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Biocy b e r n e t  ic F a c t o r s  i n  Human Pe rcep t  ion  and Memory 

SUMMARY 

The o b j e c t i v e  o f  t h i s  r e s e a r c h  p r o j e c t  is to develop  b i o c y b e r n e t i c  

t echn iques  f o r  u s e  i n  t h e  . i na lys i s  and development o f  s k i l l s  r e q u i r e d  

for t h e  enhancement of  c o n c r e t e  images -.. t h e  " e i d e t i c "  type. The scan  

p a t t e r n s  o f  t h e  e y e  d u r i n g  i n s p e c t i o n  01 s c e n e s  are t r e a t e d  a s  i n d i c a t o r s  

o f  t h e  b r a i n ' s  s t r a t e g y  f o r  t h e  i n t s k e  o f  v i s u a l  informat ion .  W e  

a t t empt  t o  de t e rmine  t h e  f e a t u r e s  t h a t  d i f f e r e n t i a t e  visual scan  p a t t e r n s  

a s s o c i a t e d  w i t h  s u p e r i o r  imagery from scan  p a t t e r n s  a s s o c i a t e d  w i t h  

i n f e r i o r  imagery, and s imul t aneous ly ,  t o  d i f f e r e n t i a t e  t h e  EEG fc a t u r e s  

c o r r e l a t e d  w i t h  s u p e r i o r  Imagery from t h o s e  c o r r e l a t e d  w i t h  j - . ~ f e r i o r  

imagery. For t h i s  purpose ,  w e  have des igned  a c lose ly -coup led  man-machine 

system t o  e e n e r a t e  image enhancement and t o  t r a i n  t h e  i n d i v i d u a l  t o  

e x e r t  g r e a t e r  vo lun ta ry  c o n t r o l  o v e r  h i s  own imagery. The :nodels f o r  

EEG s i g n a l s  and s a c c a d i c  eye  movement i n  t h e  man-machine system have 

beet, completed. These models a r e  used f o r  moni tor ing  and p r e d i c t i o n  o f  

EEG s i g n a l s  and eye  p o s i t i o n s .  A t  t h i s  moment, a l l  p a r t s  but  the  feedback 

p a t h  o f  t n e  man-machine system have been implemented. We s h a l l  d e s c r i b e  

i n  t h i s  r e p o r t  t h e  d e t a i l s  o f  t h e s e  models and d i s c u s s  t h e i r  u s e f u l n e s s .  

We have assumed t h a t  t h e  s t r a t e g y  o f  an i n d i v i d u a l  w i t h  s u p e r i o r  

v i s v a l  memory is t o  f i x a t e  h i s  eyes  a t  t h e  op t ima l  l o c a t i o n s  o f  t h e  

v i s u a l  s c e r e  a t  t h e  op t ima l  time i n s t a n t s  i n  r e l a t i o n  t o  EEG. Through 

t h e  EEG model, w e  have concluded t h a t  t h e  EEG s i g n a l s  p l a y  t h e  r o l e  

o f  t iming mechanisms f o r  v i s u a l  informat  ion  a c q u i s i t i o n  and p rocess ing .  

By u s i n g  o u r  c h a r a c t e r i z a t i o n  o f  scar  p a t t e r n s ,  we a r e  a b l e  t o  show t h a t  



the scan pattern is more consistent for indivifluals with high scores 

obtained from the Marks' Visual-Memory Task than those with lower scores. 

These results tend to confilm our assumption and help guide us in 

obtaining a firmer grip of these optiaal locations and time instants. We 

haw. also developed anti implemented a technique for presenting any part 

oi a scene at a specified foveal location at a specif~xi instant of 

time. If the specified locations and time instants are optimal, we 

expect that the image will be enhanced. Prediction techniques have 

been developed for both saccadic eye movements and EEG waveforms so 

that lead times may be provided for the presentation of appropriate 

visual cues (stimuli). We shall present and discuss many of these 

in this report. 
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mi8 p m j e e t  Lu b.m a- u t  the developmat a d  urn of b l o q b s r -  

r t t c  c j c ~ 2 e p t r  U11 tochnlgcnr for annlytlmg d d e t e l o p t q r  s k i l l s  t h a t  

a n  n a 8 e a t i a l  for the enbaa. merit of co c r e t e  -ages of t h e  "e idet ic"  

typo. Ye bave -tratd oa the problem of 8chining b i o c y k r n e t i c  

.rrp.uion of vtmaal n w r y  uslog a cloaelf-coupled un-mach~ne s y s t e r  

which perforrr real-time rooitoring, utalymis,  aad feedback of s p a t i a l  

.ad t.cpo-1 cues  that serve u key8 to &mna m r y  encoding r.ld 

recall. T h e r e  is st- er idenec  t h a t  th - se  cues  are heav i ly  depended 

oa in m r y  eecoding a d  r e t r i e v a l  by birPo nemous syst@ms. The c lose ly -  

couple&man-machiae system is u ~ e d  l o r  t& mea8ureaent and p&ic t ion  

of h r n m  mnemonic per for rance  t o  deterriw t b e  s p a t i a l  and temporal 

cues as w e l l  as f o r  t h e  c o n t r o l  and enhancement o f  mnemonic s k i l l s .  

