n  f i g u r e s  ( l l )  

and  ( 1 2 ) .  G e n e ra l  c o n c lu s io n s  c o n c e rn in g  th e  re s p o n s e  

t o  t h i s  p a r t i c u l a r  ty p e  o f  s t im u lu s  l n  t h r e e  s u b j e c t s  a r e  

th e  f o l lo w in g :

( l )  T here  i s  a  r e a c t i o n  tim e  o f  150-250 m i l l i 

se co n d s  b e f o r e  any re s p o n s e  a p p e a r s .  The r e a c t i o n  t im e  

s e e m s ' t o  be l o n g e r  when th e  v e l o c i t y  was s lo w e r .  No 

a t t e m p t  was made to  s tu d y  th e  r e l a t i o n  be tw een  r e a c t i o n



F ig .  11

F ig . .  12

Eye movements i n  r e s p o n s e  to  

a t a r g e t  moving w i th  a c o n s t a n t  v e l o c i t y
of 9°* p e r  s e c o n d #
Heavy t r a c e  — s t im u lu s
L ig h t  t r a c e  — c o rn e a l  r e f l e x

V e r t i c a l  l i n e s  — t im e  i n  10 m i l l i s e c o n d s

F i g . . 1 2 . ,  The sam e. T a rg e t  v e l o c i t y  5° p e r  sec
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t im e  and  d i f f e r e n c e  be tw een  th e  p o s i t i o n  o f  th e  eye and 

o f  th e  s p o t  when i t  f i r s t  a p p e a re d ,

( 2 ) When th e  v e l o c i t y  i s  be low  25°~30° p e r  seco n d  

t h e r e  i s  u s u a l l y  a  s a c c a d i c  movement a t  th e  end  o f  th e  

r e a c t i o n  tim e  w hich b r in g s  th e  eyes  o n to  th e  t a r g e t  

a f t e r  which th e  e y e s  s t a r t  t o  move im m e d ia te ly  w i th  a 

v e l o c i t y  e x a c t l y  t h a t  o f  th e  t a r g e t .  D u r in g  th e  c o u rs e  

o f  f o l lo w in g  th e  t a r g e t  t h e r e  a r e  o f t e n  s m a l l  s a c c a d ic  

movements o f  1°  o r  som etim es mor e back  and f o r t h  a ro u n d  

th e  t a r g e t  w i th o u t  any s u b s e q u e n t  change i n  th e  v e l o 

c i t y  o f  th e  eye m ovem ents. The movement o f  th e  e y es  

i s  e x t r e m e ly  smooth and c o n s t a n t  i n  v e l o c i t y  i n  b o th  

e y e s  down to  th e  r e s o l v i n g  power o f  th e  In s t ru m e n t  b o th  

i n  t h e  t im e  and p o s i t i o n  d im e n s io n .

When th e  v e l o c i t y  o f  th e  t a r g e t  i s  more th a n  

a b o u t  25° - 30 °  p e r  se c o n d ,  f o l lo w in g  movements a r e  ob

s e r v e d ,  b u t  th ey  a r e  u s u a l l y  s u b s t a n t i a l l y  s lo w e r  th a n  

t h a t  o f  th e  t a r g e t  and  more f r e q u e n t l y  i n t e r s p e r s e d  

w i t h  s a c c a d ic  movements.

(3 )  When th e  t a r g e t  d i s a p p e a r s  due to  lo w e r in g  

o f  th e  s h u t t e r ,  th e  eyes  u s u a l l y  c o n t in u e  th e  f o l lo w 

in g  movement f o r  100 -  200 m i l l i s e c o n d s .  I n  th e  

p e r i o d s  be tw een  t r i a l s , i . e . ,  when th e  s c r e e n  i s
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c o m p le te ly  d a rk  and  s t r u c t u r e l e s s ,  eyemovements a r e  

u s u a l l y  e x e c u te d  t h a t  c o n ta in e d  b o th  s a c c a d i c  and 

smooth v e l o c i t y  com ponents .

(4 )  D u r in g  t h e  co u rse  o f  f o l lo w in g  a c o n s t a n t l y  

moving s t im u lu s  t h e r e  a r e  u s u a l l y  no changes i n  th e  

v e l o c i t y  o f th e  f o l lo w in g  movements. Even i f  th e  

l a t t e r  a r e  to o  s lo w , th e  movements c o n t in u e  on a t  th e  

same sp e e d  b u t  a r e  f r e q u e n t l y  i n t e r r u p t e d  by s a c c a d ic  

movements t o  r e d u c e  th e  p o s i t i o n  e r r o r .  O c c a s io n a l ly  

t h e r e  a r e  changes i n  th e  v e l o c i t y  of t h e  sm ooth move

ments b u t  th e y  a r e  n o t  alw ays i n  the  d i r e c t i o n  o f  

r e d u c in g  th e  v e l o c i t y  e r r o r .

S i m i l a r  r e s u l t s  were o b ta in e d  when th e  s t im u lu s  

was s t a t i o n a r y  and th e n  su d d e n ly  s t a r t e d  to  move w i th  

a  c o n s t a n t  v e l o c i t y .

D. C o n t in u o u s ly  V a ry in g  V e l o c i ty  S t i m u l i

I n  o r d e r  t o  r e c o r d  th e  e y e  movement re s p o n se  t o  

o t h e r  t h a n  c o n s t a n t  v e l o c i t y  v i s u a l  s t i m u l i ,  a  cam 

was c o n s t r u c t e d  which p ro d u ced  c o n t in u o u s  v a r i a t i o n s  

o f  th e  v e l o c i t y  o f  th e  s p o t  m oving a c r o s s  th e  s c r e e n .  

The v a r i a t i o n s  a r e  u n p r e d i c t a b l e  t o  th e  s u b j e c t  and 

c o n t a i n  a  number o f  r e v e r s a l s  i n  d i r e c t i o n .  The r e s 

ponse  was r e c o rd e d  f o r  th e  f i r s t  few p r e s e n t a t i o n s
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o f  th e  cam i n  t h r e e  young o b s e r v e r s  w i th o u t  any v i s u a l  

d e f e c t s . The r e s u l t s  a s  o u t l i n e d  be low  were i d e n t i c a l  

i n  a l l  t h r e e  s u b j e c t s  and  seemed t o  show no changes 

even  a f t e r  20 r e p e t i t i o n s .

E s s e n t i a l l y  th e  re s p o n s e  was c h a r a c t a r l z e d  by 

t h e s e  f e a t u r e s :

(1 )  The t r a c k i n g  movements c o n s i s t  o f  c o n s t a n t  

v e l o c i t y  f o l lo w in g  movements i n t e r s p e r s e d  w ith  s a c c a d i c  

movements.,

( 2 ) Changes i n  v e l o c i t y  o f  th e  sm ooth f o l lo w in g  

movements a r e  a lw ays d i s c r e t e  and  o c c u r r e d  a t  i n t e r -  •. 

v a l s  o f  n o t  l e s s  th a n  100 m i l l i s e c o n d s  and  u s u a l l y

T hese  changes a r e  u s u a l l y  a s s o c i a t e d  w i th  s m a l l  

s a c c a d i c  movem ents. O c c a s io n a l ly  s m a l l  s e c t i o n s  o f  

r e c o r d s  lo o k  a s  though  sm ooth and r a t h e r  s low  changes 

i n  v e l o c i t y  o f  f o l lo w in g  movements had  o c c u r r e d .  On 

c a r e f u l  a n a l y s i s  i t  i s  i n v a r i a b l y  p o s s i b l e  t o  o b se rv e  

s t r e t c h e s  o f  movement o f  c o n s t a n t  v e l o c i t y  s e p a r a t e d  

by " k n e e s " ,  i . e . ,  s h o r t  p e r i o d s  o f  th e  o r d e r  o f  20 

m i l l i s e c o n d s  d u r in g  which a  change had  o c c u r r e d  from 

one v e l o c i t y  t o  a n o th e r .

(3 ) The l a g  be tw een  p ro m in e n t  changes i n  th e  

s t im u lu s  v e l o c i t y  and  th e  c o n c o m ita n t  changes i n  th e
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r e c o r d  d u r in g  v i s u a l  t r a c k i n g  o f  a s p o t  

moving i n  an  unkhown m anner. L eng th  o f  

r e c o r d  one s e c o n d .  S e p a r a t io n  o f  t a r g e t  

and c o r n e a l  r e f l e x  t r a c e s  a t  b e g in n in g  o f
•*i

r e c o r d  c o r re s p o n d s  t o  a c c u r a t e  b i n o c u l a r  

f i x a t i o n  o f  t a r g e t .



3y
e y e  movement r e s p o n s e ,  i s  u s u a l l y  o f  th e  o r d e r  o f  100-  

150 m i l l i s e c o n d s ,

F ig u r e  13 , a  t y p i c a l  exam ple o f  eye movements 

d u r in g  t r a c k i n g  o f  a n  unknown v i s u a l  s t i m u l u s ,  c l e a r l y  

i l l u s t r a t e s  the  above p o i n t s .

I t  was p o s s i b l e  t o  p rod uce  a h o r i z o n t a l  s i n e  

m o tio n  o f  th e  t a r g e t  a c r o s s  th e  s c r e e n  by a t t a c h i n g  an  

arm l i n k e d  to  th e  m i r r o r  t u r n t a b l e  e c c e n t r i c a l l y  on a  

r o t a t i n g  d i s c .

On f i r s t  f o l lo w in g  su ch  s in e  m o t io n s ,  th e  eye 

movements show a l l  th e  c h a r a c t e r i s t i c s  en u m e ra ted  a b o v e .  

However, r e c o r d s  o b ta in e d  a f t e r  r e p e a t i n g  a s in e  c y c le  

a b o u t  12-15  t im e s  show t h a t  a c o n s i d e r a b le  amount o f  

l e a r n i n g  h a d  ta k e n  p l a c e .  T here  a r e  t h e n  d e f i n i t e  

s t r e t c h e s  o f  th e  r e c o r d  d u r in g  which smooth and s lo w  

a c c e l e r a t i o n  o r  d e c e l e r a t i o n  o f  th e  eye movements can  

be  s e e n  and  th e  l a g  be tw een  th e  s t im u lu s  and  th e  r e s 

p o nse  i s  a ro u n d  z e r o ,  som etim es even  n e g a t i v e .  T h is  

i s  c o n fo rm i ty  w i th  f i n d i n g s  o f  w orkers  i n  th e  U. S ,

Navy E l e c t r o n i c s  L a b o r a to r y  i n  San D iego  ( s t i l l  u n 

p u b l i s h e d )  ,
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Eye movements in d u c e d  by d i c o n t i n u o u s l y  

exposed  moving s t i m u l u s „ S t im u lu s  l i n e  

c o r re s p o n d s  t o  movement w hich th e  t a r g e t  would 

have  made had  i t  b een  c o n t in u o u s ly  e x p o se d .  

A c t u a l ly  i t  was exposed  f o r  10 m i l l i s e c o n d s  

e v e ry  120 m i l l i s e c o n d s S t i m u l u s  l i n e  i n t e r r u p t e d  

e v e ry  10 m i l l i s e c o n d s .  Note smooth f o l lo w in g  

movements a f t e r  t a r g e t  had been  moving o n ly  

a b o u t  300 m i l l i s e c o n d s , ,  i . e . ,  a f t e r  a t  most t h r e e  

s h o r t  f l a s h e d  i n  s p a t i a l  s e p a r a t i o n  c o r r e s p o n d in g  

t o  movement had  b e e n  p r e s e n t e d .  Note a l s o  t h a t  

f o l lo w in g  movement does n o t  c o r re sp o n d  i n  speed  

t o  t h a t  o f  t a r g e t .  S e p a r a t io n  o f  t a r g e t  and 

c o r n e a l  r e f l e x  t r a c e s  a t  b e g in n in g  o f  r e c o rd  

c o r re s p o n d s  t o  a c c u r a t e  b i n o c u l a r  f i x a t i o n  o f

t a r g e t .



