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ABSTRACT 

With minor e x c e p t i o n s ,  p r e v i o u s  s t a b i l i z e d - i m a g e  exper iments  w i t h  

t h e  human eye have used c o n t a c t - l e n s  a p p a r a t u s ,  which has  v a r i o u s  d i s -  

a d v a n t a g e s .  Cornsweet proposed a  s t a b i l i z a t i o n  t e c h n i q u e  based 011 t r a e k l n g  

t h e  edge of a  blood v e s s e l  i n  t h e  o p t i c  d i s k ,  which we have developed a s  

f o l l o w s .  A s m a l l  s p o t  of b lue  l i g h t  i s  imaged on t h e  f u n d u s ,  and scanned 

i n  a  c i r c l e  around t h e  o p t i c  d i s k  a t  h i g h  s p e e d .  V a r i a t i o n s  i n  r e t l e c -  

t a n c e  a long  t h i s  c i r c u l a r  r a s t e r  a r e  d e t e c t e d  by a  p h o t o m u l t j p l i e r  tube  

and d i g i t i z e d  f o r  f u r t h e r  p r o c e s s i n g .  A s e l e c t e d  frame of t h i s  d l g i t a l  

v i d e o  s i g n a l  i s  s t o r e d  i n  a  magnet ic-core  a r r a y  and c o r r e l a t e d  w i t h  

subsequen t  frames t o  g e n e r a t e  eye-movement i n f o r m a t i o n  i n  r e a l  t i m e .  

The c o r r e l a t i o n  a l g o r i t h m  d i s t i n g u i s h e s  h o r i z o n t a l ,  v e r t i c a l ,  and 

t o r s i o n a l  mot ions  of t h e  fundus p a t t e r n .  Analog d i sp lacement  s i g n a l s  

f e d  back t o  a  servo-mechanism can  t h u s  c a u s e  t h e  r a s t e r  t o  t r a c k  t h e  

fundus p a t t e r n ,  l o c k i n g  t o  t h e  p o s i t i o n  of t h e  s e l e c t e d  f rame .  Such 

c l o s e d - l o o p  s i g n a l s  can be used s i m u l t a n e o u s l y  t o  move a  s t i m u l u s  p a t -  

t e r n  i n  s t a b i l i z e d - i m a g e  e x p e r i m e n t s .  
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L INTRODUCTION 

'rills r e p o r t  c lescrrbes  a new method of t r a c k i n g  s m a l l  eye-move.ilcizti 

'7nd s t a b l l l z r n g  t h e  r e t l n a l  Image. The Importance of  s t ab r l l zed- rmngc  

espcrrmenlq  In v l s r o n  1s wel l  established. The o n l y  successLul  m e f h c j c 7 s  

ol rmagc s t a l s l l ~ . z a L l o n  t o  d a t e  rnvo lve  t h e  a t t achment  of a  t l g h t  L.y- 

T ~ t t l n g  c o n t n c l  l e n s  t o  the  s u b j e c t ' s  eye, b u t  t h l s  has  c e r t a l n  d:+ad- 

bLiritagcs. U s u a l l y  a  m r r r o r  a t t a c h e d  t o  t h e  c o n t a c t  l e n s  becomes p'rrt 

a n  opt lcc lL systein t h a t  compensates f o r  eye  movements. A l t h o a g l ~  i l 1 1 ~  

teci1r?7arie c ; ~ n  p robab ly  e l l m s n a t e  s l l p p a g e  w l t h  r e s p e c t  t o  t h e  cor'lic '1, 

I l lere r.em,llns short-Lerm s i a b i l r z a t i o n  e r r o r  01 about  h a l l  a  m3nl Lc 

S l n C e  the cxycball 1s iiot a f l g r d  s t r u c t u r e ,  perl laps a slgn1Cit  n?lt 

C ~ n c i i o n  oC t h r s  e r r o r  i s  a t t r i b u t a b l e  t o  mot ions  of t h e  fundus w r l h  

r e s p e c t  t o  tile cornea ,  which cannot  be eliminated by t h e  c o n t a c t - l e n s  

Leclni~que,  Discomfor t  and r l s l i  ol: o c u l a r  damage a r e  a l s o  n o t  t r r x / - ' ~ l ;  

s r ~ b j e c t s  f r e q u e n t l y  r e p o r t  a temporary b l u r r l n g  o r  d i s t o r t i o n  oi TIL s l  on 

a f t e r  t i l e  Lens i s  removed. 

We have ~inderLaken t o  develop a n  a l t e r n a t i v e  s t a b i l i z a t i o l ~  tecii- 

n lquc ,  n o t  l n v o l v r n g  c o n t a c i  l e n s e s ,  Our approach i s  t o  o p t i c a l l y  tr .3~1~ 

i h c  matron 01 t h e  fundus i t s e l f ,  and t o  use  t h i s  eye-movement r n f o r m s t l o ~  

r n  a s e r v o  system f o r  s t a b i l l z i n g  any s t i m u l u s  p a t t e r n  w i t h  r e s p e c t  Lc 

I hc rc t l n a .  

A .  H r s t o r y  

Phase  1 o l  l h l s  program, which occupied most of t h e  y e a r  1967, > & m i  

;t l c c i i n i c n l  s t t ldy  t o  de te rmine  t h e  I e a s i b i l i t y  of a  new method 01 I r : l c k ~ l ? &  



I h c  ~ n v o l u n l a r y  movements of t h e  human eye,  p a r t l y  f o r  the  purposc  of 

i i a b r l l 7 r n . g  t1lc Image on t h e  r e t l n a .  The proposed method rllvolvecn 

tr-dclilng t h e  i'undus l t s e l f  (where t h e  r e t ~ n a  r s  l o c a t e d ) ,  r n  c o n t l a s i  

l o  va rzous  o t h e r  mctllods wll~cll  t r a c k  t h e  motrons of t h e  cornea ,  Leiii, on 

s c i e r a .  T11e c o n t i u s r o n  of Phase  1 was t h a t  l t  would p robab ly  be p o s ~ l l > l r ~ ,  

w l t l ~ r n  tlie p r e s e n t  s t n  t e  01 t h e  a r t ,  t o  d e v l s e  a  Iunclus t rnc l i e r  fcax  I ~ L *  

purpose ,  by nppropr la  t e l y  choos lng  t h e  o p t  l c s ,  wavelengths ,  and reg  ion 

oi  tile iundu.; l o  be t r a c k e d ,  and wr th  e s s e n t i a l l y  no r l s k  of p l l y s i o i o g ~ i ~  I 

ilL?mCige ( i l l e r e  1s some r l s l i  w i t h  c o n t a c t - l e n s  methods) .  Some t e s t s  c)T 

p r o t o l y p r  componcnli were a l s o  conducted.  For  more d e t a r l s  oL t h l -  

r c . ' r . ; ~ h ~  I i t y  i t u d y ,  tile r e a d e r  1 s  r e f e r r e d  t o  t h e  Final Rcport  on E)).aiz L 

(1'1 Let1 Novi~ml)c~r 1967 ( C o n t r a c t  NAS 2-3995). 

I11 Pilase 11, wllrcll began 18 January 1968, we under took t o  c i c s ~ g n  

.irzd 1,ui Ecl a p-r-otol ype fundus  t r a c k e r ,  us rng  t h e  concep t s ,  p r r n c r p l c s  ;i>:ii 

c*omponcnls ~ v o l v e d  rn  Phase I .  By A p r l l  of 1969 we had c o n s t r u c t e c  

p ' o l  ~ l y p c l  w h / j ~ l c ' i ~  l v d i  a lmost  conlpletcl  l)ut r t  laclied a n  e s s e n t r i ~ l  i ~ r l 3 i y ~ l  ci?r 

(known .is llzc ciigllciL s i g n a l  p r o c e s s o r )  wliose i lunctlon r s  t o  c o n v c l i  ?!I( 

re tlna 1- re  l Ic 'clance signal s l n t o  p o s r t l o n - e r r o r  s ~ g n a l s ,  by rnc~lns L f .?II 

cwlrclnc.ly e l f l c l c n l  norsc-suppressing a l g o r r t h m  developed rn  Phase I .  

At I h ' ~ t  irmc, the  development work was I n t e r r u p t e d  f o r  l a c k  of fundrng 

C lie sxgn:il p r o c e s s o r  had been deslgnecl, bu t  o n l y  p a r t l y  colistructecl  . En 

Junc, 1970, worli was 'zgnln resumed, wrtll t h e  g o a l  of completrng t h e  szgr i i~i  

p r o c e s s o r  a n d  g e t t i i l g  t h e  p r o t o t y p e  t r a c l i e r  l n t o  o p e r a t r o n .  

h l o i l  a s p e c t s  o l  t h l s  program have proceeded remarkably  w e l l .  i li 

most serrou.;  i e c l i n l c a l  setbaclc occur red  dur ing  t h e  f l r s t  s r x  months o i  

L968, n l ~ c n  a c c u r a t e  srglial  /noise d a t a  were o b t a l n e d  Tor t h e  f r r s t  i lnie, 

w l ? l ~  tile nlcl oi a  computer pyogram t h a t  s rmulnied t h e  o p e r a t i o n  01 ?he 

s 1 g n ~ 1 1  prscc. ;sor.  7 h e i e  ca l -cr l la t lons  r e v e a l e d  t h a t  the  l r g h t  l e v e l  

r e q u ~ r e d  Lor ouv dcsrrecl  t r a c k i n g  accuracy  ( a l t h o u g h  below t h e  t l i v  eshoi d 



3 
of r e l r n a l  damage by a f a c t o r  of more tliali 10  ) was s t i l l  abou t  LI!Q 

o r d e r s  of magnitude g r e a t e r  than  t h e  maximum luminous energy  a v a i l a b l e  

from t h e  CRT s o u r c e  i n  o u r  o r i g i n a l  s c a n n e r .  Th i s  n e c e s s i t a t e d  rc- 

d e s r g n i n g  t h e  system, t o  c o n v e r t  i t  t o  a mechanical  s c a n n e r  and Rg-are 

Light  s o u r c e ,  T h ~ s  u n f o r e s e e n  development, and l a t e r  a  s e r i e s  of de- 

t e c t i v e  mcmory-core a r r a y s  i n  t h e  s i g n a l  p r o c e s s o r ,  caused some d e l a y  

In the p r o t o t y p e  development.  An a d d i t i o n a l  y e a r  was l o s t  f o r  l a c k  or 

fund ing  

The f i n a l  s t a t u s  of t h e  fundus  t r a c k e r  a t  t h e  end of  Phase I1 1s 

i l ~ s c u s s e d  rn  S e c t i o n  VI. 