Such a r a n l a c h i n e  system f o r  v i s u a l  memory t r a c k i q z  and t r a i n i n g  has 

ken designed and is dep ic ted  i n  Figure 1. This  system is capable  of 

d e l i v e r i n g  optimal sequences of sensory s t imula t ion  cond i t iona l i j -  

r e l a t e d  to eye p o s i t i o n  and bra in  s t a t ? ,  anc! thus  to exp lore  s y s t e m a t i c a l l y  

their r e l a t i o n  t o  v i s u a l  memory r ~ t r i e v a l .  

I t  is seer, from t h e  man-machine system t h a t  re emphasize t h e  rea l -  

time monitoring and p r e d i c t i o n  o f  c e n t r a l  nervous a c t i v i t i r s  through 

t h e  EEG a ipnald  and through t h e  t r ack ing  o f  eye aoyerenl  and eye f i x a t i o n s .  

Eaploying these  real-time techniques,  w e  have attempted to d e t e l r i n e  

t h e  t u p o r a l  and s p a t t a l  cues  f o r  human umry enzoding and r e c a l i  by 

monitoring of b ra in  s t a t e s  and eye ~ 0 S i t i O n s .  Again, tnrough t h i s  c l a s e l y -  

coupled man-machine system, w e  u t i l i z e  t h i s  information t o  arrange t h e  

des i red  coincidences between var ious  b ra in  s t a t e s ,  eye  p o s i t  ions ,  and 
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Figure  1 Block d i a g r a a  o f  t h e  
c lose ly-coupled  man-rachine system 

f o r  mon i to r ing  and t r a i n i n g  o f  v i s u a l  merory s k i l l s  

the d e l i r 7 r y  o f  v i s u a l  s t i m u l a t i o n .  The v:sual s t i m u l i  have been 

p r e s e n t e d  on  p r o j e c t i o n  s c r e e n  or o s c i l l o s c o p e  d i s p l a y s  for binocular 

o r  monocular viewing. The eye  movement w h s  measured rit'l t h e  B i o a e t r i c s '  

Eye Movemeat Monitor ,  Type %-; i t  is now measured w i t h  t h e  S t a n f o r d  

i iesearch Ins . : i t u t e ' s  (SRI) Cornsweet Eye Tracker .  The b r a i n  states 

have been monitored through t h e  EEG s i g n s l s .  I t  is  expec ted  t h a t  



g r e e t e r  con t ro l  of i m a g e  pers i s tence  aad Image d i s s ipa t ion  can be 

obtained by cab in i l rg  these  rea l - t ine  monitoring and predic t ion  

tecbniqus~a with a feedback schame t o  c i o i k  the  con t ro l  loop as depicted 

i n  t!te block diagram of  t h e  man-achine s y s t a .  I n  o the r  words, w e  

strive t o  use the computer system to supplement and strengthen those 

de f i c i enc i e s  In human memory t h a t  o rd ina r i l y  r e s u l t  i n  image 

d i s s ipa t ion  based on t'le assumption t h a t  a eupcr*or man  pattern of 

r i a u a l  inspectfcm t h a t  r e s u l t s  i n  9 super ior  memory is more cons is ten t  

and a l s o  lee8 p-le of na tu ra l  occurrence than a v isua l  inspect ion 

strateg) t h a t  is less consis tent .  To summarize, we attempt to steer 

t h e  subject  toward improved encodiug and decoding s t r a t e g i e s  f o r  memory 

t y  ueing the  techniques which have been developed and implemented on 

t h i s  man-machine system. 