4-1

E , D ls o o n t ln u o u s ly  E xposed Moving S t i m u l i .

The e x p e r im e n t  d e s c r i b e d  i n  t h e  p r e v io u s  s e c t i o n  

was r e p e a t e d  w i th  a h  e p i s c o t i s t e r  p l a c e d  be tw een  th e  

s t im u lu s  p r o j e c t o r  and th e  s c r e e n .  I n  t h i s  manner i t  

was p o s s i b l e  to  p r e s e n t  th e  moving s t i m u l i  o f  v a r io u s  

k in d s  ex posed  f o r  o n ly  10 m i l l i s e c o n d s  e v e ry  120 and  

2^0- m i l l i s e c o n d s .  A t th e  u s u a l  t a r g e t  sp e ed s  th e  10 

m i l l i s e c o n d  e x p o su re  was so  b r i e f  t h a t  no movement o f  

th e  t a r g e t  c o u ld  be o b se rv e d  d u r in g  th e  e x p o su re  t im e .  

One may d e s c r i b e  th e  s t im u lu s  s i t u a t i o n  a s  t h a t  o f  

10 - m i l l i s e c o n d  l i g h t  f l a s h e s  a t  i n t e r v a l s  o f  120 and  

2^0 m i l l i s e c o n d s  e a c h  s e p a r a t e d  from th e  p r e c e d i n g  one 

by  th e  d i s t a n c e  d i c t a t e d  by th e  ty p e  and sp eed  o f  

movement.

F ig u r e  1^ i l l u s t r a t e s  t h a t  t h i s  s t im u lu s  s i t u a 

t i o n  can  g iv e  r i s e  to  smooth f o l lo w in g  movements . ju s t  

a s  i f  t h e  t a r g e t  were a c t u a l l y  moving.. I t  i s  t o  be 

n o te d  t h a t  much more use  i s  made o f  s a c c a d i c  movements 

t o  red u ce  the  p o s i t i o n  e r r o r  th a n  i n  th e  s i t u a t i o n  

where t h e  s t im u lu s  i s ' c o n t i n u o u s l y  p r e s e n t ,  The r e 

s u l t s  th ro w  f u r t h e r  l i g h t  on t h e  mechanism in d u c in g  

f o l lo w in g  movements., T hey , t o o ,  open up a wide f i e l d  

f o r  f u r t h e r  i n v e s t i g a t i o n .
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I t  would be  o f  i n t e r e s t ,  f o r  example t o  know 

w h e th e r  th e  a d ju s tm e n ts  i n  v e l o c i t y  and p o s i t i o n  o c c u r  

w i th  f r e q u e n c ie s  c l u s t e r e d  a ro u n d  th e  i n t e r v a l  be tw een  

s u c c e s s iv e  e x p o su re s  o f  th e  s t im u lu s  o r  m u l t i p l e s  

t h e r e o f s A n o th e r  p r o f i t a b l e  l i n e  o f  e n q u i r y  c o u ld  

c o n c e rn  i t s e l f  w i th  th e  s tu d y  o f  th e  e f f e c t  o f  changes 

i n  r a t e  o f  i n t e r r u p t i o n  o f  th e  s t im u lu s  on th e  move

m ent r e s p o n s e  o f  th e  e y e s .



Section III

DISCUSSION AND THEORETICAL FORMULATION

A, I n t r o d u c t i o n .

The r e c o r d s  o f  eye movement r e s p o n s e s  t o  v i s u a l  

s t i m u l i  which have  b een  d e s c r i b e d  i n  S e c t i o n  I I  show 

th e  combined e f f e c t s  o f  a l l  f a c t o r s  c o n t r i b u t i n g  to  

t h e s e  m ovem ents. W ith some d e g re e  o f  a r b i t r a r i n e s s  

we may c l a s s i f y  t h e s e  u n d e r  two b ro a d  h e a d in g s :  f i r s t ,

a l l  f a c t o r s  and c o n t r i b u t i n g  ' t o  th e  change i n

t e n s i o n  o f  th e  eye  m usc les  a n d ,  s e c o n d ,  th e  m e c h an ica l  

f a c t o r s  o f  i n e r t i a ,  f r i c t i o n ,  and e l a s t i c i t y  o f  th e  

o r b i t a l  t i s s u e s  w hich g o v e rn  th e  changes i n  p o s i t i o n  o f  

th e  e y e b a l l  i n  r e s p o n s e  t o  change i n  e x t r a - o c u l a r  

m u sc le  t e n s i o n .

T h e re  a r e  a number o f  a d v a n ta g e s  to  t h i s  a p p ro a c h .  

To b e g in  w i th ,  we have a v a i l a b l e  a number o f  p h y s i c a l  

c o n c e p ts  -  i n e r t i a ,  f r i c t i o n ,  e l a s t i c i t y  and so  on 

c a p a b le  a t  b e s t  o f  a c t u a l  e x p e r im e n ta l  v e r i f i c a t i o n  

and  a t  l e a s t  o f  f e a s i b l e  n u m e r ic a l  e x p r e s s i o n  from 

known d a t a  o f  o t h e r  i n v e s t i g a t i o n s .  I t  i s  p o s s i b l e  

t o  f a c t o r  o u t  w i th  some p r e c i s i o n  t h e s e  p u r e l y  mechan

i c a l  a s p e c t s  o f  an  eye movement, a l l o w in g  u s  t o  draw  

d e f i n i t e  c o n c lu s io n s  c o n c e rn in g  th e  o c u lo -m o to r  r e a c 
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t i o n  p a t t e r n  o f  th e  c e n t r a l  n e rv o u s  sy s tem  t o  v i s u a l  

s t i m u l i .  I n  su ch  a v iew  i t  i s  n e c e s s a r y  to  lump th e  

phenomena o f  m u s c u la r  c o n t r a c t i o n  in  w i th  th e  c e n t r a l  

n e rv o u s  o n e s .  T h is  i s  n o t  a s e r i o u s  o b j e c t i o n  s i n c e  

t h e  eye m u sc le s  a r e  s i n g u l a r l y  w e l l  c o n t r o l l e d  and  cap 

a b le  o f  v e ry  d e l i c a t e  a d ju s tm e n t  and s i n c e  i n  any c ase  

we a r e  c o n ce rn e d  w i th  th e  changes in  m uscle  t e n s i o n  and 

n o t  th e  m anner i n  which t h e s e  a r e  b ro u g h t  a b o u t .

An i l l u s t r a t i o n  o f  o u r  mode o f  a p p ro a c h  i s  g iv e n ,  

i n  f i g u r e  15 , t a k e n  from Brown and Cam pbell (19^-8), 

w hich  shows s c h e m a t i c a l l y  th e  r e s p o n s e  o f  a h y p o t h e t i 

c a l  sy s tem  t o  a  command. L e t  u s  r e g a r d  th e  eye move

m ent a s  th e  " o u tp u t"  and  let"command" r e f e r  t o  th e  

changes  i n  m usc le  t e n s i o n .  Our a t t e m p t  w i l l  be to  

d e f i n e  a  sy s tem  e q u a t io n  r e l a t i n g  th e  tw o, and  t h i s '  

w i l l  be done by show ing t h a t  f o r  a s a c c a d i c  movement 

t h e r e  i s  good p h y s i o l o g i c a l  e v id e n c e  f o r  th e  p o s t u l a t i o n  

o f  a r a t h e r  a b r u p t ,  o r  n e a l y  s t e p  change i n  m uscle  

t e n s i o n .  A s t e p  in p u t  happens to  be one i n p u t  w h ich , 

when r e l a t e d  t o  th e  c o r re s p o n d in g  o u t p u t ,  a l lo w s  th e  

r a t h e r  r e a d y  f o r m u la t i o n  o f  a sy s tem  e q u a t i o n .  Once 

t h i s  has  been  a c h i e v e d ,  one c a n ,  on th e  h a n d ,

d e d u c e ,  on th e  b a s i s  o f  t h i s  e q u a t i o n ,  th e  s t im u lu s
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F i g ,  15

Comparison b e tw een  command and o u tp u t  

f o r  a h y p o t h e t i c a l  sy s tem  w i th  c h a r 

a c t e r i s t i c s  s i m i l a r  t o  th o s e  p o s t u l a t e d  

t o  e x i s t  i n  t h e  o r b i t  ( a f t e r  Brown and 

C a m p b e ll ) .
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f o r  a  g iv e n  r e c o r d e d  r e s p o n s e  a n d ,  on th e  o t h e r ,  p r e 

d i c t  a  r e s p o n s e  to  a  g iv e n  command.

We a r e  th e n  l e f t  w i th  th e  k e r n e l  o f  th e  p rob lem  

o f  t h i s  d i s s e r t a t i o n :  th e  s tu d y  o f  th e  r e l a t i o n  o f

th e  v i s u a l  s t im u lu s  and  th e  r e s u l t i n g  command to  th e  

e x t r a - o c u l a r  m u s c le s .

B , The C o n t r ib u t i o n  o f  O r b i t a l  M e c h a n ic a l  F a c to r s  to  

O bserved  Eye Movement C h a r a c t e r i s t i c s .

The a v a i l a b l e  l i t e r a t u r e  does n o t  c o n t a in  any 

r e c o r d s  o f  e i t h e r  th e  change i n  n e rv e  im p u lse s  t o  th e  

e x t r a - o c u l a r  m u sc le s  o r  th e  change i n  t e n s i o n  i n  th e s e  

m u sc le s  d u r in g  a  s a c c a d ic  movement.

L a b y r in th in e  s t i m u l a t i o n ,  an d  p a r t i c u l a r l y  th e  

f a s t  phase  o f  n y s ta g m u s , p ro d u c e s  eye movements which 

re sem b le  s a c c a d i c  movements v e ry  c l o s e l y .  F ig u r e  16 

shows th e  f a s t  p h ase  o f  t h e  n y s tag m u s  o f  a  p a t i e n t  

w i th  c o n g e n i t a l  nystagm us a n d ,  f o r  co m p a riso n ,  a  s a c c a 

d i c  movement o f  e q u a l  e x t e n t  i n  a  n o rm al r u b j e c t .  The 

two movements show v e ry  much th e  same c h a r a c t e r i s t i c s .  

A c c u ra te  r e c o r d s  were o b ta in e d  by L o re n te  de No 

( 1 9 3 5 ) o f  th e  changes i n  m usc le  t e n s i o n  d u r in g  n y s t a g 

mus. ; The f a s t  p h ase  i s  c h a r a c t e r i z e d  by a  v e ry  r a p i d  

r i s e  i n  t e n s i o n  o f  t h e  a g o n i s t ,  maximum t e n s i o n  b e in g
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M r ta f lM i

F i g .  16

Comparison o f  eye movements o f  s u b j e c t  w i th  

c o n g e n i t a l  nystagm us ( lo w er  r e c o r d )  w i th  a 

s a c c a d ic  movement o f  e q u a l  e x t e n t  in  a norm al 

s u b j e c t  (upp er  r e c o r d  -  t im e  l i n e  i n t e r r u p t e d  

e v e ry  10 m i l l i s e c o n d s ) .



a c h ie v e d  i n  25 t o  30  m i l l i s e c o n d s .  T here  i s  a  con

c o m i ta n t  r e l a x a t i o n  o f  th e  a n t a g o n i s t ,  b u t  th e  two 

e f f e c t s  a r e  n o t  a lw ays  i n  s t r i c t  sy n c h ro n y .