B, P r i n c i p l e s  of Opera t ion  

Here we w i l l  b r i e f l y  r ev iew t h e  b a s i c  p r i n c i p l e s  of t h e  lundus  

t ~ ~ x c k c u .  I t s  m ; l m  components a r e  shown I n  F ~ g u r e  1. The l r g h t  source 

1s a flying-spot scann ing  p a t t e r n  whlch 1s Imaged on t h e  fundus  nea r  th2 

o p t i c  d i s c .  A p h o t o m u l t i p l i e r  t u b e  d e t e c t s  t h e  r e s u l ~ i n g  v i d e o  signal 

r-efLec:-icd lrom t h e  fundus  p a t t e r n .  The s i g n a l  p r o c e s s o r  d e r i v e s  the 

EYE 
PROCESSOR 

FIGURE 1 SUBSYSTEMS OF THE FUNDUS TRACKER 



d c s r r e d  motron s r g n a l s  from t h e  vrdeo s r g n a l  by means 01 a  c o r r e l d t r o n  

,~.lgornlIun desc r rbed  below. The f l y i n g  s p o t  can t h e n  be d e f l e c t c t l  dc- 

cor t l rngly  by a servomechanrsm which adds  t h e  fundus  motron signal? l o  

1 11c scannrng motron. 

?'he s w l t c h  S r e p r e s e n t s  t h e  possibility of open- a s  w e l l  a s  c losed-  

loop o p e r a t i o n .  S ince  t h e  o u t p u t s  of t h e  s i g n a l - p r o c e s s i n g  algoi-rthir, 

a r e  l l n e a r  w i t h  fundus  d i sp lacement  over  a  smal l  range,  t h e y  can a l s o  be 

used t o  i n d i c a t e  smal l  eye-movements d i r e c t l y ,  wi thou t  c l o s i n g  t h e  loop- 

In  o r d e r  t o  produce a  s t a b i l i z e d  Image, t h e  feedback s w i t c h  S a s  

c l o s e d ,  s o  t h a t  t h e  scanning p a t t e r n  i s  locked on to  a  f i x e d  l o c a t - o n  on 

t h e  lundus ,  The motion s i g n a l s  then  become e q u a l  t o  t h e  a c t u a l  rundus 

d ~ s p l n c e m e n l ~  and can be used t o  s t a b i l i z e  o t h e r  p a t t e r n s  p r o j e c t e d  on 

t h e  retina. 

A s  s l ~ o ~ m ~  r n  t h e  r r o n t l s p r e c e ,  t h e  scannlng p a t t e r n  r s  slinplgr LI 

circle ab011t 6' 111 cllameter, posr t roi ied  n e a r  t h e  o p t r c  d r s c  t o  cl 05s 

m~1ny edges  a s  p o s s l b l e  r n  a l l  d l r e c t l o n s .  The motor r o t a t e s  a t  24,000 

rpm, s o  t h a t  t h e  scannlng r a t e  1s 400 frames p e r  second around t h l s  

c l rcu lax .  p a t h .  The scannrng c r r c l e  1s 15O o r  20O of f  t h e  v l s u a l  a s r s ;  

t h e  fovea r s  n e a r  t h e  l e f t  s r d e  of t h e  p l c t u r e ,  surrounded by s m a l l  

c a p l l l C 1 r r e s .  The chorce  of t h i s  scannrng p a t t e r n  was based on e x t e n s l r / c  

l e i i  s conducted I n  Phase I .  

Frgure  2 shows how t h e  s i g n a l  p r o c e s s o r  d e r i v e s  motion s r g n ~ l l s  Iron1 

t h e  vrdeo s i g n a l .  F i r s t  a  m a s t e r  frame 1s formed and s t o r e d  r n  ?lie 

memory; t h i s  m a s t e r  frame c o n s i s t s  of t h e  a l g e b r a i c  d i f f e r e n c e  between 

one v i d e o  i'rame and a  s l i g h t l y  delayed v e r s i o n  of i t s e l f .  S e l e c t  2 on o i  

? h r s  lramc de te rmines  t h e  l o c a t i o n  on t h e  fundus  t o  which t h e  scannrng 

c l r c l e  w i l l  be locked 111 t h e  c losed- loop c o n d i t i o n .  The mas te r  d l f l e r e r c c  

frame 1s t h e n  s t o r e d  and m u l t i p l i e d  r e p e a t e d l y  by each new frame oi i h c  

v ~ d c o  s i g n a l  a s  11 comes, i n  r e a l  t ime .  Th is  p roduc t  i s  i n t e g r a t e d  over  

4 
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FIGURE 2 ALGORITHM USED FOR SIGNAL PROCESSING 

!he t lu l . , l t~o l~  o l  one Irame, y i e l d i n g  a  v a l u e  which i s  p o s i t i v e ,  n e g a i ~ v c ,  

i>r- z e r o 3  clepc~lclrng- on wlletller t h e  incomlng v i d e o  s i g n a l  was ear l rex . ,  

iL1.lter, orh t h e  same a s  t h e  m a s t e r  frame ( r e l a t i v e  t o  t h e  sync p u l s e ) ,  

T'lils c ~ ~ l c u l a i i o n  cor responds  t o  a  pure  r o t a t i o n a l  component abou t  ?Izc 

c e n t e r  01 thr scann lng  c r r c l e ,  The X and Y motlon s l g n a l s  a r e  o b I ~ ~ . ~ n e c I  

In t bc  same way, e x c e p t  t h a t  b e f o r e  i n t e g r a t r n g ,  t h e  v rdeo  s i g n a l  1s 

a l s o  m u l t r p l l e d  by a  g a t l n g  s l g n a l  o r  we igh t ing  function, whrch c o n s r s t s  

o I  t h e  s r n e  o r  c o s r n e  of t h e  a n g u l a r  p o s i t i o n  of t h e  f l y i n g - s p o t .  In 

t h e  'ac tual  s i g n a l  p r o c e s s o r  d e s c r i b e d  I n  S e c t i o n  V, we used square  waves 

l n s l c a d .  These a r e  much s i m p l e r  t o  g e n e r a t e  d i g i t a l l y ,  though t h e y  1x1- 

i r o d u c e  o t h e r  problems, which a r e  d i s c u s s e d  i n  S e c t i o n  VI. A t  p r e c e n t ,  

mu Ceccl 1mck o n l y  t h e  X and Y s i g n a l s  f o r  image s t a b i l i z a t i o n ,  but. t h e  

~ , o t a t i o n : l l  component i s  a l s o  a v a i l a b l e  i f  needed.  

F i g u r e  3 i l l u s t l - a t e s  t h i s  a l g o r i t h m  w i t h  a n  a r t i f i c i a l  fundus  p a t -  

Le1.n c o n s i s t i n g  of one broad,  v e r t i c a l  blood v e s s e l .  The v i d e o  s i g n a l  

thcn  c o n s i s t s  01 two broad p u l s e s ,  180' a p a r t ,  a s  shown i n  l i n e  1. The 

m a s t e r  d l f f ' e r e n c e  irame Iormcd from t h i s  rnpu t  w i l l  c o n t a l n  narrower  
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FEGURE 3 WAVEFORMS IN THE CROSS-CORRELATION PROCESS 

p u l s e s ,  p o s r t i v e  a t  t h e  l e a d l n g  edge and n e g a t i v e  a t  t h e  t r a l l r n g  edge 

oi each  v i d e o  p u l s e .  Now a t  some subsequent  t lme,  l e t  t h e  fundus  he 

u r sp lnced  I n  t h e  X d r r e c t l o n .  The rncomlng frame then  1s shown 111 

i ~ n e  5, wsth t h e  f r r s t  p u l s e  advanced and t h e  second p u l s e  r e t a r d e d  

r c l a t r v e  t o  t h e  mas te r  Irame. When t h l s  1s m u l t l p l l e d  by t h e  s t o r c d  

~ ~ i ~ ~ s i e r  irame, ~t l e a v e s  a  p o s l t l v e  p u l s e  l n  t h e  f l r s t  l n s t a n c e  and a 

n e g a t s v e  one ~ n  t h e  second, a s  I n  l i n e  6 .  Note t h a t  t h l s  p roduc t  ~ l l o n e  

would ~ n t c g r a t e  t o  z e r o  ( a s  r t  should ,  s l n c e  we have p o s t u l a t e d  no 

r o t a t i o n a l  movement), But when ~t 1s m u l t l p l e d  by t h e  s l n e  8 g a t l n g  

srgnnl In l r n e  7, Lhc p o l a r i t y  of t h e  second p u l s e  1s r e v e r s e d ,  aiici tlhc 

r e s u l t  now r n t e g r a t e s  t o  a p o s i t i v e  v a l u e  f o r  X-displacement.  

6 



If the  S drsplacement had been rn the  opposrte  d r r ec t lon ,  both 

pulses  rn the l a s t  l i n e  (and hence r t s  average)  would have been negatlirca. 