The closely-coupled ran-machine pystem u t i l i z e s  caputer-based 

models i n  t he  system configuration t o  pred ic t  t h e  kind of  ~ t i m u l i  which 

should be used i n  order  t o  pruduce the des i red  fu tu re  rosponsrs. The 

EIDG s igna l s  and the  eye-moverent measurement are s h m  as the respocses 

which a ra  ,loaely cont ro l led  s ince  the  computer-based models are designed 

t o  mimic the  ac tua l  physiological processes i n  regard to t h e i r  stimulus- 

response r e l a t i m e .  l o  be more spec i f i c ,  s ince  the v i sua l  cues ( ~ t i m u l i )  

m u s t  be presented a t  r ~ p r o p r i a t e  locat ions i n  the  v i sua l  f i e l d  a t  the 

r i g h t  i n s t a n t s  of tire, monitoring and predict ion on real-tlme bas i s  

of  both eye movement and EEG mignals a r e  e s sen t i a l .  These modelm have 

been developed f o r  the  purpose of a o ~ i t o r l n g  and prediction. We have 

campleted the work on the  computer-based models which rill be described 

i n  d e t a i l  i n  the following sections. These models have a l so  been 



implesnented on the PUP-15. All of the man-machine system, except the 

interface electronic devices, can be realized on the PIP-15 caaputer. 

A t  the close of this project, we have implaented all but the feedback 

path of the aan-machine sjstem. 

In order to deteraine the visual cues which serve as keys to 

both memory eacoding an decoding, we have to characterize the scan 

patterns of observers during the inspection of scenes. With this 

quantitative characterization, we -ail1 then be able to differentiate 

quantitatively a superior w a n  pattern of visual inspection that 

results in a superior memory from an inferior one. This quantitative 

description is intended for use in :ne determination of those vital 

visual cues. We have developed and implemented a statistical method 

for the characterization of visual scan patterns. Our experimental 

results have ~stablished that observers with good visual memory, as 

scored by Marks' Yisuaf-Mep91-y Task, have a more consistent eye scan 

pattern in quantitative terns ihan those with poor visual Eeuory. The 

characterization of the visual scan pattern and the related eye-movement 

measurement techniques will be discussed in Section IY. 

Last, but not least, we will present a technique for the presentation 

of the visual cues (stimuli) at appropriate locations in the visual 

field at the right moments. Since our ultimate goal of this project is 

the visual memory enhancement through biocybernetic techniques, once the 

visual cues are determined, they can then be presented to the observer 

or trainee using our technique. In other words, this computer-implemccted 

technique will enable us to deliver visual stimulation to coincide with 

the desired brain states acd eye positions since it controls, in real-time 



t h e  mmncular f i e l d  of view of an observer inspect iog o u t l i n e  drawings 

of  v i sua l  rrcaoeo on a graphical  CRT display,  The details w i l l  be diacuened 

i n  Secttam V. 

I n  Section V I ,  w e  s h a l l  stamarise our  accopplislments and make 

concluding remarks. Some of these accomplishments have been published 

o r  presented i n  i n t e rna t iona l  s c i e n t i f i c  conferences. The list of 

publ icat ions rel?tsnt t o  t h i s  research pro jec t  is included i n  

Appendix B. 

I n  suapary, w e  havz designed a closely-coupled man-u~ehine system 

f o r  the  purpose of developing and use of biocybernetic techniquee f o r  

analyzing and developing s k i l l s  t h a t  a r e  e a s e n t i a l  f o r  t h e  enhancement 

of concrete images of t he  "eidet ic"  type, This man-achine system has 

been implemented except the  feedback path, Iu t h i s  system, w e  have 

developed models f o r  EEG s igna l s  during v isua l  s t imulat ion and f o r  

e k e  movement during in spec t i a i  of s ta t ionary  scenes, respect ively,  These 

models a r e  then ssed f o r  the purpose of monitoring and predic t ion  of 

various brain s t a t e s  and eye pos i t ions  so t h a t  the  des i red  coincidences 

between various brain s t a t e s ,  eye pos i t ions ,  and the  de l ivery  of 

v i sua l  s r ~ m u l a t i o n  can be arranged. This arrangement of t he  des i red  

coincidences can 2s carried out by a technique w e  developed aad implemented. 

The e l ec t ron ic  i n t e r f ace  systems i n  the  man-aachine system serve  

a very important r o l e  i n  da t a  acquis i t ion  and monitoring of t he  brain 

s t a t e s  and e y e  poeitions.  These e l ec t ron ic  i n t e r f ace  systems cons i s t  

of EEG recording machines with Grass preamplif iers ,  eye-roverent measuring 

instrument ,SRI Eye Tracker) and re la ted  in te r fac ing  hardrare  and 

software. We s h a l l  cover some of the  unique fea tures  of the in t e r f ace  



sys t eas  i n  Appendix A. This report w i l l  conclude with Appendix B 

which includes: (1)  a l i s t  of the naaes of those who have contributed 

t o  t h i s  project;  (2) a list of a l l  relevant papers that have been or 

are to be published; and (3) a list of lectures and ta lks  given. 