S z e n ta g o th a i  (1 9 5 2 ) ,  i n  a  r e c e n t l y  p u b l i s h e d  mono

g r a p h ,  shows r e c o r d s  o f  t h e  c o n t r a c t i o n  o f  th e  eye 

m u sc le s  in duced  by s t i m u l a t i o n  o f  th e  l a b y r i n t h .  The

r e a c t i o n  tim e i s  o n ly  10 m i l l i s e c o n d s  and th e  maximum
( c o n t r a c t i o n

i s  r e a c h e d  i n  20-25 m i l l i s e c o n d s . D u rin g  a  t e t a n i c  

b lo c k  (250 s t i m u l i  p e r  se co n d )  a p p l i e d  t o  th e  I I I  n e rv e  

n u c le u s  th e  eye m usc le  v e ry  q u ic k ly  re a c h e s  i t s  peak  

t e n s i o n  which i s  h e ld  d u r i n g  th e  whole p e r i o d  o f  s t im u 

l a t i o n .  The p e ak  c o n t r a c t i o n  i s  r e a c h e d  w i th o u t  o v e r 

s h o o t .  Cooper and  E c c le s  (1930) i n  t h e i r  c l a s s i c a l  

p a p e r  showed t h a t  th e  c o n t r a c t i o n  tim e o f  an  e x t r a - ,  

o c u l a r  m uscle  f o r  an  i s o l a t e d  t w i t c h  i s  o n ly  a b o u t  7 

m i l l i s e c o n d s ,  by f a r  th e  s h o r t e s t  o f  any m usc le  i n  th e  

b o d y ,

M cIn ty re  (1939) s t u d i e d  th e  a c t i o n  p o t e n t i a l  o f  

t h e  n e rv e  s e r v i n g  th e  e x t r a - o c u l a r  m uscle  and  th e  t e n 

s i o n  o f  th e  m usc le  d u r in g  c a l o r i c  n y s ta g m u s , r e c o r d i n g  

t h e  two s i m u l t a n e o u s ly .  He f i n d s ,  a s  d id  L o re n te  de No, 

a  r a p i d  c o n t r a c t i o n  o f  th e  l a t e r a l  r e c t u s  m uscle  d u r 

in g  t h e  f a s t  p h a se  and a  g r a d u a l  r e l a x a t i o n  o f  th e



t e n s i o n  In  t h i s  m usc le  d u r i n g  th e  s lo w  p h a s e ,  I f  th e  

ny s tagm us i s  I n  a  n a s a l  d i r e c t i o n  f o r  t h i s  e y e .  S i m i l a r  

c h a n g e s ,  m u ta t i s  m u tand e , were se e n  i f  th e  nystagm us 

was i n  th e  o p p o s i t e  d i r e c t i o n .  E v id e n ce  from s e v e r a l  

d i r e c t i o n s  t h u s  i n d i c a t e s  t h a t  d u r i n g  t h e  f a s t  p h ase  

o f  nys tagm us  t h e r e  i s  an  a c t i v e  c o n t r a c t i o n  o f  th e  one 

m usc le  r e a c h i n g  a  h i g h  l e v e l  o f  c o n t r a c t i o n  q u ic k ly  

and r e t a i n i n g  t h i s  l e v e l  u n t i l  i t  i s  g r a d u a l l y  re d u c e d  

d u r i n g  th e  s lo w  p h a s e ,  Meanwhile th e  o p p o s in g  m uscle  

i s  r e l a x e d  d u r in g  th e  f a s t  phase  and g r a d u a l l y  i n 

c r e a s e s  i t s  t e n s i o n  d u r in g  th e  s lo w  p h a s e .  E a r l i e r  

work on th e  eye  m u sc le s  d u r in g  nystagm us (McCouch and 

A d le r  (1 9 3 2 ))  and L o re n te  de No (193^) have i n d i c a t e d  

t h i s  and  S h e r r i n g t o n  had  o r i g i n a l l y  d e m o n s t r a te d  i t  f o r  

s k e l e t a l  m u sc le .

I t  i s  im p o r ta n t  t o  c l a r i f y  t h i s  p o i n t  s i n c e  th e  

a c c e l e r a t i o n  c u rv e  i n  f i g u r e  6 l e n d s  i t s e l f  t o  o t h e r  

i n t e r p r e t a t i o n s  w hich  have  o c c a s i o n a l l y  been  p u t  f o r 

w ard- [ S t e t s o n  ( 1 9 0 5 )^ .  I n  such  view s th e  p o s i t i v e  p a r t  

o f  th e  a c c e l e r a t i o n  curve  i s  due to  a c t i v e  c o n t r a c t i o n  

o f  th e  a g o n i s t  d u r in g  th e  movement. L a t e r  d u r in g  th e  

movement th e  a g o n i s t  c e a s e s  to  c o n t r a c t  and a f t e r  a 

v a r i a b l e  t i m e ,  d e p e n d in g  on th e  e x t e n t  o f  th e  movement



t h e  a n t a g o n i s t ,  by a c t i v e  c o n t r a c t i o n  s to p s  th e  move

m en t .  T h is  i s  o f t e n  c a l l e d  a  b a l l i s t i c  movement. A l l  

a v a i l a b l e  e v id e n c e  i s  opposed  to  such  a n  i n t e r p r e t a 

t i o n ,  Making th e  a s su m p t io n  t h a t  s a c c a d i c  movements 

and  th e  f a s t  p h a se  o f  n ys tagm us a r e  a l i k e ,  o r  even  

r e s t r i c t i n g  th e  d i s c u s s i o n  f o r  a  moment to  th e  f a s t  

p h a se  o f  n y s ta g m u s , a l l  r e c o r d s  show a  r e l a x a t i o n  o f  

t h e  o p p o s in g  m usc le  d u r in g  th e  f a s t  p h ase  and  a v e ry  

g r a d u a l  i n c r e a s e  in  t e n s i o n  i n  t h i s  m usc le  d u r in g  th e  

s lo w  p h a s e .  A t th e  same tim e  t h e r e  i s  a  r a p i d  i n c r e a s e  

t o  p resu m ab ly  a  s t e a d y  h ig h  l e v e l  o f  c o n t r a c t i o n  i n  th e  

a g o n i s t  and t h i s  i s  g r a d u a l l y  re d u c e d  d u r in g  th e  s lo w  

p h a s e .  Such a  v iew  r e p r e s e n t s  a  f u l l  j u s t i f i c a t i o n  o f  

th e  c o n c e p t  o f  r e c i p r o c a l  i n n e r v a t i o n .

A p p ly in g  t h i s  t o  s a c c a d i c  movements one can  t h e n  

s a y  w i th  a c o n s i d e r a b l e  d e g re e  o f  j u s t i f i c a t i o n  t h a t  

t h e y  a r e  b r o u g h t  a b o u t  m ere ly  by a change i n  to r q u e  

w hich  th e  e x t r a  o c u l a r  m u sc le s  a r e  a p p ly in g  to  th e  e y e 

b a l l ,  t h e  l a t t e r  coming t o  r e s t  i n  a  p o s i t i o n  r e p r e s e n t 

i n g  an  e q u i l i b r i u m  o f  th e  f o r c e s  a p p l i e d .  I t  i s  h e l p 

f u l  t o  t h i n k ,  and  a lm o s t  c e r t a i n l y  c o r r e c t ,  t h a t  th e  

movements a r e  t r i g g e r e d  o f f  a s  a  u n i t  i n  th e  c e n t r a l  

n e rv o u s  sys tem  and t h a t  th e  change i n  to r q u e  t a k e s  p la c e
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v e ry  q u i c k l y ,  th e  eye coming to  r e s t  i n  a  p o s i t i o n  

d e te rm in e d  by th e  f o r c e s  o p p o s in g  th e  m o tio n .

A m o tio n  su c h  a s  th e  one i l l u s t r a t e d  i n  f i g u r e  5 

c an  be d e s c r i b e d ,  w i th  some d e g re e  o f  g e n e r a l i t y ,  by 

a n  e q u a t io n  o f  th e  .form

. +■ P ( 6 ) +  K(©) = .  f ( t )

w hich  s t a t e s  t h a t  i f  a  f o r c i n g  f u n c t i o n  f ( t ) ,  a  f u n c 

t i o n  o f  t im e ,  i s  a p p l i e d  to  th e  e y e ,  i t  i s  opposed  by 

t h e  i n e r t i a  o f  th e  s y s te m , a f r i c t i o n  te rm  which i s  

a  f u n c t i o n  o f  th e  v e l o c i t y  and  a s p r i n g  te rm ,  which 

i s  a  f u n c t i o n  o f  th e  d i s p la c e m e n t  G.

The s i m p l e s t  l i n e a r  sy s tem  o f  t h i s  k in d  i s  one 

i n  w hich  th e  f r i c t i o n  i s  p r o p o r t i o n a l  t o  t h e  v e l o c i t y  

and  th e  s p r i n g  f o r c e  p r o p o r t i o n a l  t o  th e  d is p la c e m e n t  

from  a  g iv e n  p o s i t i o n .  T h is  b r i n g s  th e  l e f t  hand s id e  

o f  th e  e q u a t io n  i n t o  th e  f o l lo w in g  form 

a 2‘6 +  Axe +  AQ(e  -  e c )

I t  i s  n o t  d i f f i c u l t  t o  a s s i g n  p h y s i c a l  m eaning 

t o  th e  c o n s t a n t s  A£, Aq, and  AQ

Ag i s  th e  moment o f  i n e r t i a  o f  t h e  e y e b a l l .  A^ 

i s  th e  c o e f f i c i e n t  o f  f r i c t i o n  w hich th e  e y e b a l l  e n 

c o u n te r s  i n  t h e  c o u rs e  o f  i t s  movement i n  th e  o r b i t .
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AQ i s  i n  a  l a r g e  m easure  an  e x p r e s s io n  o f  th e  f o r c e  

w i th  w hich  th e  r e l a x e d  m uscle  opposes th e  e x t e n s i o n  

w hich  th e  o t h e r  m usc le  "brings a b o u t  i n  moving th e  e y e 

b a l l  t o  th e  new p o s i t i o n .

I n  th e  s o l u t i o n  o f  t h i s  e q u a t io n  we make a f u r t h e r  

a s s u m p t io n ,  t h i s  t im e  a b o u t  th e  m u sc u la r  f o r c i n g  f u n c 

t i o n .  W hile a l l  t h e  r e f e r e n c e s  c i t e d  seem t o  a g re e  

t h a t  a  movement l i k e  a s a c c a d i c  movement i s  b ro u g h t  

a b o u t  by a  q u ic k  change i n  te n s io n  o f  th e  m u s c le s ,  i t  

i s  u n l i k e l y  t h a t  t h i s  change i s  c o m p le te ly  i n s t a n t a n 

e o u s .  I n  f a c t  i t  i s  q u i t e  l i k e l y  t o  t a k e  20-30  m i l l i 

se co n d s  b e f o r e  th e  p eak  c o n t r a c t i o n  i s  r e a c h e d .  T h is  

i s  s t i l l  o n ly  a  f r a c t i o n  o f  th e  d u r a t i o n  o f  th e  whole 

movement which may l a s t  60 m i l l i s e c o n d s  o r  m ore.

I n  m aking th e  a s su m p t io n  t h a t  th e  change in  

t o r q u e  i s  i n s t a n t a n e o u s  we w i l l  a r r i v e  a t  p h y s i c a l  con

s t a n t s  w hich w i l l  o v e r e s t im a te  th e  c o n t r i b u t i o n  t h a t  

t h e s e  m e c h a n ic a l  f a c t o r s  o f  i n e r t i a ,  f r i c t i o n  and 

e l a s t i c i t y  w i l l  make t o  th e  movement. I t  w i l l  be shown 

t h a t  ev en  th e n  th e y  a r e  s m a l l  enough n o t  t o  c o n ta m in a te  

o u r  r e c o r d s  to o  much and t h a t  we may r e g a r d  p r a c t i c a l l y  

a l l  phenomena w hich  o u r  eye  movement r e c o r d s  demon

s t r a t e  a s  g e n u in e  changes i n  i n n e r v a t i o n  and hence
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a c c u r a t e l y  r e f l e c t i n g  the  c e n t r a l  n e rv o u s  r e s p o n s e  to  

o u r  s t i m u l i .