An e n t r r e l y  analogous derivation of t he  Y drsplacement s l g n a l  1 s  oblamed 

hy l n t e g r a t l n g  the product f  f ( 8 )  cose. In the  illustrated case  o i  X 
6 

movement only, t h r s  product would of course integrate t o  zero.  

As rn any c o r r e l a t o r ,  major no ise  suppression r e s u l t s  from lKtegra- 

t l o n  over a  complete frame; t he  use of the  quadra ture  components makes 

t h i s  averagrng a s  e f f e c t i v e  a s  poss ib l e  without throwing away any positron 

~nfo r ina t ron ,  

In p rac t i ce ,  t hese  opera t ions  a r e  c a r r i e d  out e n t i r e l y  i n  d i g i t a l  

form; i . e , ,  t he  s i g n a l  processor  is  e s s e n t i a l l y  a  special-purpose, 

hard-wired computer ( s ee  Sect ion V). A t  t h i s  low l i g h t  l e v e l ,  the  v i d e o  

s i g n a l  can be obtained i n  d i g i t a l  form by counting photomul t ip l ie r  out-, 

put pu lses  with a 100-MHz counter ,  We c o l l e c t  t h i s  count 512 times p e r  

frame, s o  t h a t  each sampling i n t e r v a l  occupies about 5  microsecon.ds a t  

the  present  scanning r a t e .  The average count is  l e s s  than 80 events  

during t h i s  i n t e r v a l .  A l l  subsequent processing i s  done with 8 -b i t  

p rec is ion ,  s o  the  only s i g n i f i c a n t  no ise  i n  the  open-loop output  silouil  

bc the r e s u l t  of photon no i se  i n  t he  o r i g i n a l  video s i g n a l .  These 

numbers a r e  then processed by a  modified vers ion  of the c o r r e l a t i o n  

a lgor i thm j u s t  descr ibed,  which provides e s s e n t i a l l y  optimum f i l t e r i n g  

of t h i s  no i se .  

C ,  Model Eye Development 

In t e s t l n g  our  deslgn f o r  the  fundus t r acke r ,  we needed an Input  

ihdL would r c a l r s t l c a l l y  resemble the  fundus p a t t e r n  of t he  human eye 

but would remain p e r f e c t l y  s t a t i o n a r y  f o r  hours, i f  necessary,  or c o u l d  

bc nlovecl by pl-ecisely linown amounts. In  order  t o  t e s t  a l l  p a r t s  e1 tlic 

o p t ~ c a l  and e l e c t r o n i c  hardware a s  they became a v a i l a b l e ,  i t  was obvious 



t h a t  t h i s  t e s t  p a t t e r n  should be embedded i n  a  model eye, loca ted  111 

f r o n t  of the  fundus scanner,  and r e a d i l y  interchangeable with a  r e a l  

human eye whenever des i r ed .  

Af te r  determining t h a t  s impler  devices  were not  adequate,  w e  con- 

s t r u c t e d  the  model eye shown i n  Figure 4. The a r t i f i c i a l  cornea r s  
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FIGURE 4 CROSS-SECTION OF MODEL EYE 

a c t u a l l y  a  l a r g e  ( s c l e r a l )  contac t  l e n s  of ze ro  power; t h i s  i s  cemented 

t o  3 bras s  c e l l ,  which was f i l l e d  with a  l i q u i d  t o  s imulate  the  fluld 

v i t r e o u s .  The a r t i f i c i a l  fundus i s  a c t u a l l y  a  photograph of a  r e a l  

human fundus on Mic ro f i l e  f i l m  (pa in ted  white on the  back, t o  convert  ri 

i n t o  a  r e f l e c t a n c e  t a r g e t ) .  With water a s  t he  l i qu id ,  an unacceptably 

b r i g h t  specu la r  r e f l e c t i o n  was obtained from the  a r t i f i c i a l  fundus, due  

t o  the  mismatch of r e f r a c t i v e  index between the  water and the  f i l m  base. 

This  problem was e l imina ted  by changing the  l i q u i d  t o  g l y c e r i n .  The  

o p t i c s  of the  model eye were thus  very s i m i l a r  t o  those of the  r e a l  eye 



( l o r  whlch the  o p t r c s  of t he  fundus scanner  were desrgned),  and hence 

gave e x c e l l e n t  image q u a l i t y .  In a d d i t i o n  t o  the  r e a l i s t i c  fundus pat-  

t e rn ,  o the r  t a r g e t s  were a l s o  used. A r a d i a l  spoke p a t t e r n  was lound 

very u s e f u l  f o r  a l i g n i n g  the  system, checking the  computer simula'tron 

program, and making o the r  measurements. 

D. Other Opt ica l  and Mechanical Improvements 

Ear ly  i n  Phase I ,  i t  had been determined t h a t  we would no t  nitempi 

t o  design and cons t ruc t  our  own o p t i c a l  system f o r  t he  fundus t r a c k e r ,  

A much more s a t i s f a c t o r y  s o l u t i o n  (from the  viewpoint of b e t t e r  image 

q u a l i t y  a s  wel l  a s  lower c o s t )  was t o  buy a  commercial fundus camera, 

and rep lace  r t s  l i g h t  source with our photomul t ip l ie r ,  and i t s  fihLm 

c a r r i e r  with our f l y i n g  spot .  A t  the  end of Phase I ,  the  ( t hen )  new 

model of t he  Zeiss  fundus camera had been s e l e c t e d  f o r  t h i s  purpose, 

and modified t o  accept  a  CRT and ten-stage photomul t ip l ie r ,  a l s o  care- 

Cully s e l e c t e d  f o r  t h i s  purpose. (The CRT was l a t e r  replaced by a 

mechanical scanner cons i s t i ng  of a  mercury a rc ,  o p t i c a l  f i b e r ,  l enses ,  

f i l t e r s ,  beamspl i t te rs ,  scanning mir ror  and high-speed motor, a s  de- 

sc r ibed  i n  Sect ion 111.) 

The c l i n i c a l  headres t  and adjustment platform which came wi tb  t he  

Zeiss  camera were too  shaky f o r  any p rec i se  o p t i c a l  experiments,  They 

were removed and seve ra l  o the r  improvements made i n  the  i n t e r e s t  of 

r i g i d i t y .  A l l  of the  o p t i c s ,  inc luding  a bite-board mounted i n  a l a t h e  

cross-feed arrangement, were bol ted  t o  a  4 '  X 4 '  p l a t e  of 1/2" aluminum 

In order  t o  minimize v ib ra t ion ,  t h i s  p l a t e  was supported by 2" of iso-  

l a t i n g  foam ma te r i a l ,  on a  very heavy wooden t a b l e .  Although s l i g h t l y  

l e s s  comfortable f o r  t he  sub jec t ,  t h i s  arrangement has been much more 

s a t i s f a c t o r y  f o r  t he  experiments.  



Considerable work was necessary i n  o rde r  t o  g e t  t he  s p e c i a l  CRT to 

perform according t o  t he  manufac turer ' s  s p e c i f i c a t i o n s .  Several  controls 

were I n s t a l l e d  l o r  t e s t  purposes, t o  convenient ly a d j u s t  the  s i z e  and 

loca t ion  of t he  c i r c u l a r  pa th  of t he  scanning spo t .  By March of 1968, 

based on both model-eye and real-eye t e s t s ,  we f e l t  t h a t  we had the  best  

video s i g n a l  ob ta inable  from such a  CRT scanner,  and we were ready t o  

proceed with t h e  problem of convert ing t h i s  i n t o  an eye-movement srgnal, 

s u i t a b l e  f o r  t r ack ing  the motions of the  r e t i n a .  



I 1  COMPUTER SIMULATION WITH CRT 

The only s a t i s f a c t o r y  method of e s t ima t ing  the  open-loop performance 

of t he  f i n a l  device, i n  terms of speed and p rec i s ion  of t racking ,  was Lo 

a c t u a l l y  c a r r y  out t he  c o r r e l a t i o n  a lgor i thm and s tudy the  r e s u l t s  of 

t hese  c a l c u l a t i o n s  f o r  var ious  input  condi t ions .  A computer program 

w r i t t e n  f o r  t h i s  purpose i n  Phase I  was a v a i l a b l e  t o  t e s t  the  cha rac t e r -  

i s t i c s  of t he  CRT scanner,  a s  i l l u s t r a t e d  i n  Figure 5. Since the  s i g n a l  
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FIGURE 5 DIRECT COMPUTER SIMULATION AT LOW SPEED 

processor  t h a t  we l a t e r  b u i l t  a l s o  performs these  c a l c u l a t i o n s  on a 

d i g i t a l  bas i s ,  the  computer s imula t ion  of i t s  performance was f r e e  of 

sampling a r t i f a c t s .  However, t he  computer program could no t  run f < ~ s t  

enough t o  opera te  i n  r e a l  time. (Also, t he  computer program used s i n e  

and cos ine  f a c t o r s  ins tead  of square waves t o  c a l c u l a t e  t he  X and Y 

motion components; see  Sect ion VI. ) 



A .  Slow-Speed Scanning 

In o rde r  t o  t r a c k  the f a s t e s t  eye movements, a  d e s i r a b l e  scan r a t e  
2 3 

f o r  the  f i n a l  device i s  between 10 and 10 scans per  second. The l a t t e r  

f i g u r e  i s  c lo se  t o  t he  l i m i t  of t he  s t a t e  of t he  a r t ,  even f o r  a  bard- 

wired single-purpose device.  (We f i n a l l y  s e t t l e d  f o r  400 scans per  

second, but t h i s  was l imi t ed  a s  much by the  scanner a s  by the  s i g n a l  

p roces so r . )  In our computer s imula t ion  t e s t s  with the  CRT scanner,  the  

CRT d e f l e c t i o n  c i r c u i t s  were modified t o  g ive  a  very slow scanning rate 

(5  sec  per  frame). This  was requi red  i n  order  t o  g ive  the  software i n  

the  SDS 910 computer time enough t o  keep up with the  input  da t a .  