I n  t he  closely-coupled man-rachine system depicted in Figure 1, 

we have t w c  boxes, each labeled aa coaputer-baeed model; one is f o r  eye 

movement and t he  o t h e r  i e  f a r  E E  signals .  These canputer-based models 

a r e  used f o r  monitoring 3rd predic t ion  of eye pos i t ions  and various bra in  

s t a t e s ,  respectively. The monitoring of  t he  eye pos i t ions  is n s e s s a r y  

f o r  the detenuinatian of t he  s p a t i a l  cues t h a t  serve a s  keys t o  v i m a l  

m e ~ ~ r y  encoding and r e t r i e v a l  and t h e  predic t ion  of eye pos i t ion  is 

e s s e n t i a l  f o r  the  presentat ion of  these cues a t  the  des i red  loca t ions  

of t h e  v i sua l  f i e ld .  I n  t h i s  sect ion.  w e  s h a l l  d i scuss  the  development 

of such a model f o r  eye movements during inspection of two-dimensional 

scenes. 

1. An Algorithm f o r  Automatic Iden t i f i ca t ion  of Fixations and S a c c u e s  

Eye movements during inspection of trc.-dimensianal s t a t i ona ry  scenes 

cons is t  mainly of two c sponen t s :  f i xa t ions  and saccades. The f i r s t  s t e p  

i n  our  ana lys is  of eye movements is t o  senarate  the  d a t a  i n t o  these two 

components. We need t o  determine the  beginning and end points  of the 

f ixa t ions  and saccades. This helps us t o  determine the sequence of 

f i xa t ions  during a vo l i t i ona l  scan of a two-dimensional scene. The 

separation of saccades f ran  f ixa t ions  is usefu l  f o r  the modeling 

t o  be described l a t e r .  In  the pas t ,  the de l inea t ion  of f i xa t ions  

and saccades and the  scoring of the  f ixa t ion  sequences has been done 

by hand. We have developed an a l g o r i t h  which does t h i s  automatically 

and can thus reduce large amounts of - 3w eye-movement da t a  t o  a sequence 



of  f i xa t ion  poin ts  very quickly. With aodi f ica t ions ,  the a l g o r i t b  can 

perform i n  r e a l  time. I n  addition, it g ives  u s  an objec t ive  method of 

da t a  ana lys is  as opposed t o  the  e a r l i e r  methods. 

The detect ion of saccade onset is e s s e n t i a l l y  a problem of s igna l  

detection. W e  can consider the movements during f ixa t ion  as noise and 

the  saccade as t he  signal.  A t  any in s t an t ,  re compute the  q u a n t i t i e s  

where (xi.yi) a r e  sampled values of the  horizontal  and v e r t i c a l  components 

of the  raw da ta ;  (XF.YF) is the  locat ion of the  f ixa t ion ;  and (mi) is 

d weighting function of length k . The algorithm indica tes  the  onset  

of a saccade a t  t = 0 i f  e i t h e r  R x >  T o r  R > T , where T is a 
Y 

p rese t  thresh=lL value: otherwise, t h e  weighting window (ui) is moved 

fomard. The threshold T is a parameter of the  algorithm which 

depends on the noise l e v e l  i n  the  measurement, t h e  s i z e  of the smallest  

saccade t h a t  has t o  be detected,  t he  amount of ttelay (k) allowed before 

detect ion,  e tc .  This approach is e s s e n t i a l l y  squivalent  t~ using a 

matched f i l t e r  s ince  the weights (w ) a r e  determined using the saccade 
i 

model t o  be described l a t e r .  Based on t h i s  model, w e  can determine the 

e r r o r  p robab i l i t i e s  f o r  d i f f e r e n t  s i z e  saccades and s e t  T accordingly. 

We use a s l i g h t l y  d i f f e r e n t  approach t o  determine f ixa t ions  s ince  

the end of a aaccade i s  usual ly much slower than i ts  onset. N a n  w e  

c ompu te 

where (gi) is an empir ical ly  determined weighting function and T is 
s 

h threshold value depending on the  noise variance. In  e f f e c t ,  w e  a r e  

8 



computing t h e  number o f  p o i n t s  i n  a sample window of l eng th  which 

f a l l s  wi th in  a square  o f  s i z e  Ts 
around the  window weighted mean 

( x i  , ) . The a lgor i thm moves to t h e  f i x a t i o n  s t a t e  i f  n 

exceeds a p r e s e t  value  ns(< 1 )  ; otherwise ,  t a e  S m p l e  window is moved 

forward. I n  p r a c t i c e ,  a simple averaging f u n c t i o n  is fouad to be adequate 

for (tici) 

We have w r i t t e n  a program t o  implement t h i s  algorithm. The program 

roads raw eye-data from t h e  magtape and uses  t h e  a lgor i thm t o  determine 

t h e  f i x a t i o n  points .  These a r e  p l o t t e d  and numbered. The program a l s o  

o u t p u t s  t h e  s t a r t i n g  and ending times and t h e  s t andard  d e v i a t i o n s  o f  

each o f  t h e  f i x a t i o n s .  An exampln is shown i n  Figures 2, 3, and 4. 