We can  th e n  w r i t e  down th e  f o l lo w in g  e q u a t io n  

A2e -i- +- A0e = k ( i )

K b e in g  a  c o n s t a n t .  The prob lem  i s  to  e v a l u a t e  t h e  

c o n s t a n t s  Ag, A- ,̂ and  A0 from c u rv e s  su c h  a s  th e  one 

shown in  f i g u r e  5 *

I t  i s  o f  v a lu e  t o  i n t r o d u c e  the  f o l l o w in g  param e- 

t i c  form o f  e q u a t io n  (1) (Trimmer 1950)

+  ?:C: 9. +  (? =  «  ( ( a )

I—  - •  --------------

where — v

(, - -

The s o l u t i o n  o f  ( l a )  c o n s i s t s  o f  two p a r t s ,  th e  comple

m e n ta ry  f a c t i o n ,  w hich i s  th e  s o l u t i o n  t o  th e  e q u a t io n

A  +  % ]?§■ .+  o  a  <i  •
10,} w k

a n d  th e  p a r t i c u l a r  i n t e g r a l  w hich t a k e s  i n t o  a c c o u n t  

t h e  p a r t i c u l a r  ty p e  o f f o r c i n g  f a c t i o n  f ( t ) .

The s o l u t i o n  o f  (2 )  i s  > ;

B - Z  ( &l  Cos  U>t +    ) (3 )

and  e x p re s s e s  th e  manner in  w hich  th e  s t e a d y  s t a t e  

o f  r e s p o n s e  to  t h e  f o r c i n g  f l e c t i o n  i s  r e a c h e d ,  8 t’ 

a n d  ©; a r e  th e  v a lu e s  o f  9 and 6 when t s  0 ,



5^
The c o n s t a n t s  Wn a n d £  c h a r a c t e r i z e  th e  system  

an d  a p p ro x im a te  n u m e r ic a l  s o l u t i o n  ^Trim m er. (1950)/ 

o f  a  number o f  c u rv e s  o f  th e  ty p e  o f  f i g u r e  5 have  

y i e l d e d  a p p ro x im a te  v a lu e s  a s  f o l lo w s :

<  = - 7

« ,  =  1 2 0

A d e s c r i p t i o n  o f  th e  s i g n i f i c a n c e  and  u se  o f

t h e s e  p a ra m e te r s  i s  g iv e n  in  modern d i s c u s s i o n s  o f  s e r v o -  

m echanism [ F i t t s  (1 9 5 1 ) ,  Jam es , e t ,  - a l ,  ( 1 9 ^ 7 ) j ,

I t  m ust be f u l l y  u n d e r s to o d  t h a t  th e  a s su m p t io n  

u n d e r l y i n g  th e  u se  o f  e q u a t io n  (3 ) i s  t h a t  we a r e ,  i n  

f a c t ,  d e a l i n g  w i th  a  l i n e a r  sy s te m . U n f o r t u n a t e ly  

t h e r e  i s  e v id e n c e  t h a t  th e  o c u lo -m o to r  sy s tem  does  n o t  

i n  f a c t  f i t  t h i s  d e s c r i p t i o n .  I n  a  l i n e a r  sy s tem  th e  

r e l a t i o n  be tw een  maximum v e l o c i t i e s  i n  th e  r e s p o n s e s  ■ 

t o  s t e p  s t i m u l i  o f  d i f f e r e n t  e x t e n t s  s h o u ld  be l i n e a r l y  

r e l a t e d  to  th e  s t i m u l u s .  F ig u r e s  7 and 8 show t h a t  t h i s  

i s  n o t  so  i n  th e  sy s tem  u n d e r  d i s c u s s i o n  h e r e .

F o r  th e  tim e b e in g  the  n a t u r e  o f  th e  n o n - l i n e a r i t y  

re m a in s  o b s c u r e .  I t  i s  p r o b a b le  t h a t ,  f o r  s a c c a d i c  

movements o f  s h o r t  e x t e n t ,  l a c k  o f  i n s t a n t a n e i t y  o f  on

s e t  o f  changed to r q u e  p ro d u ce s  a  h ig h  d e g re e  o f  “g u id 

in g "  o v e r  a c o n s i d e r a b l e  p r o p o r t i o n  o f  th e  whole move» 

m e n t ,



A v e ry  l i k e l y  cause  o f  th e  n o n - l i n e a r i t y  would 

be a  f r i c t i o n  term  p r o p o r t i o n a l  to  th e  s q u a re  o f  th e  

v e l o c i t y  r a t h e r  th a n  t h e  v e l o c i t y  i t s e l f  ^ S t o k e r  (1 9 5 0 )J  
a f o r m u la t i o n  o f t e n  u s e d  when d e a l i n g  w i th  f r i c t i o n  

w i t h i n  a  f l u i d .  I t  w ould , f o r  i n s t a n c e ,  e x p l a i n  th e  

f a l l - o f f  from l i n e a r i t y  o f  t h e  maximum v e l o c i t y  c u rv e s  

o f  f i g u r e s  7 and  8 s i n c e  th e  f r i c t i o n  i n c r e a s e s  w i th  

th e  s q u a re  o f  th e  v e l o c i t y  and  th u s  p r o g r e s s i v e l y  

m i t i g a t e s  a g a i n s t  t h e  a t t a i n m e n t  o f  h ig h  v e l o c i t i e s .

Guth (19^7) shows a  t e n s i o n  v e r s u s  e x t e n s i o n  cu rv e  o f  

m u sc le  which i s  e x p o n e n t i a l .  I t  m ig h t  i ? e l l  b e ,  t h e r e 

f o r e ,  t h a t  th e  s p e c i f i c a t i o n  o f  a s p r i n g  c o n s t a n t  i s  

to o  s im p le  a n  a s s u m p t io n ;  th e  t e n s i o n  t o  be overcome 

i n  e x te n d in g  a m usc le  by a g iv e n  amount would th e n  

v a r y  w i th  t h e  i n i t i a l  e x t e n s i o n .  S in c e  th e  p e r c e n ta g e  

e x t e n s i o n  p ro d u ced  by  even  a l a r g e  eye movement i s  q u i t e  

s m a l l ,  t h i s  i s  p ro b a b ly  n o t  a n  im p o r ta n t  c o n s i d e r a t i o n .

A f u l l  a n a l y s i s  o f  t h e s e  p o s s i b l e  c a u s e s  o f  n o n -  

l i n e a r i t y ,  w h i le  f e a s i b l e ,  h a s  n o t  b e e n  a t t e m p te d  in  

t h i s  d i s s e r t a t i o n .

The d e r i v a t i o n  o f  n u m e r ic a l  v a lu e s  f o r  th e  p a r a 

m e te r s  Wn  a n d ^  , w h i le  a d m i t t e d ly  b a s e d  on many assum p

t i o n s  o f  o n ly  a p p ro x im a te  v a l i d i t y ,  i s ,  how ever, o f
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some u s e .  The n a t u r e  o f  th e  c e n t r a l  a s s u m p t io n ,  v i z . ,  

o f  a  s t e p  in c r e a s e  i n  t o r q u e ,  im p l i e s  t h a t  n u m e r ic a l  

v a lu e s  a r r i v e d  by  i t s  u se  w i l l  a lw ays e x a g g e r a te  th e  

p u r e l y  m e c h a n ic a l  f a c t o r s  o f  i n e r t i a ,  f r i c t i o n  and  

e l a s t i c i t y .

I n  th o s e  c a s e s  i n  w h ich  th e  f o r c i n g  f u n c t i o n  i s  

a  c o n s t a n t  o r  c o n s t a n t  r a t e  o f  c h a r g e ,  i . e . ,  i n  th e  

c a s e  o f  a  s t e p  o r  s t e p  v e l o c i t y  f o r c i n g  f u n c t i o n ,  e q u a 

t i o n  (3 ) i s  an  e x p r e s s i o n  o f  th e  d e v i a t i o n s  o f  th e  

sy s te m  from  th e  p o s i t i o n  w hich th e  f u n c t i o n  would com

p e l  i t  t o  assum e i n  th e  a b se n c e  o f  t h e s e  m e c h a n ic a l  

o p p o s in g  f o r c e s .

The f o r m u la t i o n  p r e s e n t e d  h e r e  would g iv e  th e  

maximum e r r o r  due t o  t h e s e  m e c h a n ic a l  f a c t o r s  and  i f  we 

make t h i s  a l lo w a n c e  f o r  t h e s e  we can  deduce  w i th  a 

f a i r  d e g re e  o f  c e r t a i n t y  th e  n a t u r e  o f  su c h  f o r c i n g  

f u n c t i o n s  from th e  eye movement r e c o r d s .

E q u a t io n  3 r e p r e s e n t s  a p e r i o d i c  f u n c t i o n  and 

i f  £ t j n i s  p o s i t i v e  and r e a l  i t  h a s  an  a m p l i tu d e  d e 

c r e a s i n g  w i th  t im e .

S u b s t i t u t i n g  th e  a p p ro x im a te  v a lu e s  f o r  £  and  Wn  

o b t a i n e d  e a r l i e r  and a p p ly in g  e q u a t io n  3 t o  t h e  c ase  o f  

a  f o r c i n g  f u n c t i o n  a p p l i e d  t o  t h e  eye w hich w i l l ,  when
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Command

Steady-state 
error

Period of 
Steady-state 
behaviour

Time-

Figo 17» R esponse  o f  a h y p o t h e t i c a l  s^rstem t o  a
s t e p  v e l o c i t y  f o r c i n g  f u n c t i o n  ( a f t e r  Brown 
and C a m p b e ll )„

Figo IB ,  O nset o f  s t e a d y  c o n s t a n t  v e l o c i t y  movement 
i n  eye„  1B0 m i l l i s e c o n d s  b e f o r e  a rro w  
a c o n s t a n t  v e l o c i t y  t a r g e t  (heavy  t r a c e )  
a p p e a re d  on sc re e n *  Note g r a d u a l  a s su m p t io n ,  
w i th  o s c i l l a t o r y  c h a n g e s ,  o f  a  c o n s t a n t  
v e l o c i t y  whfdh i s  r e a c h e d  a b o u t  60 m i l l i s e c s .  
b e f o r e  s a c c a d ic  movement.

V e r t i c a l  l i n e s  — tim e  i n  10 m i l l i s e c s .
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t h e  t r a n s i e n t s  have s u b s id e d ,  cau se  th e  e y es  to  move 

w i th  a  v e l o c i t y  o f  20°  p e r  se c o n d ,  we f i n d  t h a t  th e  

t r a n s i e n t s  a r e  s m a l l .  W ith in  35 m i l l i s e c o n d s  o f  th e  

o n s e t ,  t h e  t r a n s i e n t s  w i l l  have an  a m p l i tu d e  o f  2 * and 

w i t h i n  55 m i l l i s e c o n d s  t h e y  w i l l  have  an  a m p l i tu d e  o f 

3 6 " .  T h is  means t h a t  t h e  maximum e r r o r  a t  t h e s e  t im e s  

a s  c o u n te d  from th e  o n s e t  o f  th e  f o r c i n g  f u n c t i o n  w i l l  

n o t  ex ceed  th e  v a lu e s  g iv e n .

The e x a c t  shape  o f  th e  r e s p o n s e  cu rv e  can be  d e 

duced  from an  a n a l y s i s  o f  th e  e q u a t io n .  S c h e m a t ic a l ly  

i t  would lo o k  l i k e  f i g u r e  17 , re p ro d u c e d  from Brown 

and  Cam pbell (19^-8), Com parison may be made w i th  f i g u r e  

1 8 ,  w hich  i s  ta k e n  from a n  a c t u a l  r e c o r d  i n  which a 

s t e a d i l y  moving s t im u lu s  was p r e s e n t e d  t o  th e  eye a b o u t  

180 m i l l i s e c o n d s  b e f o r e  th e  a r ro w .