This  slow r a t e  a l s o  g r e a t l y  increased the  s igna l /noise  r a t i o ,  bui 

from the  r e s u l t i n g  data  we were a b l e  t o  c a l c u l a t e  the  (open-loop) charac- 

t e r i s t i c s  f o r  o the r  scanning r a t e s ,  spot  s i z e s ,  e t c . ,  using a s  our rnpui 

the  r e a l i s t i c  model eye descr ibed i n  the  previous sec t ion .  I t  was not  

poss ib le  t o  g e t  two c l o s e l y  s imi l a r ,  success ive  scans from a  r e a l  eye 

under these  condi t ions ,  of course,  o r  t o  at tempt  any closed-loop experl- 

ments. However, we did compare the  video s i g n a l  from a  r e a l  eye w*th 

t h a t  from the  model eye, both a t  a  scanning r a t e  of 100 frames per  second, 

In o rde r  t o  a s su re  ourse lves  t h a t  they were not  s i g n i f i c a n t l y  d i f f e r e n t .  

B.  Signal/Noise Ex t r apo la t ions  

Since the  only s i g n i f i c a n t  no ise  i n  the  system i s  the  quantum noise  

inherent  i n  the photodetect ion process,  ex t r apo la t ion  of t he  s imulatron 

t e s t s  was r e l a t i v e l y  s t ra ight forward .  I t  can be shown t h a t  t he  s rgna l -  

to-noise r a t i o  (and hence the  t r ack ing  accuracy)  i nc reases  with the  

square roo t  of t h e  amount of l i g h t  a v a i l a b l e  ( i . e . ,  the  product of area 

t lmes b r igh tnes s  of the  f l y i n g  s p o t )  and decreases  wi th  the  inverse  

square roo t  of t he  scanning speed. However, increas ing  the  spot  srze 

above the  d i f f r a c t i o n  l i m i t  decreases  t he  s i g n a l  bandwidth so  t h e r e  1s 



obviously an optimum spot size, and corresponding low-pass filter; 

these optima depend strongly on the fine detail in the fundus pattern. 

These simulation studies showed that no CRT could produce a brrght 

enough flylng spot to provide the desired tracking accuracy; therefore 

we concluded that a different type of flying-spot light source was re- 

qulred. We conducted a number of experiments optimizing the spot s l z c :  

the radius of the scanning circle, the delay in the cross-correlation 

algorithm, and other parameters, and from these we estimated the optkmum 

tracking accuracy with the CRT to be 2 or 3 orders of magnitude lower 

than needed. 

Our calculations concerning this and other potential light sources 

are summarized in Figure 6. As this figure shows, a high pressure mer- 

cury arc should permit us to track the fundus with a precision of less 

than one minute of arc at scanning rates greater than 100 Hz; but at a 

brightness that is still three orders of magnitude below the damage 

threshold for the retina. We therefore decided to use a mercury--arc 

light source in the mechanical scanner described in the next section. 
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FIGURE 6 TRADE-OFFS IN TRACKING ACCURACY WITH THE 
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I11 NEW SCANNING SYSTEM 

As a  r e s u l t  of t he  t e s t s  descr ibed i n  the  previous sec t ion ,  w e  s e t  

about t o  devise a  mechanical scanning system t h a t  could use a  high- 

pressure  mercury a r c  a s  i t s  l i g h t  source.  The new o p t i c a l  system i s  

s t i l l  based on a  modified Zeiss  fundus camera, from which the  xenon 

f lash- tube  had been removed and replaced by a  b lue-sens i t ive  photo- 

m u l t i p l i e r  tube i n  Phase I .  In the  present  modif icat ion,  however, w e  

replaced the  CRT (which replaced the  o r i g i n a l  f i l m  c a r r i e r )  with our 

new f ly ing-spot  scanner  assembly, cons i s t i ng  of a  mercury a r c ,  o p t i c a l  

f i b e r ,  f i l t e r s ,  l enses ,  beam-spl i t ter ,  scanning mir ror  and high-speed 

motor. 

A.  Optics  

A s  shown i n  Figure 7, t he  mir ror  i s  mounted on the s h a f t  of the  

high-speed motor. Light from the  mercury a r c  is  focused on one end of 

t he  o p t i c a l  f i b e r ;  t he  o the r  end i s  loca ted  i n  the  f o c a l  plane of thc 

o p t i c a l  system. Light from t h i s  end of the  f i b e r  i s  r e f l e c t e d  by the  

beamsp l i t t e r  t o  t he  spinning mirror ,  and then t ransmi t ted  back through 

the  same beamsp l i t t e r  and even tua l ly  focused on the  s u b j e c t ' s  fundus. 

This arrangement provides t he  only s a t i s f a c t o r y  method of accommodating 

the  new scanner t o  the  Zeiss  o p t i c a l  system. Absorption l o s s e s  i n  t h e  

f i b e r  and beamsp l i t t e r  a r e  n e g l i g i b l e ,  but the  re f lec t ion- t ransmiss ion  

l o s s  due t o  t he  beamsp l i t t e r  l i m i t s  the  e f f i c i e n c y  t o  25%. The f i b e r  

i s  requi red  f o r  closed-loop operat ion,  a s  descr ibed below; i t  a l s o  pes- 

forms the  necessary func t ion  of a  pinhole.  A 5-mil diameter f i b e r  was 

chosen f o r  t h i s  purpose, on the  b a s i s  of the t e s t s  descr ibed i n  Sect ion IV. 
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FIGURE 7 CONFIGURATION OF THE MECHANICAL SCANNER 

The mercury a r c  i s  a  100-watt PEK t y p e  112-2118, c o n t i n u o u s l y  

coo led  by a n  a i r  j e t .  A microscope o b j e c t i v e  images t h e  a r c  o n t o  the  

end of t h e  f i b e r ,  which i s  mounted i n  a  3-way rack-and-pinion a r rdnge-  

ment f o r  p r e c l s e  f o c u s i n g  and p o s i t i o n i n g .  A custom-made i n t e r r e r c n c c  

f i l t e r  a t  t h e  lamphouse e l i m i n a t e s  from t h e  sys tem a l l  wavelengths  l e s s  

t h a n  400 nm o r  g r e a t e r  than  500 nm. S u b j e c t i v e l y ,  t h e  s p o t  a p p e a r s  t o  

be abou t  t h e  same c o l o r  a s  t h e  former  CRT s p o t ,  b u t  i t  p r o v i d e s  more 

than  200 t i m e s  a s  much l i g h t .  

Th i s  b r i g h t  b l u e  s p o t  undergoes  two t y p e s  of motion on t h e  s u b j e c t ' s  

Lundus: scann ing  and t r a c k i n g .  The scann ing  motion i s  impar ted  by the 

s p l n n i n g  m i r r o r ,  which i s  mounted a t  a  s l i g h t  a n g l e  w l t h  r e s p e c t  t o  the 

motor s h a f t .  T h i s  moves t h e  image of t h e  end of t h e  f i b e r  i n  a  c s rcu la r  

pat11 when t h e  motor is  r o t a t e d .  A t  400 r p s ,  i t  has  t h e  appearance  of a 

s t e a d y  c i r c l e  abou t  6' i n  d i a m e t e r ;  normal ly  t h i s  c i r c l e  i s  imageid a t  



t h e  s u b j e c t ' s  o p t i c  d i sk .  The t r ack ing  motion is  provided by d e f l e c t ~ n g  

the  output  end of the  I i b e r  i t s e l f ;  t h i s  is  done by two electromechanlcnL 

d r i v e r  u n i t s  (modified loudspeakers) t h a t  a r e  mounted a t  r i g h t  angles  lo 

each o t h e r ;  these  i n  t u r n  a r e  dr iven  by the  X and Y se rvo  outputs  of the  

e l e c t r o n i c  s i g n a l  processor  ( s ee  Sect ion V ) .  Thus, i n  closed-loop opera- 

t i on ,  t he  scanning c i r c l e  fol lows the  motions of t he  fundus. 

T h ~ s  c i r c l e  i s  s l i g h t l y  l a r g e r  than t h e  o p t i c  d i sk  and the re fo re  

sometimes v i s i b l e  t o  the  sub jec t ,  e s p e c i a l l y  i n  t he  open-loop condrtron 

( s c a t t e r e d  l i g h t  from i t  would probably be de t ec t ab le  even i f  i t  were 

wholly rns ide  the  d i s k ) .  But s i n c e  i t  i s  loca ted  i n  the  periphery of 

t he  v i s u a l  f i e l d ,  i t  does not  i n t e r f e r e  with normal v i s u a l  t a s k s .  When 

accu ra t e ly  s t a b i l i z e d ,  of course,  i t  should disappear  i n  any case .  

B.  Sync Generation 

The scanning motor is  a  400-cycle synchronous, sp l i t -phase  t y p e  

(Globe 18A103) which r o t a t e s  a t  24,000 rpm, providing a  frame r a t e  that 

i s  f a s t  enough f o r  t r ack ing  most eye-movements and compatible with t h e  

s igna l -process ing  equipment ( see  Sect ion V ) .  Toothed wheels a r e  mounted 

on the  motor s h a f t  f o r  sync genera t ion ,  with f i xed  magnetic pickup heads, 

The way i n  which the  mechanical scanner synchronizes the  opera t ions  

of t he  d i g i t a l  s igna l -processor  is  one of i t s  key f e a t u r e s .  For this 

purpose, sync-pulses a r e  provided not  only f o r  every r evo lu t ion  oi the 

motor s h a f t  (frame sync) but  a l s o  f o r  every p i c t u r e  element scanned 

(minor sync) .  This  makes the  p rec i s ion  of processing the  s i g n a l  es -  

s e n t i a l l y  independent of v a r i a t i o n s  i n  scanning r a t e ,  which woulcl other-  

wise decrease the  t r ack ing  accuracy. 