Figure 2 shows t h e  raw eye-movement da ta .  Figure 3 shows t h e  sequence 

of f i x a t i o n  p o i n t s  obta ined from t h i s  a lgor i thm,  and Figure 4 shows t h e  

f i x a t i o n  p o i n t s  superimposed on t h e  a c t u a l  s t imulus  used. I t  is clear 

t h a t  a cons iderab le  d a t a  reduct ion has been achieved and t h e  r e s u l t  is 

e a s i e r  t o  understanc and analyze. Other  advantages o f  t h i s  a lgc r i thm 

include easy adapta t ion t o  d i f f e r e n t  no i se  l e v e l s  andjor  measuring 

ins t ruments  by changing some parameters,  and a q u a n t i t a t i v e  es t imat ion  

of error p r o b a b i l i t i e s .  I n  f a c t ,  t h e  a lgor i thm has been used q u i t e  

success fu l ly  dur ing t h e  course  of t h i s  p r o j e c t  cn d a t a  obta ined from both  

t h e  Biometries u n i t  and t h e  SRI eye t r a c k e r  by simply changing tbe 

th resho lds .  

2. Modeling of Saccadic Eye Movement 

The cex t  s t e p  i n  t h e  a n a l y s i s  of eye movements is t h e  i n v e s t i g a t i o n  

of saccad ic  movement. Wc need t o  be a b l e  t o  monitor and p r e d i c t  t h e  



Figure 2 Raw e y e  movements f o r  
a 20-second scan.  S c a l e  = 2.5 deg/inch 



\ 

Figure 3 Fixation sequence for the scan in kigure 2 



Figure 4 Stimulus overlaid by the fixation 
sequence in Figure 3 



s a c c a d e  d u r a t i o n  and l e n g t h  i n  o r d e r  t o  p r e s e n t  v i s u a l  c u e s  ( s t i m u l i )  

a t  t h e  a p p r o p r i a t e  l o c a t i o n s  i n  t h e  v i s u a l  f i e l d  a t  t h e  d z s i r e d  moments. 

Thus,  t h e  d e t a i l e d  dynamics o f  t h e  s a c c a d i c  movement a r e o f  i n t e r e s t  t o  

us .  Hence, o u r  approach is f i r s t  to  deve lop  an a p o r o p r i a t e  model which 

embodies t h e  a jnamic  c h a r a c t e r i s t i c s  o f  t h e  s a c c a d i c  system. T h i s  model 

is ther,  u t i l i z x i  f o r  mon i to r ing  and p r e d i c t i o n  o f  t h e  s a c c a d i c  5~c-~ernent.  

The human s a c c a d i c  eye-movement c o n t r o l  sys tem has  been o f  g r e a t  

i n t e r e s t  t o  r e s e a r c h e r s  i n  neurophys io logy  and b ioeng inee r ing .  The 

g e n e r a l  shapes  o f  t h e  position, v e l o c i t y ,  and n c c e l a r a t i o n  c u r v e s  o f  t h e  

e y e  movement have been r e p o r t e d  e x t e n s i v e l y .  W e  have a t t empted  t o  f i t  

t h e  ~ o d e l  r e sponses  tc empirical d a t a  by c l a s s i c a l  l e a s t - s q u a r e s  

technique;.  T h i s  e n a b l e s  u s  t o  e s t i m a t e  c e r t a i n  pa rame te r s  of  t h e  model. 

These pa rame te r s  which w i l l  be used f o r  p r e d i c t i n g  t h e  f i n a l  eye p c s i t i o n s  

have o n l y  been d e t e m i n e d  by i n d i r e c t  means i n  t h e  r e p o r t e d  models. We 

have  a l s o  made impor tan t  m o d i f i c a t i o n s  t o  t h e  model s o  t h a t  i t s  o u t p u t  

w i l l  a c c u r ~ t e l y  c h a r a c t e r i z e  t h e  cbserved  r e sponses .  We s h a l l  d e s c r i b e  

and d i s c u s s  t h e  model m o d i f i c a t i o n s ,  t h e  parameter  e s t i m a t e s ,  t h e  cu rve -  

f i t t i n &  r e s u l t s ,  and t h e  u s e  i n  m . n i t o r i n g  and p r z d i c t i o n .  