The t r a c e  o f  th e  c o r n e a l  r e f l e x  o f  th e  eye c l e a r 

l y  shows th e  t r a n s i t i o n  p e r i o d  be tw een  z e r o  v e l o c i t y  and a 

s t e a d y  v e l o c i t y  w hich  i s  m a in ta in e d  f o r  a b o u t  60 m i l l i 

se co n d s  b e f o r e  th e  s t e a d y  s t a t e  e r r o r ,  i n c l u d i n g  a  

d i f f e r e n c e  i n  z e r o  p o s i t i o n ,  i s  com oensa ted  f o r  by a 

s a c c a d i c  movement.
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The t r a n s i e n t  p e r i o d  i n  th e  r e c o r d  i s  c h a r a c t e r 

i z e d  by o s c i l l a t o r y  changes and th e  c o n s t a n t  v e l o c i t y  

i s  r e a c h e d  somewhat more s lo w ly  th a n  t h i s  f o r m u la t i o n  

would p r e d i c t  f o r  a  s t e p  v e l o c i t y  i n p u t .  One i s  p r o 

b a b ly  e n t i t l e d  t o  c o n c lu d e  t h a t  th e  l a t t e r  a s su m p t io n  

i s  to o  i d e a l i z e d .

I n  g e n e r a l ,  t h e n ,  we may co n c lu d e  t h a t  f o r  a  

r e a s o n a b ly  s lo w ly  c h a n g in g  f o r c i n g  f u n c t i o n  th e  eye 

fo l lo w s  th e  f o r c i n g  f u n c t i o n  w i th  c o n s id e r a b le  f i d e l i t y .  

I n  p a r t i c u l a r  we may co n c lu d e  t h a t  th e  d i s c r e t e  changes 

i n  eye  v e l o c i t y  e x h i b i t e d  d u r in g  v i s u a l  t r a c k i n g  o f  

a n  unknown t a s k  a r e  i n  f a c t  e x p r e s s io n s  o f  a  d i s c r e t e l y  

c h a n g in g  m o to r  i n p u t .

C. The Mechanism o f  S a c c a d ic  Eye Movements-.

I t  i s  o f  i n t e r e s t  t o  compare th e  a c t u a l  p o s i t i o n ,  

v e l o c i t y  and  a c c e l e r a t i o n  c h a r a c t e r i s t i c s  o f  a s a c c a d ic -  

movement w i th  t h a t  t o  be e x p e c te d  on th e  b a s i s  o f  th e  

a s su m p t io n  o f  a  b a l l i s t i c  movement. The l e f t o  hand  

s i d e  o f  f i g u r e  19 g iv e s  i n  a s c h e m a tic  way th e s e  c u rv e s  

b a s e d  on t h e  a s su m p t io n  t h a t  a movement i s  s t a r t e d  and 

s to p p e d  by su d d en  and  i n d i v i d u a l  b u r s t s  o f  c o n t r a c t i o n  

o f  t h e : a g o n i s t s  and a n t a g o n i s t s  r e s p e c t i v e l y .  The 

r ig h - th a n d  s i d e  shows th e  o u rv es  a c t u a l l y  o b t a i n e d .  The
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movement I s  o b v io u s ly  n o t  s to p p e d  i n  t h i s  manner s i n c e  

t h e  n e g a t iv e  a c c e l e r a t i o n  comes on r e l a t i v e l y  e a r l y  i n  

i t s  c o u r s e .

C o n s id e r a b le  v a r i a t i o n s  e x i s t  i n  th e  d e t a i l s  o f  

t h e  a c c e l e r a t i o n  cu rv e  o f  v a r io u s  movements even o f  th e  

same e x t e n t  i n  one i n d i v i d u a l .  However i n  g e n e r a l  

f e a t u r e s  th e y  a r e  q u i t e  a l i k e  and a lm o s t  a l l  o f  them 

show a second  b u r s t  o f  p o s i t i v e  a c c e l e r a t i o n .

I t  i s  l i k e l y  t h a t  t h i s  d o u b l in g  o f  t h e  p o s i t i v e  

p a r t  o f  t h e  a c c e l e r a t i o n  cu rv e  i s  due to  a p o s s i b l e  

a sy n c h ro n y  i n  th e  o n s e t  o f  th e  c o n t r a c t i o n  i n  th e  

a g o n is r t  and  t h e  r e l a x a t i o n  i n  th e  a n t a g o n i s t .  T h is  was 

fo u n d  by L o re n te  de No (193^) i n  th e  f a s t  p h a se  o f  n y s 

tagm u s. The e v id e n c e  ad duced  i n  th e  p r e v io u s  s u b s e c t i o n  

seems to  show t h a t  w i th o u t  a  d o u b t  a  s a c c a d i c  movement 

i s  a s i n g l e  c h a n g e At e n s i o n  o c c u r in g  more o r  l e s s  s im u l

t a n e o u s l y  and  i n  o p p o s i t e  d i r e c t i o n s  I n  th e  two m u sc le s  

c o n c e rn e d .

Such a  v ie w  l e a d s  a l s o  t o  a m ost p a rs im o n io u s  

e x p l a n a t i o n  o f  a l l  eye movement phenomena. I t  may be 

p o s t u l a t e d  t h a t  a  b iu n iq u e  r e l a t i o n  e x i s t s  b e tw een  i n 

n e r v a t i o n  s e t s  t o  th e  eye m usc les  and. p o s i t i o n s  o f  th e  

eye i n  th e  o r b i t ,  A s a c c a d i c  movement would th e n  be no
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S ch em a tic  d iag ra m  o f  p o s i t i o n ,  v e l o c i t y  and 

a c c e l e r a t i o n  chan ges  d u r in g  a  h y p o t h e t i c a l  

b a l l i s t i c  movement ( l e f t )  and a  t y p i c a l  

s a c c a d i c  eye movement ( r i g h t ) .
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more th a n  a  p r a c t i c a l l y  i n s t a n t a n e o u s  c h a n g e -o v e r  from 

one i n n e r v a t i o n  s e t  (one p o s i t i o n )  t o  a n o th e r  o n e .

T h is  would o c c u r  a s  a  u n i t a r y  phenomenon i n  which i n 

s t r u c t i o n s  f o r  a l l  n e c e s s a r y  change i n  m usc le  t e n s i o n  

a r e  i s s u e d  and e f f e c t e d  p r a c t i c a l l y  i n s t a n t a n e o u s l y  

and  th e  e y e b a l l  comes t o  a s t o p  i n  th e  e q u i l i b r i u m  p o s i 

t i o n  d i c t a t e d  by th e  new f o r c e s .  A d i s c u s s i o n  o f  th e  

i m p l i c a t i o n s  o f  t h i s  v iew  from  th e  s t a n d p o i n t  o f  th e  

m ech an ics  o f  th e  o r b i t  was p r e s e n t e d  i n  th e  p r e v io u s  

s u b s e c t i o n .

P rob lem s su c h  as  t o  th e  manner i n  w hich th e  

v e r t i c a l l y  a c t i n g  m u sc le s  a r e  r e - a l i g n e d  d u r in g  a s a c 

c a d i c  movement, s o lv e  th e m se lv e s  i n  su ch  a  f o r m u la t i o n :  

t h e  i n n e r v a t i o n  c o r r e s p o n d in g  t o  th e  new p o s i t i o n  

r e a c h e s  them J u s t  a s  th e  more im m e d ia te ly  c o n ce rn e d  ‘ 

m u s c le s .

Such an  e x p l a n a t i o n  would have th e  a d v a n ta g e  o f  

e l i m i n a t i n g  th e  n e c e s s i t y  o f  th e  c a r e f u l  t im in g  o f  th e  

c o n t r a c t i o n  o f  th e  o p p o s in g  m usc le  t o  s t o p  th e  m usc le  

t h a t  i s  i n h e r e n t  i n  th e  h y p o th e s i s  o f  a  b a l l i s t i c  

movement a n d ,  m o reo v e r ,  i t  h a s  a l l  t h e  p h y s i o l o g i c a l  

e v id e n c e  on i t s  s i d e .

T h is  u n i t a r y  c o n c e p t  o f  a s a c c a d i c  movement i s



p a r t i c u l a r l y  a p p e a l i n g  S in c e  i t  i d e n t i f i e s  eye p o s i t i o n

w i th  a  p a r t i c u l a r  s e t  o f  in n e rv a t io n : - a n d  f i t s  i n  w i th

a new r a t i o n a l  v iew  o f  th e  o f t - d i s c u s s e d  p rob lem  of

p r o p r i o c e p t i o n  i n  t h e  e k t r a - o c u l a r  m u s c le s .  T h is  w i l l
. a

be f u r t h e r  e l a b o r a t e d  i n  su b s e q u e n t  s u b s e d t i o n .

I n  c o n n e c t io n  w i th  th e  m a th e m a t ic a l  f o r m u la t i o n  

p r e s e n t e d  i n  th e  p r e v io u s  s u b s e c t i o n  i t  i s  o f  i n t e r e s t  

t o  p o i n t  o u t  t h a t  th e  r o o t  means sq u a re  e r r o r  o f  th e  

r e s p o n s e  o f  th e  sy s tem  to  a s t e p  s t im u lu s  would be 

j u s t  a b o u t  m in im ized  w i th  a sy s tem  o f  th e  c h a r a c t e r i s t i c s  

we have  found  i t  t o  p o s s e s s .  T h is  means t h a t  t h e  mech

a n i c a l  sy s tem  of th e  o r b i t  works i n  su c h  a way a s  to  

r e d u c e  th e  t o t a l  e r r o r  in v o lv e d  d u r in g  th e  p r o c e s s  i n  

s h i f t i n g  from one p o s i t i o n  i n t o  a n o th e r  to  a-minimum^

While th e  e v id e n c e  p o i n t s  t o  an  in d e p e n d e n t  

i n i t i a t i o n  and  e l a b o r a t i o n  o f  s a c c a d i c  movem ents, th e  

q u e s t i o n  a r i s e s  w h e th e r  a  sequ en ce  of s a c c a d ic  move

m ents  can  be c a r r i e d  o u t  i n  i n t e v a l s  s h o r t e r  t h a n  t h a t  

o f  v i s u a l  r e a c t i o n  t i m e s . F ig u r e  9 shows t h a t  th e  

r e t u r n  sweep i n  th e  re s p o n s e  t o  a p u l s e  s t im u lu s  seems 

t o  be v i s u a l l y  in d u c e d ,  i . e . ,  i t s  d e la y e d  o n s e t  su g 

g e s t s  t h a t  th e  d e t e c t i o n  o f  th e  ab sen c e  o f  th e  o r i g i n a l  

t a r g e t  ( i n  t h e  c a se  o f  s h o r t  p u l s e  s t i m u l i )  o r  th e
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c e s s a t i o n  o f  th e  r e t u r n  sweep. T h is  i s  a  d e f i n i t e  con

c l u s i o n  h e r e ,  "but i t  i s  i n  c o n t r a d i c t i o n  t o  e x p e r im e n ts  

c a r r i e d  o u t  by Cobb who showed t h a t  a  se q u en ce  o f  s a c 

c a d ic  movements can  be o r g a n iz e d  b e fo re h a n d  and t h a t  

su ch  s a c c a d ic  movements a r e  s e p a r a t e d  i n  t im e  by i n 

t e r v a l s  s h o r t e r  th a n  a v i s u a l  r e a c t i o n  t im e .  T hat th e  

l a t t e r  s i t u a t i o n  can  e x i s t  i s  n o t  d e n ie d .  I n  f a c t ,  a  

seq uence  o f  s m a l l  s a c c a d i c  movements d u r in g  a p p a r e n t l y  

s t e a d y  f i x a t i o n  was o b se rv e d  i n  s u b j e c t  L .C . and i s  

r e p ro d u c e d  i n  f i g u r e  2 0 , I t  w i l l  be o b se rv e d  t h a t  th e  

p a u se s  be tw een  th e  movements a r e  o n ly  a b o u t  50  m i l l i 

se co n d s  — f a r  s h o r t e r  th a n  any  o b se rv e d  v i s u a l  r e a c t i o n  

t im e .  O c c a s io n a l ly  d u r in g  t r a c k i n g  t h e r e  a r e  se q u en c es  

o f  s a c c a d i c  movements s e p a r a t e d  by in te rv a ls ° ^ L e s s  th a n  

100  m i l l i s e c o n d s ,  /m exam ple o f  t h i s  can  be s e e n  i n '  

f i g u r e  14 ,

From t h i s  we may draw  t h e  c o n c lu s io n  t h a t  a l t h o u g h  

s a c c a d ic  movements a r e  i n d i v i s i b l e  i n n e r v a t i o n a l  u n i t s  

and a r e  u s u a l l y  b r o u g h t  i n to  o p e r a t i o n  by s p e c i f i c  v i s 

u a l  s t i m u l i ,  t h e y  can  be e l a b o r a t e d  i n  s e q u e n c e s  a t  

i n t e r v a l s  s h o r t e r  th a n  a  v i s u a l  r e a c t i o n  t im e .  Appar

e n t l y  su ch  a seq u en ce  i s  n o t  in d u ced  by  a p u l s e  s t im u lu s  

a s  d e s c r i b e d  i n  S e c t i o n  2B, an d  t h i s  r a i s e s  a  number
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Sequence o f  sm a l l  s a c c a d ic  movements d u r in g  

a p p a r e n t l y  s t e a d y  f ix a t io n .- ,  I n t e r v a l s  be tw een  

movements a r e  on ly  a b o u t  50 m i l l i s e c o n d s ,  l e s s  

th a n  h a l f  t h e  s h o r t e s t  r e a c t i o n  tim e  t o  a 

v i s u a l  stimulus.-.-
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o f  p o i n t s  a b o u t  th e  manner o f  v i s u a l l y  r e s p o n d in g  t o  

more complex p u l s e  s t i m u l i  c o n s i s t i n g  o f  s e v e r a l  com

p o n e n t s ,  Y et th e  t h e s i s  o f  th e  u n i t a r y  and  in d ep e n 

d e n t  i n i t i a t i o n  o f  a  s a c c a d i c  movement seems f u l l y  

j u s t i f i e d ,

£ •  The Mechanism o f  V i s u a l  T r a c k in g .