The 512 minor sync pulses  per  r evo lu t ion  a r e  obtained by frequeneg- 

doubling the  output  of a  magnetic pickup which senses t he  edge of a  

wheel conta in ing  256 t e e t h .  Another wheel with one t o o t h  and another  



pickup provide the  major sync pulse .  In t h i s  way, the  s i g n a l  processor  

i s  e f f e c t i v e l y  locked t o  t he  des i red  p o s i t i o n s  i n  space (not  t o  f i x e d  

I n t e r v a l s  of t ime),  so  t h a t  s l i g h t  v a r i a t i o n s  i n  the  speed of t he  motor 

a f f e c t  only the  ga in ,  no t  the  waveform of the d i g i t i z e d  video s i g n a l .  



IV COMPUTER SIMULATION WITH NEW SYSTEM 

As soon a s  t he  mechanical scanner was opera t ing ,  we t e s t e d  i t s  

open-loop performance, aga in  by computer s imulat ion.  That i s ,  we pro- 

grammed a general-purpose computer t o  s imulate  t h e  func t ions  of the  

s i g n a l  processor .  We slowed the  scanner  down t o  run a t  only 50 frames 

per  second, but  even t h i s  scanning r a t e  was too  f a s t  f o r  the  software 

processor  t o  handle t he  video s i g n a l s  i n  r e a l  time. We t h e r e f o r e  re-  

corded t h e  video and sync s i g n a l s  on magnetic tape, s p l i c e d  the  tape 

i n t o  a loop and played i t  back a t  a much slower speed t o  t he  computer, 

a s  shown i n  Figure 8. In t h i s  way, we obtained r e a l  eye-movement re-  

cords (but  not  i n  r e a l  t ime) before t he  s ignal-processing equipment 

was b u i l t .  

OPT1 CS 
TAPE SERVO 

RECORDER CHARACTER ISTICS 

5 0  SCANS/SEC 

RECORD AT 
6 0  IN. /SEC 

PHOTOMULTIPLIER 
TUBE -AYBACK LOOP 

7 1/2 IN./SEC 

OUTPUT X,Y or T 

TA-6319-45 

FIGURE 8 COMPUTER SIMULATION WITH HIGH-SPEED RECORDING 



A.  Vldeo D l s p l a y  Technique 

S l n c e  t h e  p l a y b a c k  of t h e s e  v l d e o  r e c o r d i n g s  I n t o  t h e  simulator 

program was v e r y  tlme-consuming, we had t o  s e l e c t  o n l y  t h e  most  su1Gnhie 

s egmen t s  f o r  eye-movement computation. T h l s  was done by d i s p l a y r n g  t h e  

v l d e o  s r g n a l  a s  an r n t e n s l t y - m o d u l a t e d  l l n e - s c a n  on a n  o s c ~ . l l o s c o p e  and 

photographing e a c h  f rame I n  succession w l t h  a c o n t r n u o u s l y - r u n n i n g  G r a s s  

camera .  The r e s u l t  1s sho~vn I n  F l g u r e  9 .  

TE 63lCi-40 

FIGURE 9 VIDEO SIGNAL FROM HUMAN FUNDUS 

Here  e a c h  v e r t l c a l  l l n e  r e p r e s e n t s  one c l r c u l a r  s c a n  a t  a  r a t e  o f  

50 s c a n s  p e r  s e c o n d .  S l n c e  p o l a r l t y  1s p r e s e r v e d ,  t h e  d a r k  s t r e a k s  are 

where  t h e  f l y i n g  s p o t  c r o s s e s  a  b lood  v e s s e l  and t h e  l i g h t e s t  ones  a r e  

p r o b a b l y  p a r t s  o f  t h e  o p t l c  d l s k .  If t h e r e  were  no eye-movements ,  these 

s t r e a k s  would of  c o u r s e  a l l  be  straight, h o r l z o n t a l  l ~ n e s .  By i n s p e c ? l c n ,  

most of  t h e  eye-movements I n  t h e s e  v i d e o  r e c o r d s  a p p e a r  t o  be d l s p l a e e -  

ments  r a t h e r  t h a n  rotations. I n  o t h e r  w o r d s ,  no  one  f rame 1s u n l f o r n i l j  

advanced  o r  r e t a r d e d  w l t h  r e s p e c t  t o  t h e  n e x t ;  whenever  t h e r e  1s a j u i l l ~  

I n  one h o r l z o n t a l  s t r e a k ,  t h e r e  seems t o  be a n  e q u a l  and o p p o s l t e  jum2 a t  



a  po in t  180' around t h e  scanning c i r c l e .  On t h e  b a s i s  of many video 

record ings  l i k e  t h i s ,  we chose a  few segments f o r  computer p rocess ing ,  

B.  Tracking Records 

Figure 10 shows a  computed record of very small  but vo luntary  cye- 

movements guided by four  f i x a t i o n  p o i n t s ,  20 minutes a p a r t  i n  a  square 

a r r a y ;  t he  sub jec t  changed h i s  f i x a t i o n  from one corner  of t h i s  square 

t o  t he  next  a s  r a p i d l y  a s  he could.  The open-loop X-output i s  shown a t  

t he  top  of t he  video record ing  and the  Y-output a t  t h e  bottom. Note the 

c o r r e l a t i o n  between t h e  X and Y displacements .  In  t he  open-loop condi- 

t i on ,  t h i s  can occur  a s  an a r t i f a c t  i f  t h e  input  s i g n a l  power i s  no t  

d i s t r i b u t e d  uniformly among t h e  f o u r  quadran ts  of t h e  scanning c i r c l e ,  

However, i n spec t ion  of t he  video s i g n a l  shows t h e  e f f e c t  i s  mainly r e a l  

i n  t h i s  c a s e .  That i s ,  t he  s u b j e c t  seldom makes a  pure X o r  pure Y 

movement under t he se  cond i t i ons .  

This  i s  more ev ident  i n  Figure 11, where we have dropped the  time 

parameter and p l o t t e d  t h e  t r a j e c t o r y  corresponding t o  t h e  X and Y drs -  

placements of t h e  previous f i g u r e .  Here we can see  t h e  s u b j e c t ' s  f i xa -  

t i o n  j i t t e r  around one po in t  f o r  a  f r a c t i o n  of a  second and then l eap  

t o  another  one. The pa th  i s  not  square o r  r ec t angu la r  but  an i r r e g u l a r  

t e t r agon ;  i t  does no t  even r e t u r n  t o  t he  same s t a r t i n g  p o i n t .  This  be- 

havior  i s  t y p i c a l  of small ,  rap id ,  vo luntary  eye-movements wi th  no 

moving t a r g e t  t o  pursue. 

F i n a l l y ,  Figure 12 shows a  record  wi th  no voluntary  movements but 

s e v e r a l  involuntary  saccades during the  course of a  few seconds. The 

saccades vary from 5 t o  10 minutes of a r c ,  and i n  t h i s  segment, a r e  a l l  

i n  t he  h o r i z o n t a l  meridian.  

Some of t h e  high f requenc ies  p re sen t  i n  t h e  video s i g n a l  of Figurc 10 

were f i l t e r e d  out i n  t he  record ing  of Figure 12. This makes t h e  Pundus 
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FIGURE 11 TRAJECTORY OF EYE-MOVEMENTS CONSTRUCTED FROM FIGURE I 0  

p a t t e r n s  of Figure 10 look sharper  and n o i s i e r  than those of Figure 12, 

but has e s s e n t i a l l y  no e f f e c t  on the  t r ack ing  accuracy ( s ince  the  c ross -  

c o r r e l a t i o n  a lgor i thm is  a  much more e f f e c t i v e  f i l t e r  f o r  removing high- 

frequency video n o i s e ) .  

We obtained an upper bound f o r  t he  open-loop t r ack ing  p rec i s ion  by 

assuming t h a t  t he  f i n e  s t r u c t u r e  i n  t he  Y output of Figure 12 (and i n  

t he  s teady  s e c t i o n s  of X between saccades)  i s  a l l  due t o  noise ,  and 

c a l c u l a t i n g  i t s  s tandard  dev ia t ion .  This  c a l c u l a t i o n  g ives  an rms e r ror  

of about 20 seconds of a r c .  However, from s imula t ion  experiments with 

a  much b r i g h t e r  l i g h t  source and a  motionless  model eye, we have dc ter -  

mined t h a t  t h i s  f i n e  s t r u c t u r e  i s  not  a l l  photon no i se ;  some of it may 

rep resen t  motion of the  fundus. Most contac t - lens  records  look smoother 
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FIGURE 12 FILTERED VIDEO SIGNALS AND COMPUTED POSITION OUTPIJTS 
FOR INVOLUNTARY EYE-MOVEMENTS 



than these  open-loop p l o t s ,  but  perhaps the re  a r e  fundus motions w h ~ c h  

a r e  not  t ransmi t ted  t o  t he  f r o n t  of the  eyeba l l .  

We a l s o  p r in t ed  out  from the  computer the  e n t i r e  video master 

Urames used i n  F igures  10, 11, and 12, and ca l cu la t ed  t h e i r  power 

s p e c t r a .  These c a l c u l a t i o n s  confirmed the  e f f e c t s  of f i l t e r i n g ,  nobse, 

and t r ack ing  accuracy discussed above. On the  b a s i s  of t hese  t e s t s ,  w e  

decided t o  proceed with the  design and cons t ruc t ion  of the real- t ime,  

d i g i t a l  s i g n a l  processor .  