For t h e  p r e s e n t ,  we a r e  concerned w i t h  h o r i z o n t a l  eye movements 

on ly .  For t h i s  purpose ,  an experiment  f o r  t h e  s t u d y  05 Co-.iZontal 

s accades  has  been des igned  and used .  A row o f  LEDs cqc.;:  l r  : an t ly  

l o c a t e d ,  o n l y  one  o f  which is l l g h t e d  a t  m y  g iven  time, is used a s  

s t i m u l u s .  We w i l l  r e f e r  t o  t h e  l e f t m o s t  p o s i t i o n  a s  t h e  rest p o s i t i o n  

and t h e  @ + h e r  s i x  a s  t h e  t a r g e t  p o s i t i o n s .  The t a r g e t  s i g n a l  is s u p p l i e d  

by a  d i g ~ t a l  computer.  The sub. ject  js i n s t r u c t e d  t o  f o l l o w  t h e  l i g h t  

s p a t ,  which r e p e a t e d l y  Jumps from t h e  r e s t  p o s i t i o n  t o  one o f  t h e  t a r g e t  



p o s i t i o n s  and back. The success ive  t a r g e t  p o s i t i o n s  a r e  chosen from a 

t a b l e  of random permutations t c   toid id a n t i c i p a t i o n  by t h e  s u b j e c t s .  An 

i n ~ o r v a l  o f  a t  least 1 second is provided between each p o s i t i o n  change. 

Eye movements a r e  recorded and s to red  a s  desc r ibed  elsewhere i n  t h i s  

repor t .  

Using the  algorithm descr ibed above, w e  f i r s t  mark t h e  s t a r t i n g  p o i n t s  

of t h e  saccades.  Then t h e  s a c c z i e  p o s i t i o n  and v e l o c i t y  a r e  plot-tad - - 

and equal  length  saccades a r e  averaged wi th  each sample l i n e d  ufi a t  t h e  

s t a r t .  As an excmple, w e  show p n s i t i o n  and v e l o c i t y  p l o t s  of a  typical 

saccade i n  Figure 5 and t h e  zveraged p l o t s  from 25 saccadee o f  one 

s u b j e c t  i n  Figure 6. The saccades observed agree  wi th  those  repor ted 

by o t h e r  resea rchers  i n  a l l  a s p e c t s  such as dura t ion ,  overshoot,  

response de lay ,  e t c .  

I n  o rder  t o  mcnitor and p r e d i c t  t h e  saccad ic  eye movements, w e  in tend  

t o  f i t  t h e  model output  t o  t h e  saccade positjon d a t a  by es t imat ing  t h e  

model parameters from t h e  d ~ t a .  The endpoint  a f  t h e  saccade can then be 

predic ted from t h e  model output  by using t h e s e  parameters. 

Let t h e  h o r i z o n t a l  p o s i t i o n  Y a t  t i m e  t i  a f t e r  t h e  onse t  o f  

t h e  saccade be 

x = e ( a  , a  
i 

,..., ak ; t i )  + n  i (1 

where a1,a2, . . . ,a 
k 

a r e  t h e  model parameters and n  is t3s n o i s e  
i 

term which represei l t s  t h e  e r r o r s  introduced by t h e  instrument,  t h e  d a t a  

c o l l e c t i o n  e r r o r s ,  t h e  inherent  random n a t . , r e  o f  t h e  b i o l o g i c a l  system, 

e t c .  We s h a l l  use t h e  leas t -squares  es t imat ion  t o  determine al,a2, ..., 



Figure 5 Typical p o s i t i o n  and 
velocztp p l o t s  o f  a 15' . ccade 



Figure 6 Averaged p lo t s  from 
25 saccades of lo0 amplitude 



a 
k 

They are determined by minimizing the mean-square error 

where n is the number of samples obsemd; i.e., by sol- ,.lg tg5e set of 

equations 

In the case when e is a linear function of the parameters al,a2, ..., a 
k' 

Eq. (2) is reduced to a set of linear equations which can be solved to 

obtain the parameter estimates. If 0 is noalinear, then an iterative 

process has to be applied in order to solve for al,a2, ...a k g  

If we assume the noise n. to be white Gaussian, the least squares 
1 

estimiies are known to be identical to the maximum likelihood estimates 

which are unbiased, consistent, and asymptotically efficient. With the 

above assumption, we can also estimate the variar 2s of tl- parameters 

2 
and use X -test and t-test for goodness of fit. This gives us a 

quantitative measure of the goodness of our model. 