The i n t e r p r e t a t i o n  o f  th e  d a t a  o f  s u b s e c t io n s C ,

Dj and  E o f  S e c t i o n  I I  a l lo w s  us t o  s e t  up  a  c l e a r  c u t  

f o r m u l a t i o n  o f  th e  mechanism by w hich eye movements a r e  

in d u c e d  by h o r i z o n t a l l y  m oving v i s u a l  s t i m u l i .

I t  i s  t o  be p o i n t e d  o u t  e x p l i c i t l y  t h a t  th e  s t im u lu s  

s i t u a t i o n  was d e s ig n e d  th o u g h o u t  t o  s t u d y  th e  mechanism 

o f  t r a c k i n g  when th e  s u b j e c t  had no  c lu e s  w i th  which 

th e  p r e d i c t  th e  movement. Care was t a k e n  to  keep th e  

s u b j e c t  unaw are o f  th e  ty p e  o f  movement t o  be  p r e s e n t e d  

and  th e  sp e e d  and s t a r t i n g  p o s i t i o n  o f  t h e  t a r g e t  which 

he was t o  t r a c k .

On t h r e e  o c c a s io n s  a  d e l i b e r a t e  a t t e m p t  was made 

t o  d e te rm in e  th e  e f f e c t  o f  r e p e t i t i o n  o f  th e  s t im u lu s  

on th e  r e s p o n s e .  I n  one c a se  a  r e g u l a r  " s q u a re  wave" 

o f  s t i m u l a t i o n  was p r e s e n t e d ,  i re , ,  th e  s t im u lu s  e f 

f e c t i v e l y  jumped b a c k  and f o r t h  from one p o s i t i o n  t o  

a n o t h e r  a t  r e g u l a r  i n t e r v a l s  which were v a r i e d  from two
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p e r  se c o n d  t o  one e v e ry  t h r e e  s e c o n d s .  I n  th e  se co n d  

i n s t a n c e  th e  t a r g e t  moved a c r o s s  th e  s c r e e n  b a ck  and  

f o r t h  h o r i z o n t a l l y  w i th  t h e  v e l o c i t y  changes  d i c t a t e d  

by  a s i n e  m o tio n .

I n  b o th  c a s e s  i t  was fo und  t h a t  w i t h i n  a  v e r y  few 

p r e s e n t a t i o n s ,  h a l f  a  d o z e n  o r  s o ,  t h e  s u b j e c t  was no  

l o n g e r  t r a c k i n g  th e  t a r g e t ,  i . e , ,  f o l l o w in g  i t ,  b u t  was 

a c t u a l l y  a n t i c i p a t i n g  th e  movement w i th  th e  r e s u l t  t h a t  

th e  l a g  b e tw een  th e  s t im u lu s  and  t h e - r e s p o n s e  was r e 

duced  t o  a  v a lu e  o f  a b o u t  z e r o  and  som etim es th e  r e s 

po nse  a c t u a l l y  p re c e d e d  th e  s t i m u l u s .  I t  i s  c l e a r  

t h a t  a n t i c i p a t i o n  p l a y s  a  m a jo r  r o l e  i n  t h e  v i s u a l  r e 

sp on se  and  a l l  was done i n  t h i s  e x p e r im e n t  t o  e l i m i n a t e  

i t ,  f o r  o u r  i n t e r e s t  l i e s  i n  th e  mechanism w i th  w hich  

p u r e l y  v i s u a l  s t i m u l i  n e r  se  p ro d u ce  movement r e s p o n s e s .

The t h i r d  c a se  o f  r e p e t i t i o n  was t h a t  o f  th e  " p ro 

blem" cam which c o n ta in e d  u n p r e d i c t a b l e  v e l o c i t y  and  

a c c e l e r a t i o n  c h a n g e s .  No l e a r n i n g  was d e m o n s t r a te d  in  

i t s  c a se  i n  a s  many as  20 p r e s e n t a t i o n s .

Movement o f  th e  t a r g e t  a c r o s s  th e  r e t i n a  o r  th e  

i l l u s i o n  o f  movement a s  p ro d u ced  by s h o r t  b u r s t s  o f  

r e t i n a l  s t i m u l a t i o n  i n  th e  te m p o ra l  and s p a t i a l  sequ en ce  

o f  a t y p i c a l  movement s t im u lu s  b u t  s e p a r a t e d  by r e a s o n 

a b ly  s h o r t  t im e  i n t e r v a l s ,  in d u c e s  a  r e g u l a r  c o n s t a n t



Fig. 21

Eye movements i n  r e s p o n s e  t o  a 

b r i e f  (200 m i l l i s e c o n d s )  c o n s t a n t  

v e l o c i t y  s t im u lu s
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v e l o c i t y  movement i n  b o th  e y e s .  The v e l o c i t y  o f  t h i s  

movement i s  g e n e r a l l y  b u t  by no means alx^ays c l o s e l y  

r e l a t e d  to  th e  sp e ed  o f  th e  t a r g e t  and v r i th in  a  r e a s o n 

a b l e  sp a n  o f  v e l o c i t i e s  th e  eyes s t a r t  m oving w i th  th e  

c o r r e c t  v e l o c i t y  a f t e r  a r e a c t i o n  t im e  o f  o f t e n  l e s s  

t h a n  200 m i l l i s e c o n d s .  A f t e r  th e  s t im u lu s  h a s  c e a se d  

t o  move o r  h a s  d i s a p p e a r e d  from v iew , t h e  eyes  c o n t in u e  

t o  move f o r  100 m i l l i s e c o n d s  o r  m ore.

T h is  i s  w e l l  i l l u s t r a t e d  i n  f i g u r e  2 1 , w hich shows 

th e  re s p o n s e  t o  a b r i e f  c o n s t a n t  v e l o c i t y  s t im u lu s  which 

h a s  a l r e a d y  d i s a p p e a r e d  b e f o r e  th e  e y es  s t a r t e d  r e s p o n d 

i n g .  T here  i s  a s a c c a d i c  movement t o  a  p o s i t i o n  which 

th e  t a r g e t  would have o c c u p ie d  had  i t  n o t  b e en  w i t h 

drawn from v iew . The smooth f o l lo w in g  movement in d u ce d  

i s  o f  th e  c o r r e c t  v e l o c i t y  and p e r s i s t s  f o r  n e a r l y  200 

m i l l i s e c o n d s  b e fo r e  i t  i s  ch eck ed . S e v e r a l  h u n t in g  

s a c c a d i c  movements f o l lo w .

D u rin g  t r a c k i n g ,  a d ju s tm e n t s  t o  e r r o r s  a r e  c a r r i e d

o u t  by d i s c r e t e  changes i n  th e  v e l o c i t y  o f  th e  f o l lo w in g

movements and  by s a c c a d i c  movements. A g r e a t  d e a l  o f

th e  a d ju s tm e n t  o f  e r r o r s  due t o  an i n c o r r e c t  v e l o c i t y  
o f  th e  c o n s t a n t  v e l o c i t y
f o l lo w in g  movements a s  w e l l  a s  th e  a d ju s tm e n t  o f  a l l  

p o s i t i o n  e r r o r s  t a k e s  p l a c e  by means o f  s a c c a d ic  movements

I t  h a s  b een  shown i n  a p r e v io u s  s u b s e c t io n  t h a t
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a n  oph th a lm o g rap h  r e c b r d  o f  a sm ooth c o n s t a n t  v e l o c i t y  

f o l lo w in g  movement may i n  f a c t  be r e g a rd e d  a s  an e x 

p r e s s i o n  o f  an  i n n e r v a t i o n  to  t h i s  en d , m e c h a n ic a l  

a r t e f a c t s  b e in g  o f  a  s m a l l e r  o r d e r  o f  m a g n i tu d e .

T h is  means t h a t  i n n e r v a t i o n  to  p ro d u ce  a  sm ooth 

f o l l o w in g  movement can be in d u c e d  a s  a u n i t  a s  a  r e 

s u l t  o f  th e  p e r c e p t i o n  o f  movement and t h a t  th e s e  move

m ents  a r e  n o t  a lw ays f u l l y  c o r r e l a t e d  i n  v e l o c i t y  w ith  

t h a t  o f  th e  s t i m u l u s .  One p i c t u r e s  th e  mechanism o f  

t r a c k i n g  th e n  a s  a p e r c e p t i o n  o f  movement, th e  p u t t i n g  

i n t o  o p e r a t i o n  o f  a w e l l - i n t e g r a t e d  t r a i n  o f  im p u lse s  

d e s ig n e d  to  im p a r t  t o  th e  eyes  a  c o n s t a n t  v e l o c i t y  move

m e n t ,  th e  c o r r e c t i o n  o f  p o s i t i o n  e r r o r s  by s a c c a d ic  

movements and  th e  m o d i f i c a t i o n  o f  th e  s p e e d .o f  th e  f o l 

lo w in g  movements i n  d i s c r e t e  s t e p s  a s  th e  n eed  may a r i s e .  

The c o r r e c t i o n s  l a g  b e h in d  th e  s t im u lu s  by an  i n t e r v a l  

o f  th e  o r d e r  o f  a  r e a c t i o n  t im e .

T h is  may p e rh a p s  be c a l l e d  a  c lo s e d  lo o p  c i r c u i t  

i n  w hich e r r o r s  a r e  u s e d  t o  m od ify  th e  p e r fo rm a n c e ,  

b u t  i t  i s  a  c lo s e d  lo o p  c i r c u i t  o f  a  h i g h e r  o r d e r  which 

u s e s  b o th  jump re s p o n s e s  and sm ooth f o l lo w in g  r e s p o n s e s  

a l l  o f  which a r e  u s e d  and m o d if ie d  d i s c r e t e l y  and  a t  

i n t e r v a l s .
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In  g e n e r a l  th e  r e s u l t s  g iv e  s u p p o r t  t o  t h e  v iew  

o f  lo o k in g  a t  th e  human t r a c k i n g  re s p o n s e  a s  a c lo s e d  

lo o p  c i r c u i t  r e a c t i n g  d i s c r e t e l y  and  f u r t h e r  s t u d i e s  

seem i n  o rd e r*  F o r  ex am ple , i t  would u n d o u b te d ly  be 

o f  i n t e r e s t  t o  i n v e s t i g a t e  th e  m agn itud e  o f  th e  e r r o r s  

w h ich  ind uce  c e r t a i n  r e s p o n s e s  a n d ,  in  a  more g e n e r a l  

way, t o  c r o s s  c o r r e l a t e  t h e  s t im u lu s  w i th  th e  eye move

m ent r e s p o n s e .