V DESIGN AND CONSTRUCTION OF SIGNAL PROCESSOR 

The genera l  o u t l i n e  of t he  e l e c t r o n i c  s i g n a l  processor  system i s  

shown i n  the  o v e r a l l  block diagram of Figure 13. 

A .  Scanning Rate and Sampling Rate 

One of t he  bas i c  design f a c t o r s  i s  the  scanning r a t e ,  i . e . ,  the  

number of scans per  second. The higher  t h e  scan r a t e ,  the  more o f t en  a  

c o r r e c t i o n  i s  s en t  t o  the  t r ack ing  servo.  This argues f o r  a  high scan 

r a t e .  However, a major l i m i t i n g  f a c t o r  i s  t he  a v a i l a b i l i t y  of mechanical 

d r i v e r s  t h a t  can opera te  r e l i a b l y  a t  high speeds. A good compromise np- 

pears  t o  be 400 scans per  second, and f o r  t h i s  purpose we use a  d r ive  

motor r a t e d  a t  24,000 rpm ( i . e . ,  400 r p s ) ,  though the  motor can be 

operated a t  speeds a s  high a s  30,000 rpm (500 r p s ) .  

Another major design parameter i s  t he  number of samples i n  each 

frame. Our s imula t ion  s t u d i e s  showed t h a t  100 t o  200 samples would be 

adequate from an accuracy poin t  of view. Since we count photomul t ip l ie r  

pu lses ,  however, a s  discussed below, o t h e r  cons idera t ions  favor  a  higher  

value,  and we have chosen 512 samples f o r  t h i s  design.  The slower the  

sampling r a t e ,  t he  l a r g e r  the  number of counts  per  sample. The average 
a 

Light l e v e l  with the  present  Hg-arc scanner y i e l d s  approximately 1,6 X LO 

photomul t ip l ie r  pu l se s  per  second. A t  400 frames per  second, t h i s  means 

an average count of 40,000 per  scan, and wi th  500 ( a c t u a l l y  512) samples 

per  frame, approximately 80 counts  per  sample (varying a t  most between 

40 and 150 counts ) ,  which can be handled with 8-b i t  counters  and r eg i s -  

t e r s .  I f  t h e  number of samples per  frame were much l e s s ,  we would need 

correspondingly l a r g e r  r e g i s t e r s  t o  handle t he  l a r g e r  number of pu lses  



counted per  sample. This was the  primary cons idera t ion  i n  e s t a b l i s h r a g  

the  number of samples per  frame. 

Another important design cons idera t ion  i s  the  need f o r  a  r e l l t i v e l y  

high-speed d i g i t a l  m u l t i p l i e r .  I t  w i l l  be r e c a l l e d  t h a t  the  b a s i c  

a lgor i thm forms and s t o r e s  a  master frame, and on each scan cyc le  c ross -  

c o r r e l a t e s  the  new s i g n a l  with the  s to red  master.  This r equ i r e s  a s i n g l e  

d i g i t a l  m u l t i p l i c a t i o n  f o r  each sample. With 400 scans per  second, and 

with (approximately) 500 samples per  scan, we have 400 X 500 = 200,000 

samples per  second, o r  a  new sample every 5 microseconds. Assuming 

8-b i t  binary numbers, t h i s  means t h a t  we r equ i r e  an 8-b i t  by 8-b i t  mul t i -  

p l i c a t i o n  every 5 microseconds, which must inc lude  the  time necessary 

t o  e n t e r  the  numbers i n t o  the  m u l t i p l i e r  and t r a n s f e r  the  r e s u l t i n g  pro- 

duct t o  s e v e r a l  d i f f e r e n t  p laces .  I f  we had chosen half  a s  many samples 

per  scan ( i . e . ,  250), then we would have had twice a s  much time ( 8  mrcro- 

seconds) t o  accomplish the  t r a n s f e r s  and mul t ip l i ca t ion ,  but the  mult i -  

p l i e r  would have had t o  be correspondingly l a r g e r  i n  order  t o  handle the 

l a r g e r  binary numbers t h a t  r e s u l t  from a  slower sampling r a t e  ( i . e . ,  

twice a s  many counts  per  sample). With p re sen t ly  a v a i l a b l e  i n t e g r a t e d  

e l e c t r o n i c  c i r c u i t r y ,  i t  t u r n s  out  t h a t  5 microseconds is  adequate time 

t o  accomplish t h i s  8-b i t  by 8-b i t  m u l t i p l i c a t i o n .  Thus the  two main 

design parameters were chosen a s  400 scans per  second and 512 samples 

per  scan. 

B.  Overal l  Timing 

The o v e r a l l  t iming of t h e  machine i s  der ived from a  magnetic sync 

wheel mounted d i r e c t l y  on the  s h a f t  of the  scanner motor. This wlieel 

has 256 t e e t h ,  from which we de r ive  256 sync pulses  per  r evo lu t ion  oC 

t he  wheel. Intermediate  sync pulses  a r e  generated by frequency-doubling 

c i r c u i t r y ,  so  t h a t  we ob ta in  a  t o t a l  of 512 pulses  per  r evo lu t ion  ( i . e . ,  
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per  scan cyc le ) .  These pulses  a r e  r e f e r r e d  t o  a s  "minor syncff  pu l se s .  

( I t  was only because of mechanical l i m i t a t i o n s  t h a t  a l l  512 t e e t h  were 

not  machined d i r e c t l y  onto the  t iming wheel.)  

" ~ a  j o r  syncf '  pu lses  a r e  der ived from a  s i m i l a r  magnetic t iming 

wheel, but  occur only once per  r evo lu t ion ,  Thus, on each revolu t ion ,  

t he  s i g n a l  processor  r ece ives  one major sync pulse  and 512 minor pu l se s ,  

By der iv ing  these  sync pulses  d i r e c t l y  from the  motor s h a f t ,  the  sub- 

sequent s i g n a l  processing i s  i n s e n s i t i v e  t o  v a r i a t i o n s  i n  motor speed. 

The source of t hese  sync pulses  i s  shown i n  the  upper r i g h t  por t ion  

of the  o v e r a l l  block diagram, next  t o  t he  block marked TIMING. However, 

var ious  o the r  t iming s i g n a l s  must be generated a s  wel l .  For example, a s  

noted i n  Sec t ion  I ,  we s imp l i f i ed  t h e  design by using a  square-wave 

r a t h e r  than a  s inuso ida l  ga t ing  func t ion  i n  genera t ing  the  X and Y d i s -  

placement s i g n a l s .  For t h i s  purpose, t he  r o t a t i o n  cyc le  i s  broken up 

i n t o  fou r  quadrants .  The "s in"  func t ion  i s  thus  generated a s  a  +I func- 

t i o n  i n  t he  f i r s t  and second quadrant  of the  r o t a t i o n  and a  -1 i n  the  

t h i r d  and f o u r t h  quadrants .  The "cos'' f unc t ion  is  4-1 i n  the  second and 

t h i r d  quadrants  and -1 i n  the  f i r s t  and fou r th  quadrants .  These ga t ing  
- - 

func t ions  a r e  represented  by the  G G and G s i g n a l s .  
X' x J  Y 

C, Forming t h e  Master Frame 

The process  of forming and s t o r i n g  the  master frame can be seen 

along the top edge of Figure 13, s t a r t i n g  with the  photo-mul t ip l ie r  Lubc 

(PMT) a t  the  l e f t  edge and ending wi th  the  CORE MEMORY a t  t he  r i g h i  cdge. 

To t r a c e  the  formation of the  master frame, l e t  u s  begin wi th  t h e  basic 

process of forming the  video s i g n a l  i t s e l f .  

For t h i s  purpose, we could s t a r t  with an analog video s i g n a l ,  in-  

t eg ra t ed  d i r e c t l y  a t  the  PMT. But, f o r  subsequent d i g i t a l  processing, 

t h i s  would then r e q u i r e  an A-D ( i . e . ,  ana log - to -d ig i t a l )  conversion 



process .  However, t h i s  would not  be easy t o  achieve d i g i t a l l y  a t  these  

speeds, and fur thermore would r ep re sen t  l o s s  of accuracy because of 

quan t i za t ion  no i se .  For these  reasons, i t  was f a r  more d e s i r a b l e  t o  

a c t u a l l y  count i nd iv idua l  pulses  from the PMT and sample the  count 

every minor sync c y c l e .  This i s  the  scheme i n  t he  present  dev ice .  For 

t h i s  purpose we designed an 8-b i t  counter  c i r c u i t  t h a t  counts  a t  a  

maximum r a t e  of about 75 megacycles (which can be increased i f  neces sa ry ) .  

A t  every minor sync cycle ,  t he  con ten t s  of t h i s  counter"  a r e  read 

out and the  counter  i s  c l ea red .  

The 8-b i t  number read out of the  photon counter  i s  en tered  i n t o  a  

r e g i s t e r  r e f e r r e d  t o  a s  the  26-REGISTER. A t  every minor sync cyc le ,  the  

con ten t s  of t he  26-REGISTER a r e  s h i f t e d  one pos i t i on  and a  new number i s  

en te red .  This  process  goes on continuously, so  t h a t  with a  D-A ( i . e . ,  

d ig i ta l - to-ana log)  conver te r  a t  any pos i t i on  along the  r e g i s t e r ,  we 

could c r e a t e  a  ( rea l - t ime)  analog vers ion  of the  video s i g n a l .  