The functional form for 0 Is determined by the particular model 

used. It undoubtedly relates to the dynamics of the eye-movement 

system. We have chosen to use Robinson's model for its simplicity. 

This model is block diagraned in Fiwre 7. 



N1SilX.F P l a n t  

Figure 7 A model c h a r a c t e T i = i n g  
dynamic p r o p e r t i e s  o f  saccadic 

eye movement 

Here w e  have shown t h e  dynamic p a r t  o f  t h e  model only;  t h e  c o n t r o l l e r  

p a r t  is l e f t  out .  The input  t o  t h e  system is a p u l s e  o f  he igh t  h and 

width T . This  ~rodccd a saccade o f  amplitude e q u a l  to t h e  area under 

t h e  pu l se ;  i.e., hx . X I  is t h e  n e u r a l  i n t e g r a t o r  and YLF t h e  m e d i a l  

l ong i tud ina l  f a s c i c u l u s  which is a feed forward p a t h  i n  p a r a l l e l  wfth  

t h e  i n t e g r a t o r  and provides  a l ead  network t o  campensate f o r  t h e  p l a n t  

lag .  R r e p r e s e n t s  t h e  oculomotoneuron f i r i n g  r a t e .  For a p u l s e  inpu t ,  

we see t h a t  R i s  a p u l s e  s t e p  a s  des i red .  The p l a n t  is a second- 

o r d e r  over-damped system with  t i m e  c o n s t a n t s  T1 and T2 . Robinson 

chose t h e  MLI; ga in  T = T 
3 1 '  

However, he  suggested t h a t  i n  o r d e r  t o  

produce t h e  observed overshoots  and undershoots T3 > T1 and T < T1 , 
3 

r e s p e c t i v e l y ,  should be used. For o u r  purpoee, w e  have decided to  

r e t a i n  T3 as a s e p a r a t e  parameter. The output  0 i s  t h e  eye p o s i t i o n .  

The c o w l e t e  t r a n s f e r  funct ion is then 

For t h e  assumed pulse  inpu t ,  t h e  output  0 ( t )  becomes 

18 



The poait icnr and v e l o c ~ t y  c u n e s  g iven  by t h e  above f o r  h = .5 &g/w 

and x = 20 as corresponding to  a 10 '  s accade  am? shorn  i n  F igure  8. 

The v a l u e s  o f  t h e  o t h e r  parameters  used  a r e  T1 = 150 m s  and T2 = 7 m s .  

(These v a l u e s  are s v g e s t e d  by Robinson.) Curves are shown f o r  T, = 190 ur, .. 
150 ns, and 110 RS. Note t h e  overshoot  and undershoot  f o r  T > T 

3 1 '  

and T3 < T r e s p e c t i v e l y .  
A ' 

Note t b q t  t h e r e  are f o u r  unknown parameters ,  h , Tl , T2 , and T 
3 

For e s t i m a t i o n ,  re  have to s o l v e  Eq. (2) f o r  k = 4 . However, from t h e  

t h e o r e t i c a l  e v a l u a t i o n  o f  t h e  parameter  v a r i a n c e s ,  w e  found t h a t  the 

e s t i m a t e  o f  T will have a very  l a r g e  var iance .  Thus, t h e  e s t i m a t e  
1 

w i l l  n o t  be very  meaningful  and hence, a f i x e d  v s l u e  o f  T = 150 m s  
1 

w i l l  be  used. A s  w i l l  be  seen  l a t e r ,  t h i s  does  no': a f f e c t  t h e  

r e s u l t s  s i g n i f i c a n t l y .  We have a l s o  found t h a t ,  f o r  r easons  o f  numer ica l  

c a l c u l a t i o n ,  i t  is b e t t e r  t o  estimate T_!I th.. T i t s e l f .  Thus, 
1 3 

t h r e e  parameters  a = h , a = T 
1 2 2 '  

and a = T /T were e s t i m a t e d  by 
3 3 1  

us ing  t h e  d a t a  from to  to 't T , where to is t h e  t i m e  o f  t h e  onse t  

of t h e  saccrrde and x is t h e  i n p u t  p u l s e  width  which is e s t i m a t e d  frsm 



the  saccnde veloci ty  by noting tha t  the veloci ty  reaches a aaxiaum a t  

+ r as shorn in  Figure 8. The estimated p a r m e t e r s  a r e  then 

eubst i t u t ed  in to  Eq. (3) to obta in  the  complete Saccad8 curve and t h e  

predict ion ot the f i n a l  posi t ion is made s i r p l y  by extrapolat ioo,  

Typical r e s u l t s  iram the  paraaeter  est imation and predictFcxr 

schemes a r e  shown i n  Figures 9 and 10. The model output  matches the  

ac t ca l  da t a  q u i t e  c losely,  The goodness of f i t  has been tested us in^ t h e  