The Components o f  th e  R e a c t io n  Time t o  V i s u a l  S t i m u l i .

T here  a r e  s e v e r a l  c l e a r l y  d i s t i n g u i s h a b l e  s t a g e s  

i n  th e  re s p o n se  o f  th e  o c u lo -m o to r  sys tem  t o  v i s u a l  

s t i m u l i :  th e  s e n s o ry  a s p e c t  i n v o lv i n g  th e  eye a s  a

s e n s e  o rg an  and th e  o p t i c  n e rv e  a s  a t r a n s m i t t i n g  a g e n t ,  

t h e  c e n t r a l  s t a g e  i n v o lv in g  th e  v a r i o u s  c e r e b r a l  a r e a s ,  

and  th e  m o to r  s t a g e  i n v o lv in g  t h e  pa thw ays t o  t h e  o c u lo 

m o to r  n u c l e i  and t h e  t r a n s m i s s i o n  and p u t t i n g  i n t o  

e f f e c t  o f  th e  m o to r  im p u lse s  o r i g i n a t i n g  t h e r e .

I t  i s  o f  i n t e r e s t  t o  a s s i g n  a p p ro x im a te  f r a c t i o n s  

o f  th o  t o t a l  r e a c t i o n  t im e  to  a v i s u a l  s t im u lu s  t o  th e  

t h r e e  s t a g e s  in v o lv e d .

S z e n ta g o th a i  (1952) found t h a t  th e  i n t e r v a l  b e 

tw een  th e  o n s e t  o f  a d i r e c t  s t i m u l a t i o n  o f  th e  l a b y r i n t h  

i n  c a t s  and  dogs and th e  o n s e t  o f  a r e f l e x  c o n t r a c t i o n
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o f  an  eye  m usc le  (w hich  would p ro d u ce  v e s t i b u l a r  n y s 

tagm us) i s  a b o u t  10 m i l l i s e c o n d s .  T h is  l e a d s  him t o  

p o s t u l a t e  a t h r e e  n e u ro n  pathw ay be tw een  th e  l a b y r i n t h  

a n d  th e  eye m u s c le s .  The d e la y  in t r o d u c e d  "by th e  o c u lo 

m o to r  n u c l e i  i s  v e ry  s m a l l  in d e e d .  L o r e n te  de No (1935) 

fo u n d  a  s y n a p t i c  d e la y  i n  th e  t h i r d  n e rv e  n u c le u s  o f  

.5  t o  ,9  m i l l i s e c o n d s .  I t  i s  t h e n  r e a s o n a b le  t o  assume 

t h a t  th e  i n t e r v a l  b e tw e e n  th e  s e n d in g  o u t  o f  th e  i n n e r 

v a t i o n  by th e  c e n t e r  im m e d ia te ly  p r e c e d in g  th e  o c u lo 

m o to r  n u c le u s  and  t h e  b e g in n in g  o f  th e  c o n t r a c t i o n  i n  

t h e  e x t r a - o c u l a r  m usc le  i s  a l s o  o f  th e  o r d e r  o f  10 

m i l l i s e c o n d s .

T here  h a s  b e en  a num ber o f  e s t i m a t e s  o f  th e  t im e 

I n t e r v a l  b e tw e e n  t h e  o n s e t  o f  a l i g h t  s t im u lu s  and  th e  

a r r i v a l  i n  t h e  v i s u a l  c o r t e x  o f  s t i m u l i  in d u ce d  by  i t .  

M onnier ( 1952 ) r e v ie w in g  h i s  own work i n  man and  mammals 

a s  w e l l  a s  t h a t  o f  o t h e r s  c o n c lu d e s  t h a t  t h i s  i n t e r v a l  

i s  o f  th e  o r d e r  o f  33 t o  k2  m i l l i s e c o n d s .

The r e a c t i o n  tim e o f  eye movements t o  v i s u a l  

s t i m u l i  i s  o f t e n  a s  low a s  120 m i l l i s e c o n d s .  D e d u c t in g  

th e  u p p e r  e s t i m a t e s  o f 50  and  15 m i l l i s e c o n d s  f o r  th e  

p u r e l y ; s e n s o r y  and th e  p u r e l y  m o to r  a s p e c t s  r e s p e c t i v e l y  

o f  th e  r e s p o n s e  we a r e  l e f t  w i th  a minimum c o r t i c a l
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i n t e g r a t i o n  t im e  o f  th e  o r d e r  o f  60 m i l l i s e c o n d s .  I f  

we assum e t h a t  e a c h  i n t e r v e n i n g  n e u ro n  t a k e s  up a s  

much a s  t h r e e  m i l l i s e c o n d s  i n  s y n a p t i c  d e l a y  and t r a n s 

m is s io n  t im e ,  we a r e  l e f t  w i th  an  e s t i m a t e  o f  20 o r  

more n e u ro n s  a s  i n t e r v e n i n g  c o r t i c a l  and  h i g h e r  c e n t r a l  

s t a g e s  i n  th e  seq u en ce  o f  e v e n t s  commencing w i th  th e  

l i g h t  r a y s  e n t e r i n g  th e  eye and  e n d in g  w i th  a change in  

s t a t e  o f  c o n t r a c t i o n  o f  t h e  e x t r a - o c u l a r  m u s c le s .  T h is  

e f f e c t i v e l y  rem oves th e  eye movement r e s p o n s e  s t u d i e s  

i n  t h i s  d i s s e r t a t i o n  from  th e  rea lm  o f  s im p le  r e f l e x e s  

and  h e lp s  t o  pave  th e  way t o  a  r e - e v a l u a t i o n  o f  t h e  

c o n c e p ts  o f  v o l u n ta r y  and  i n v o l u n t a r y  eye m ovem ents.

F ,  P r o p r i o c e p t i o n  and  Eye Movements.

The a rgum en t on w h e th e r  p r o p r i o c e p t i v e  im p u lse s  

a r i s i n g  from th e  eye m u sc le s  p l a y  a  p a r t  i n  th e  g u id in g  

o f  eye movements h a s  b een  p r o t r a c t e d  and n o t  a lw ays de 

c i s i v e  (se e L u d v ig h ,  ( 1952 ) f o r  a  r e v ie w  and r e c e n t  

f o r m u l a t i o n ) . Most o f  th e  e v id e n c e  t e n d s  t o  c o n t r a d i c t  

th e  v iew  t h a t  p r o p r i o c e p t i o n  p l a y s  a  r o l e  i n  eye move

m ents  . The work p r e s e n t e d  i n  t h i s  d i s s e r t a t i o n  seems 

t o  show f a i r l y  c l e a r l y  t h a t  when v i s u a l  s t i m u l i  o p e r a te  

t h e i r '  m anner o f  p ro d u c in g  eye  movements i s  d e f i n i t i v e  

and  can  a c c o u n t  by i t s e l f  f o r  a l l  o b s e rv e d  phenomena.
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T h is  i s  n o t  enough , how ever, to  n e g a te  th e  e x i s t e n c e  

o f  p r o p r i o c e p t i o n  s in c e  t h e  p o s s i b i l i t y  o f  i t  b e in g  

o v e r r id d e n  by v i s u a l  im p u lse s  c a n n o t  be o v e r lo o k e d .

L udv igh  (1952) a b ly  re v ie w s  th e  p rob lem  and  in  

th e  l i g h t  o f  a l l  known f a c t s ,  i n c l u d i n g  th e  e x i s t e n c e  

o f  s e n s o ry  end o rg a n s  i n  eye m usc le  t e n d o n s ,  th e  l a c k  

o f  e x i s t e n c e  o f  a s e n s o ry  pathw ay s e p a r a t e  from a m oto r 

p a th w ay , and  th e  many e x p e r im e n ta l  v e r i f i c a t i o n s  o f  th e  

t h e s i s  t h a t  a  p r o p r i o c e p t i v e  s e n s e  does n o t  e x i s t  f o r  

th e  e y e s ,  p o s t u l a t e s  a  p a r a m e t r i c  f e e d  b a c k  be tw een  

t h e  eye m usc les  and  th e  o c u lo -m o to r  n u c l e i .  Thus th e  

e n d -o rg a n s  i n  th e  m usc le  ten d o n s  would s e n d  t h e i r  im

p u l s e s  by way o f  th e  m o to r  n e r v e s  to  th e  o c u lo -m o to r  

n u c l e i  and  no f u r t h e r .  The in f o r m a t io n  which th e y  con

vey would c o n c e rn  i t s e l f  w i th  th e  s t a t e  o f  t o n u s ,  n u t r i 

t i o n  e t c .  o f  th e  m usc le  and  t h i s  would be u se d  t o  m odify  

th e  i n n e r v a t i o n  s e n t  o u t  by th e  m otor n u c l e i  so  t h a t  a  

d e s i r e d  movement (a s  d e te rm in e d  by th e  h i g h e r  c e n t e r s  

and  s e n t  down a s  an  i n n e r v a t i o n  to  th e  n u c l e i )  would 

i n  f a c t  be c a r r i e d  o u t  a s  su c h .

T h is  f o r m u la t i o n  a p p e a rs  a d e q u a te ly  t o  a c c o u n t  

f o r  a l l  known f a c t s .  The f u n c t i o n  o f  th e  end o rg an s  

would th e n  be m e re ly  t o  communicate w i th  th e  m o to r 

n u c l e i  and  n o t  any h i g h e r  c e n t e r s  and a w are n ess  o f th e
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p o s i t i o n  o f  th e  e y es  th ro u g h  t h i s  c h a n n e l  would n o t  he 

e x p e c te d .

The v iew  e x p re s s e d  i n  t h i s  d i s s e r t a t i o n  t h a t  a  

g iv e n  s e t  o f  i n n e r v a t i o n s n o r m a l l y  c o r r e s p o n d s  t o  a 

g iv e n  eye p o s i t i o n  would f i t  i n  w e l l  w i th  L u d v i^ i ’ s 

t h e s i s .  The p a r a m e t r i c  f e e d b a c k  c i r c u i t  b e tw een  m uscle  

and m o to r  n u c l e i  would th e n  t a k e  c a re  o f  m ino r  v a r i a 

t i o n s  i n  m usc le  t e n s i o n  and  no a l lo w a n c e  i s  made by th e
\

h i g h e r  c e n t e r s  f o r  any v a r i a t i o n s  i n  n o rm a l  t e n s i o n .

The p a s t - p o i n t i n g  o f  f r e s h  p a r e s i s  b e a r s  t h i s  o u t .

When v iew ed  i n  t h i s  m anner, a change i n  eye p o s i 

t i o n  would c o r re s p o n d  to  a  change o v e r  from  one im p u lse  

p a t t e r n  to  a n o th e r  a n d ,  i f  t h i s  in v o lv e s  th e  h i g h e r  

c e n t e r s ,  a  c o l l a t e r a l  Im pulse  p a t t e r n  i s  s e n t  to  th e  

sp a c e  p e r c e i v i n g  c e n t e r s .  The in f o r m a t io n  th u s  g a in e d  

by th e  l a t t e r  i s  i n t e g r a t e d  w i th  o t h e r s  f o r  th e  p u rp o se  

o f  e g o c e n t r i c  l o c a l i z a t i o n  an d  would a c c o r d in g  to  th e  

p r e s e n t  v iew  c o n s t i t u t e  th e  o n ly  so u rc e  o f  a v a i l a b l e  

i n f o r m a t i o n  c o n c e rn in g  eye p o s i t i o n  i n  t h e  o r b i t .



Section IV

Summary and  C o n c lu s io n s

The e x p e r im e n ts  were d e s ig n e d  to  s tu d y  th e  n e rv o u s  

and  m u sc u la r  mechanisms t h a t  i n i t i a t e  and e x e c u te  eye 

movements i n  r e s p o n s e  to  v i s u a l  s t i m u l i  i n  th e  h o r i z o n 

t a l  p l a n e .