Recal l  t h a t  t he  master  frame i s  a c t u a l l y  a  point-by-point d i f f e r ence  

between a  r e t a rded  vers ion  and an advanced vers ion  of the o r i g i n a l  video 

s i g n a l .  In e f f e c t ,  t h i s  forms a  s p a t i a l  d e r i v a t i v e  along the  scanning 

path.  I t  i s  t h i s  d e r i v a t i v e  s i g n a l  t h a t  i s  s to red  a s  t he  master  frame, 

and used f o r  c ros s -co r re l a t ion  wi th  each subsequent scan s i g n a l .  T h e  

two t ime-sh i f ted  vers ions  of the  scan s i g n a l  a r e  generated from the  26 

r e g i s t e r ,  which i s  8  b i t s  wide and 26 b i t s  long, where 6 i s  t he  number 

of samples of advancement ( o r  de lay) .  The master-frame s i g n a l  i s  ob- 

ta ined  by d i f f e renc ing  the  8-b i t  numbers s to red  a t  the  f i r s t  and 1-ast 

p o s i t i o n s  of the  r e g i s t e r .  The r e s u l t  of t h i s  s u b s t i t u t i o n  i s  a 7-b i t  

number, p lus  a s ign  b i t .  A t  the end of the f i r s t  complete scan, w e  have 

obtained 512 samples comprising the  master frame, which i s  s to red  f o r  

subsequent c ros s -co r re l a t ion .  The present  system i s  designed so t h a t  6 

can have one of four  d i f f e r e n t  va lues  (6 = 5, 7, 9,  o r  l l ) ,  which cover 



t he  u se fu l  range determined by our s imula t ion  s tud ie s ,  a s  descr ibed rn 

previous s e c t i o n s .  Thus, i f  6 i s  s e t  equal  t o  5, i n  e f f e c t  a copy of 

t he  incoming sampled s i g n a l  i s  made with a  de lay  of 26 = 10 samples, 

then sub t r ac t ed  point-by-point from the  incoming s i g n a l  and s to red  as  

the  master  frame. 

A s  seen along the  upper edge of Figure 13, i nd iv idua l  pu lses  from 

the  PMT a r e  counted i n  t he  high-speed photon counter ,  and 8-b i t  numbers 

a r e  sampled from the  counter  once per  minor sync and en tered  i n t o  t h e  

26- reg is te r .  The f i r s t  and l a s t  p o s i t i o n s  of t he  26 - reg i s t e r  a r e  sub- 

t r a c t e d  from each o t h e r  and the  (7-bi t -plus-s ign)  r e s u l t  i s  en tered  i n t o  

t h e  CORE MEMORY, which f i n a l l y  s t o r e s  the  512 numbers t h a t  comprise a  

sampled vers ion  of the  master frame. (The core  memory used i n  the s igna l  

processor  i s  manufactured by Fabr i tek  Corp. and a c t u a l l y  has a capac i ty  

of 1,024 8-b i t  words. ) 

Each time the  START button i s  pushed, a  new master d i f f e r ence  frame 

i s  en tered  i n t o  the  memory, through the  process  j u s t  descr ibed .  Because 

the  moment of pushing the  but ton i s  unsynchronized with the  bas i c  machine 

timing, the  c i r c u i t r y  i s  arranged so  t h a t  the  response t o  the  but ton does 

not  occur u n t i l  t he  next  major sync pulse .  Then the  w r i t e  c i r c u i t s  of 

t he  core  memory a r e  a c t i v a t e d  during the  fol lowing frame (major sync 

c y c l e ) .  

D.  Tracking Mode 

Once the  s t a r t  but ton is  re leased ,  t he  system automat ica l ly  e n t e r s  

the  t r ack ing  mode. In t h i s  mode, t he  core  memory goes t o  read-only 

s t a t u s .  During each major sync cycle ,  t he  incoming video s i g n a l  (de- 

r i ved  from the  c e n t e r  l oca t ion  of t he  26 - reg i s t e r )  i s  mu l t ip l i ed  poin t -  

by-point by the  con ten t s  of t he  core  s to rage  ( i . e . ,  by t h e  master d i f -  

fe rence  frame). The des i r ed  m u l t i p l i c a t i o n  is  achieved by a  s tandard 



shi f t -and-add p r o c e s s .  F o r  t h i s  purpose ,  t h e  ? - b i t  ( s i g n  exc luded)  

number from t h e  memory i s  e n t e r e d  i n t o  t h e  r i g h t - s h i f t i n g  7 - b i t  r e g i s t e r ,  

shown a t  t h e  c e n t e r  of t h e  l e f t  edge of F i g u r e  13.  The c u r r e n t  8 - b i t  

b i n a r y  number from t h e  2 6 - r e g i s t e r  i s  e n t e r e d  a t  t h e  r i g h t  edge of a 

l e f t - s h i f t i n g  1 5 - b i t  r e g i s t e r .  During t h e  subsequent  m u l t i p l i c a t i o n  

p r o c e s s  (which must be completed d u r i n g  one p e r i o d  of t h e  minor sync 

r a t e ) ,  t h e  1 5 - b i t  r e g i s t e r  i s  s h i f t e d  t o  t h e  l e f t  one p o s i t i o n  a t  a t i m e ,  

w h i l e  t h e  7 - b i t  r e g i s t e r  is s i m u l t a n e o u s l y  s h i f t e d  t o  t h e  r i g h t .  I f  

d u r i n g  any s h i f t ,  t h e  l a s t  b i t  of t h e  7 - b i t  r e g i s t e r  i s  a  o n e ,  t h e n  t h e  - 
c u r r e n t  c o n t e n t s  of t h e  1 5 - b i t  r e g i s t e r  a r e  added i n t o  a  1 5 - b i t  accumu- 

l a t o r ;  i f  t h e  l a s t  b i t  of t h e  7 - b i t  r e g i s t e r  i s  a z e r o ,  t h e  1 5 - b i t  - 
r e g i s t e r  i s  s imply  s h i f t e d  w i t h o u t  being added.  I n  t h i s  way, t h e  f i n a l  

p roduc t  is  accumulated through a  s e r i e s  of p a r t i a l  p r o d u c t s .  The p a r t i a l  

p r o d u c t s  a r e  accumulated by t h e  j o i n t  a c t i o n  of t h e  1 5 - b i t  adders  and a 

1 5 - b i t  r e g i s t e r .  During t h e  p r o c e s s ,  t h e  c u r r e n t  c o n t e n t s  of t h e  15. -bi t  

accumula t ing  r e g i s t e r  (which h o l d s  t h e  c u r r e n t  p a r t i a l - p r o d u c t  sum) i s  

added t o  t h e  incoming 1 5 - b i t  number from t h e  l e f t - s h i f t i n g  1 5 - b i t  r e g i s t e r  

v i a  t h e  a d d e r s ,  t h u s  up-da t ing  t h e  p a r t i a l - p r o d u c t  sum. 

I n  t h i s  way, one word of t h e  c u r r e n t  v i d e o  s i g n a l  and one word of 

t h e  m a s t e r  frame a r e  m u l t i p l i e d  a t  e a c h  minor sync c y c l e .  These i n -  

d i v i d u a l  p r o d u c t s  must t h e n  be accumulated o v e r  a n  e n t i r e  major  sync 

c y c l e ,  a t  t h e  end of which we o b t a i n  a  new r e a d i n g  f o r  X, Y, and T, a s  

d i s c u s s e d  e a r l i e r  i n  c o n n e c t i o n  w i t h  t h e  b a s i c  c r o s s - c o r r e l a t i o n  a l g o r i t h m ,  

The c i r c u i t r y  f o r  p r o p e r l y  accumula t ing  t h e  p a r t i a l  p r o d u c t s  f o r  X, Y ,  

and T i s  shown i n  t h e  t h r e e  rows a t  t h e  lower r i g h t  i n  F i g u r e  13.  Note 

t h a t  t h e  o u t p u t  from t h e  m u l t i p l i e r  i s  a lways  p o s i t i v e  because  t h e  8 - b i t  

number from t h e  2 6 - r e g i s t e r  i s  a lways  p o s i t i v e ,  and o n l y  t h e  7 - b i t  number 

( s i g n  e x c l u d e d )  from t h e  memory i s  used.  The s i g n  b i t  from t h e  c o r e  word 
- 

i s  used,  subsequen t ly ,  i n  c o n j u n c t i o n  w i t h  t h e  q u a d r a n t  s i g n a l s  G G 
- x9 X I  

G and G d e s c r i b e d  i n  S e c t i o n  B, t o  t e l l  t h e  X, Y, and T  c i r c u i t s  
Y' Y 

whether  t o  t r e a t  any p a r t i c u l a r  p roduc t  word a s  p o s i t i v e  o r  n e g a t i v ~ e ,  

T h i s  c o n t r o l  i s  accomplished by t h e  1 5 - b i t  complementers a t  t h e  i n p u t s  

3 2  



t o  the X, Y, and T accumulator c i r c u i t s .  The a c t u a l  accumulation i s  

accomplished i n  each case  by the. j o i n t  a c t i o n  of a  20-bit  adder  and 

20-bit  r e g i s t e r ,  t he  contents  of t he  r e g i s t e r  being added t o  the  new 

incoming product word ( t r e a t e d  a s  a  p o s i t i v e  o r  nega t ive  number, depend- 

ing on the  core  s ign  and the  quadrant  s i g n a l s ) ,  and then r e s e t  i n t o  the  

20-bit  r e g i s t e r .  I . e . ,  these  20-bit  r e g i s t e r s  a r e  up-dated on each 

minor sync cyc le .  

A t  each major sync-pulse, t he  con ten t s  of each 20-bit  r e g i s t e r  a r e  

t r a n s f e r r e d  i n t o  an 11-b i t  r e g i s t e r  which then holds t h i s  l a t e s t  measure 

of X, Y, and T during the  e n t i r e  next  major sync cycle ,  while a new 

value i s  being accumulated. We had ca l cu la t ed  t h a t  an 11-bi t  number 

would r ep re sen t  s u f f i c i e n t  accuracy f o r  the  des i red  servo  d r ive  charac te r -  

i s t i c .  I n i t i a l l y ,  however, we did not  know exac t ly  how many b i t s  of d a t a  

we would a c t u a l l y  ob ta in  ( t h i s  depends, among o the r  th ings ,  on the  bas ic  

photon r a t e ) .  Therefore,  we made provis ion  t o  a d j u s t  t he  l e v e l  within 

the  20-bit  r e g i s t e r  from which these  11 b i t s  a r e  acquired f o r  the  servo  

output .  

The 11-bi t  numbers t h a t  r ep re sen t  t he  cu r r en t  values of the Xi V, 

and T pos i t i on  s i g n a l s  a r e  converted by th ree  D-A u n i t s  t o  analog s i g n a l  

r ep re sen ta t ions ,  and these  s i g n a l s  a r e  then used f o r  opera t ing  the  s e rvo  

mechanisms t h a t  con t ro l  t he  pos i t i on  of t he  o p t i c a l  f i b e r  i n  the Hg-arc 

scanner  assembly. 

E .  Align Mode 

In order  t o  have a s  l i t t l e  i n t e r a c t i o n  a s  poss ib le  between the X, 

Y, and T measurements, i t  is  d e s i r a b l e  t o  s e l e c t  regions of t he  r e t i n a  

i n  which t h e r e  i s  approximately the  same s i g n a l  power i n  each quadrant 

of the  scan c i r c l e .  (To take  an extreme example, i f  t h e r e  were o i ~ l y  

one blood vesse l ,  and i t  crossed only t h e  top of t he  scan c i r c l e ,  we 



could not  d i s t i n g u i s h  between X and 8 movements.) To help i n  a l i gn ing  

a  new sub jec t  ( i . e . ,  f i nd ing  a  s u i t a b l e  l oca t ion  f o r  t he  scanning c i r c l e  

on h i s  r e t i n a ) ,  we have designed a  s p e c i a l  s ignal-processing mode t h a t  

au tomat ica l ly  provides a  measure of t he  " s igna l  content"  i n  each quadrant 

of t he  scan. This mode t akes  c e r t a i n  measurements on the  s to red  master 

frame and genera tes  fou r  meter readings,  corresponding t o  t he  s i g n a l  

conten t  i n  each quadrant .  I f  the  quadrants  a r e  not  s a t i s f a c t o r i l y  

balanced, we can then move the  scan c i r c l e  t o  a  new loca t ion  and press  

t he  but ton f o r  a  new master frame. 

To achieve t h i s  measure of s i g n a l  power, we read out  the  master 

frame, which i s  s to red  i n  t he  magnetic core  memory, and square i t  word 

by word, success ive ly  feeding  each word d i r e c t l y  i n t o  both inpu t s  t o  the 

m u l t i p l i e r .  This i s  achieved by the  RUN/ALIGN switching box, which i n  

t h e  a l i g n  mode feeds  the  core  output ,  i n s t ead  of t he  video s igna l ,  i n t o  

t h e  15-bi t  l e f t - s h i f t i n g  r e g i s t e r .  I . e . ,  i n  t he  a l i g n  mode the  r i g h t -  

s h i f t i n g  7-b i t  r e g i s t e r  and the  l e f t - s h i f t i n g  15-bi t  r eg i s t e , r  rece ive  

the  same input ,  d i r e c t l y  from the  core memory. In t h i s  mode, the  o u t p u t  

of t he  m u l t i p l i e r  i s  s en t  through a  D-A conver te r  and f ed  i n t o  an analog 

switch which segments the  squared s i g n a l  i n t o  fou r  quadrants ,  f o r  power 

measurement o r  d i r e c t  viewing on a  scope. In the  RUN mode, the  same D-A 

conve r t e r  r ece ives  t h e  video s i g n a l  from the c e n t e r  pos i t i on  of the  26- 

r e g i s t e r ,  s o  t h i s  may be viewed cont inuously during opera t ion .  



V I  PRESENT STATUS 

E s s e n t i a l l y  a l l  our  e f f o r t s  during the  pas t  s e v e r a l  months have 

been devoted t o  the  cons t ruc t ion ,  debugging, and t e s t i n g  of the  s i g n a l  

processor .  This device, which has about the  same complexity a s  a  small  

d i g i t a l  computer, now works i n  accord with the  design shown i n  Figure 13, 

without making e r r o r s  a s  f a r  a s  we can determine. We connected i t  t o  

t h e  r e s t  of t he  system a s  shown i n  Figure 1, and conducted open-loop 

t e s t s  wi th  the  model eye.  A t  t h i s  po in t ,  we found t h a t  the design of 

the  s i g n a l  processor  must be modified before  we can ob ta in  proper 

opera t ion  of t he  fundus t r a c k e r .  

Analysis  of our  t e s t  r e s u l t s  shows t h a t  t he re  is  a  nonl inear  i n t e r -  

a c t i o n  between the  quadrant-gat ing s i g n a l s  ( i . e . ,  G G e t c . ,  i n  
xy y' 

F igure  13) and t h e  video s igna l ,  which r e s u l t s  i n  a  s i g n i f i c a n t  dc b ia s  

on t h e  servo-control  ou tputs .  That i s ,  even though the  eye has not  

moved s i n c e  the  master-frame was formed, a  la rge ,  s teady  X o r  Y output 

can occur .  The expected eye-posi t ion s i g n a l  is  superimposed on t h i s  d c  

l eve l ,  but of course we cannot c l o s e  the  loop i n  t he  presence of such a 

b i a s .  The b i a s  obtained v a r i e s  with the  loca t ion  of the  scanning c r r c l e  

on t h e  fundus. But i n  t he  present  design, t he  na tu re  of the  problem i s  

such t h a t  wherever t he  b e s t  se rvo  c h a r a c t e r i s t i c  i s  obtained f o r  X, the  

worst b i a s  occurs  i n  Y, and v ice  versa .  

This  b i a s  occurs  only when the  output  of the  m u l t i p l i e r  ( i . e . ,  the 

product of t h e  video s i g n a l  and the  master frame) i s  c o r r e l a t e d  i n  some 

way wi th  the quadrant-gat ing s i g n a l .  Thus the  square-wave g a t i n g  s r g n a l s  

i n  t he  present  design a r e  the  main cause of the  b ias ,  because the  hor i -  

zon ta l  and v e r t i c a l  "edges1' of these  g a t e s  genera te  t h e  most b i a s  when 



they interact with horizontal and vertical edges in the video signal 

(which are most desirable for tracking). 

This problem went undetected in all our computer simulation experi- 

ments because the computer program used sinusoidal gating functions as 

shown in Figure 3, not square waves. This program was written some 

years ago, before the signal processor had been designed (in fact, he- 

fore we had decided on an all-digital scheme). Thus in spite of the 

tests described in Section 11 and 111, we did not suspect that the exact 

shape of the gating functions would prove to be such a critical design 

feature . 

It is also significant that the fundamental frequency of the video 

input (i.e., the frame rate) was suppressed in our computer simulations, 

in order to fit within the A/D amplitude range of the SDS-910. Thus the; 

video input was completely uncorrelated with the (sin8 or cos8) gating 

signals. (Even in this case, the multiplier could have generated a sine 

component by intermodulation; e.g., as the lower side-band of sin 28  and 

sin 3 8 ,  But fortunately, the simulation experiments indicate that these 

cross-product terms will probably be negligible if we eliminate the 

fundamental bias. ) 

We can readily revert to sinusoidal gating functions, simply by 

modifying the control circuitry in the lower right part of Figure 13, 

The output of the digital multiplier must first be D/A converted and 

then analog-multiplied by sine and cosine functions (derived from the 

400-cycle power supply of the scanning motor). Integration of these 

analog products would then provide the desired X and Y position outputs, 

It would be more difficult to eliminate sin 8 components from the 

video signal. Because of our photon-counting input, this signal does 

not exist anywhere in analog form, and hence cannot be filtered directly. 

However, the analysis mentioned above shows that almost equally good 



r e s u l t s  can probably be obtained by e l imina t ing  the  dc component of the  

video s i g n a l  before mult iplying,  and t h i s  can be done on a  d i g i t a l  

b a s i s .  For t h i s  purpose, a  s u b t r a c t o r  i s  requi red  between the  output  

from the  cen te r  pos i t i on  of t he  % - r e g i s t e r  and the  input  t o  the  7-brt  

r i g h t - s h i f t i n g  r e g i s t e r  of t he  m u l t i p l i e r .  The second input  t o  t h r s  

new s u b t r a c t o r  should be a  b inary  number represent ing  the  dc l e v e l  of 

t he  video s igna l ,  which can be obtained au tomat ica l ly  by merely A/D 

convert ing the  dc l e v e l  of t he  video.  Aside from c e r t a i n  higher-order 

terms, t h i s  w i l l  have the  same e f f e c t  a s  a frame-rate f i l t e r  i n  removing 

any remaining c o r r e l a t i o n  wi th  the  ga t ing  frequency. 

Both of t he  design changes descr ibed above a r e  r e l a t i v e l y  s t r a i g h t -  

forward, but  they must be implemented i n  order  t o  achieve proper opera- 

t i o n .  Once they have been made, conversion of the  video s i g n a l  t o  

pos i t i on  information should be e s s e n t i a l l y  optimum. 

I t  i s  no t  poss ib le  t o  make these  design changes under the  present  

con t r ac t ,  due t o  l ack  of funds. However, we intend t o  cont inue the  

development of t he  fundus t r acke r ,  and w i l l  seek o the r  support i f  NASA 

Ames i s  unable t o  cont inue i t s  sponsorship. 
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