To a c h ie v e  t h i s  t h e r e  was d e v e lo p e d  a method of 

p h o t o g r a p h i c a l l y  r e g i s t e r i n g  h o r i z o n t a l  eye movements 

w i th  a p r e c i s i o n  o f  a b o u t  one m i l l i s e c o n d  in  th e  t im e  

d im e n s io n  and a b o u t  f i v e  t o  t e n  m in u te s  o f  a r c  i n  th e  

d im e n s io n  o f  th e  eye  movement. The s t im u lu s  th ro u g h o u t  

was a  s m a l l  l i g h t  s p o t  i n  an  o th e rw is e  s t r u c t u r e l e s s  

s u r r o u n d in g ,  e x c e p t  on one o c c a s io n  when a p a i r  o f  su ch  

s p o t s  was u s e d .

The r e s p o n s e  to  a s tep  s t i m u l u s ,  i . e . ,  th e  i n s t a n t 

aneous d i s p la c e m e n t  o f  th e  l i g h t  s p o t  from one p o s i t i o n  

i n  th e  v i s u a l  f i e l d  t o  a n o th e r  one i n  th e  same h o r i z o n 

t a l  p l a n e ,  c o n s i s t s  o f  a s a c c a d i c  movement. Such a 

movement, when s t u d i e d  w i th  t h e  h ig h  m a g n i f i c a t i o n  in  

t h e  tim e  d im e n s io n  w hich  t h 6 r e s o l v i n g  power o f  t h e  

I n s t r u m e n t  p e r m i t t e d ,  shows c e r t a i n  c h a r a c t e r i s t i c s  n o t  

p r e v i o u s l y  d e s c r i b e d .  T here  i s  a h ig h  d e g re e  o f  s im u l-
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t a n e i t y  o f  o n s e t  o f  th e  movement I n  th e  two e y e s ;  t h e r e  

i s  a r a p i d  a c c e l e r a t i o n  t o  a  maximum v e l o c i t y  w hich i s  

a  n o n - l i n e a r  m o n o to n le a l ly  i n c r e a s i n g  f u n c t i o n  o f  th e  

e x t e n t  o f  th e  movement; an d  th e  e y es  come to  a s t o p  

a f t e r  a  s i g n i f i c a n t  o v e rs h o o t  and  w i th  m in u te  o s c i l 

l a t i o n s  a ro u n d  th e  f i n a l  p o s i t i o n .

I t  i s  c o n c lu d ed  from  the  p r e s e n t  f i n d i n g s  and  In  

t h e  l i g h t  o f  p h y s i o l o g i c a l  e v id e n c e  from o t h e r  s o u r c e s  

t h a t  a  s a c c a d i c  movement i s  i n i t i a t e d - a s  a  s i n g l e ,  

u n i t a r y  s t e p  by means o f  a  s i n g l e  change i n  i n n e r 

v a t i o n  t o  e a c h  o f  th e  m u sc les  in v o lv e d .  T h is  p ro d u ce s  

a  change i n  th e  t e n s i o n  o f  th e  v a r io u s  m u sc les  which 

may be c o n s id e r e d  t o  be e f f e c t e d  e x t r e m e ly  r a p i d l y .

The e y e b a l l  th e n  assum es i t s  new p o s i t i o n  i n  th e  

o r b i t  a s  d i c t a t e d  by t h i s  to r q u e  p ro d u ce d  by th e  

changes i n  m usc le  t e n s i o n  and t h e  f o r c e s  o p p o s in g  i t ,  

f r i c t i o n ,  i n e r t i a  and e l a s t i c i t y ,  A m a th e m a tic a l  

t r e a tm e n t  o f  an i d e a l i z e d  p h y s i c a l  sy s tem  o f  su ch  

c h a r a c t e r i s t i c s  s u g g e s t s  t h a t  t h e s e  p u r e l y  m e c h a n ic a l  

o r b i t a l  f a c t o r s  p l a y  a  r e l a t i v e l y  m inor r o l e  i n  eye 

movements p a r t i c u l a r l y  i n  th e  c a se  o f  s lo w , smooth 

f o l lo w in g  movements which may be  r e g a r d e d  a s  c l e a r  

e x p r e s s io n s  o f  changes  i n  i n n e r v a t i o n  d i r e c t e d  to
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p ro d u ce  su ch  movem ents.

Many p r e v io u s  i n v e s t i g a t o r s  have found  d i f 

f e r e n c e s  i n  maximum eye  v e l o c i t i e s  d u r in g  s a c c a d i c  

m ovem ents, d ep en d in g  on th e  d i r e c t i o n  o f  movement and 

w h e th e r  i t  was i n  o r  o u t  w i th  r e s p e c t  t o  th e  m edian 

p la n e  o f  th e  body o r  th e  p r im a ry  p o s i t i o n  o f th e  

e y e .  A d e t a i l e d  s t a t i s t i c a l  s tu d y  i n  t h r e e  s u b j e c t s  

showed t h a t  su c h  v a r i a t i o n s  do in d e e d  o c c u r  a t  s t a 

t i s t i c a l l y  s i g n i f i c a n t  l e v e l s  b u t  t h a t  t h e s e  v a r i a t i o n s  

do n o t  p r e s e n t  a  c o n s i s t e n t  p a t t e r n  from one i n d i v i d u a l  

t o  a n o t h e r .

When th e  v i s u a l  s t im u lu s  i s  moved h o r i z o n t a l l y  

w i th  a  c o n s t a n t  a n g u la r  v e l o c i t y ,  sm ooth f o l lo w in g  move

m ents  a r e  in d u c e d .  T here  i s  a r e a c t i o n  tim e  o f  n e a r l y  

200 m i l l i s e c o n d s  a f t e r  which a  s a c c a d i c  movement o c c u rs  

w h ich  b r i n g s  th e  e y es  d i r e c t l y  on to  th e  s t im u lu s  and  

th e  e y es  im m e d ia te ly  commence to  move w ith  a c o n s t a n t  

v e l o c i t y .  The l a t t e r  i s  u s u a l l y  c l o s e l y  r e l a t e d  t o  th e  

s t im u lu s  v e l o c i t y  p a r t i c u l a r l y  when t h i s  i s  s m a l l ;  f o r  

h ig h  s t im u lu s  v e l o c i t i e s  th e  v e l o c i t y  of th e  smooth 

f o l l o w in g  movements l a g s  c o n s id e r a b ly  and th e  p o s i t i o n  

e r r o r  th u s  i n t r o d u c e d  i s  re d u c e d  by s a c c a d i c  m ovem ents. 

S u b s t a n t i a l l y  s i m i l a r  r e s u l t s  a r e  o b ta in e d  when th e
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s t im u lu s  i s  o n ly  I n t e r m i t t e n t l y  e x p o s e d .  When a s  few 

a s  f o u r  s t i m u l i  o f  10 m i l l i s e c o n d  d u r a c t i o n  eac h  a r e  

p r e s e n t e d  e v e ry  second  i n  th e  s p a t i a l  se q u en c e  d i c t a t e d  

by a  t a r g e t  m oving w i th  a c o n s t a n t  v e l o c i t y ,  smooth 

c o n s t a n t  v e l o c i t y  f o l lo w in g  movements a r e  in d u c e d ,  a l 

th ough  th e  l a t t e r  a r e  u s u a l l y  i n a c c u r a t e  i n  v e l o c i t y  

and f r e q u e n t l y  I n t e r r u p t e d  by  s a c c a d i c  movem ents.

When a moving t a r g e t  i s  f o l lo w in g  a c o u rs e  which 

i s  unknown and u n p r e d i c t a b l e  t o  th e  o b s e r v e r ,  th e  v i s u a l  

t r a c k i n g  m echanism makes u se  o f  o n ly  s a c c a d i c  and  sm ooth 

c o n s t a n t  v e l o c i t y  m ovem ents. The l a t t e r  a r e  m o d if ie d  

i n  d i s c r e t e  s t e p s  a t  i n t e r v a l s  o f  n o t  l e s s  th a n  100 

m i l l i s e c o n d s .  Changes i n  p o s i t i o n  o r  v e l o c i t y  o f  th e  

s t im u lu s  p re c e d e  c o n c o m ita n t  changes i n  r e s p o n s e  by an  

i n t e r v a l  e q u a l  t o  th e  r e a c t i o n  tim e  to  su ch  v i s u a l  r e s 

po nses  .

The c o n c lu s io n  i s  drawn t h a t  sm ooth c o n s t a n t  v e l o 

c i t y  movements c o n s t i t u t e  a b a s i c  r e s p o n s e  p a t t e r n  and 

t h a t  th e y  may be in d u ce d  by t h e  p e r c e p t i o n  o f  movement.

When a  r e l a t i v e l y  s im p le  movement p a t t e r n  i s  

u s e d ,  such  a s  a  s t im u lu s  moving h o r i z o n t a l l y  w i th  v e l o 

c i t y  changes c o r r e s p o n d in g  t o  a s in e  wave, i t  i s  found  

t h a t  th e  u s u a l  t r a c k i n g  mechanism o p e r a t e s  f o r  o n ly  a
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few c y c le s  a f t e r  which l e a r n i n g  and a n t i c i p a t i o n  b e 

comes e v id e n t :  t h e r e  i s  l i t t l e  o r  no  tim e  i n t e r v a l

be tw een  s t im u lu s  and  re s p o n s e  changes and smooth changes 

in  th e  v e l o c i t y  o f  f o l lo w in g  movements a r e  o b se rv e d  f o r  

th e  f i r s t  t im e .

A d i s s e c t i o n  o f  th e  t im e  i n t e r v a l  be tw een  th e  on

s e t  o f  a v i s u a l  s t im u lu s  and th e  b e g in n in g  o f  th e  eye 

movement r e s p o n s e  i n t o  i t s  v a r i o u s  p h a se s  e n a b le s  th e  

c o n c lu s io n  t o  be drawn t h a t  a  minimum o f  20 n e u ro n s  

seems t o  be i n t e r p o s e d  be tw een  th e  f i r s t  l i n e  o f  r e c e i v 

in g  n e u ro n s  i n  th e  v i s u a l  c o r t e x  and  th e  o c u lo -m o to r  

c e n t e r s  i n  th e  b r a i n  s te m . T h is  e f f e c t i v e l y  removes 

t h e  eye movement r e s p o n s e s  s t u d i e d  h e r e  from th e  rea lm  

o f  s im p le  r e f l e x e s .

The c o n ce p t  o f  a  b iu n iq u e  r e l a t i o n  b e tw een  i n - '  

n e r v a t i o n  s e t s  to  th e  eye m u sc le s  and  eye p o s i t i o n s  i n  

th e  o r b i t  may be v iew ed as  f u l l y  i n  a c c o rd  w i th  m odem  

t h e o r i e s  o f  p r o p r i o c e p t i o n  and th e  eye m u s c le s .  Thus 

any  e f f e r e n t  im p u lse s  o r i g i n a t i n g  i n  th e y  eye m u sc le s  

o r  t h e i r  te n d o n s  would t r a v e l  by way o f  th e  m otor n e rv e s  

o n ly  as  f a r  a s  th e  o c u lo -m o to r  n u c l e i  and  t h e r e  e x e r t  

a  r e g u l a t i n g  i n f lu e n c e  o v e r  t h e  a c t u a l  i n n e r v a t i o n  s e n t  

o u t  b y : them to  p ro d u ce  a g iv e n  movement. The p o s i t i o n



81
o f  th e  e y e s  i n  th e  o r b i t  would th e n  be c o n t r o l l e d  by 

an  i n v a r i a n t  im p u lse  p a t t e r n  from th e  h i g h e r  c e n t e r s  

t o  th e  m otor n u c l e i  and  t h i s  im pu lse  p a t t e r n  would i n  

t h e  a b se n c e  o f  v i s u a l  s t i m u l i  be th e  s o l e  e x t e n t  o f  

th e  h i g h e r  c e n t e r s  s o u rc e  o f  i n f o r m a t io n  . 

o f  eye p o s i t i o n .
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