2 
X -test on the sum of the  squares of  t h e  residuals ,  S , and the  t-test 

on the individual res idua ls  a t  s ign i f icance  level P = .05. F!.,te t h a t  

the t s t ima te s  of T are 10.9 ms and 13.6 m s  as opposed t o  the  value 
2 

suggested by Xobinson. This  r e su l t  1s typ ica l  and t he  mean value of  

T2 
is nbout 13.0 m s ,  although i t  va r i e s  between subjects .  I t  is, 

however, s i g u ~ f I c a n t l y  d i f f e r e n t  f.xm 7 ms. T ~ / T ~  > 1 is observed i n  

most cases ,  although the  d i f fe rence  is not s ign i f i can t  as f a r  as 

the f i n a l  value predict ion is concerned. The values of h and T 

depend on the saccade s i z e  which implies t h a t  the s i z e  is cont ro l led  

by both the amplitude and the width of the  pulse. The exact re la t ionship  

is being investigated. 

In most responses, an overshoot of the  f i n a l  pos i t ion  was observed. 

This overshoot is not produced by the model, a s  can be seen  i n  Figures 

9 and 10. Even i f  we vary T the overshoot could not be produced. 
3 ' 

This is because fo? T3 > T the o-rershoot decays with a time constant 
1 ' 

T whereas the ac tua l  overshoot decays much f a s t e r  ( a t  about the  same 
1 * 

r a t e  a s  the i n i t i a l  r i s e ) .  I n  addi t ion,  we could not f i t  the model 

response beyond T t o  the  cbserved da t a  within the choser s ign i f icance  

l eve l  P = .05. This ind ica tes  t ha t  the  model must be modified t o  
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Figure 10 Actual and ladle1 eimulated 
raccade pori tion 

= 20 as, T, = 150 ~n, T2 = 13.6 ma, 



produce t h e  r i gh t  response. The f a c t  t h a t  t he  overshoot decays with a 

t i m e  constant of about T and the  input t o  t h e  agonis t  and the antagonis t  
2 

muscles used by Clark and S ta rk  suggests t h a t  t h e  input t o  t he  model 

c o n s i s t s  of  a combination of  pu lses  r a t h e r  than a s i n g l e  pulse. A 

study of the  ve loc i ty  curve i n  Figure 6 a l s o  suggests  t h a t  a pos i t i ve  

pulse  followed by a negative pulse  can produce the  des i red  output. 

Thus, our model input is changed t o  two pulses  a s  shown below: 

where thesaccade amplitude = h T + h T 
1 1  2 2 '  

More general ly ,  w e  can use p 

pu lses  with saccade amplitude equal t o  

In  p rac t i ce ,  w e  found t h a t  no more than three  pulses  were ever  necessary. 

The r e s u l t s  of t h i s  modification a r e  seen i n  Figures 11 and 12. 

For a l l  multi-pulse input f i t s ,  T = T = 150 m s  was assumed. Figure 
3 1 

11 shows the  r e s u l t s  of es t imat ion from a s i n g l e  pulse  input.  Figure 12 

shows the  same saccade with the model output from a two-pulse input 

keeping o the r  parameters t he  same a s  before. The f i t  i n  t he  second 

case  is c l e a r l y  much be t t e r .  Figure 12 a l s o  shows the  f i t  of  t he  

ve loc i ty  curves from the  da t a  and from the model. Thus, exce l len t  f i t s  

a r e  obtained t o  both t he  pos i t ion  and ve loc i ty  curves with t h i s  ~ o d e l .  

Figure 13 shows a much more dramatic r e s u l t  where a three-puise input 

t o  the  model is used. The j u s t i f i c a t i o n  f o r  using such an input can be 

c l e a r l y  seen from the  ve loc i ty  curve which f i r s t  rises t o  a maximum 
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Figure 11 Actual and model simulated 
saccade posl tion 

t = 20 ms, T = 150.0 m s ,  T2 = 13.1 ms, 0 1 
T = 150.0 ms, T = 18 ms, h = .36 deg/ms 3 



- actual 

0 0 0 simulated 

TIRE 

- actual 

-t 0 0 0 simulated 

. . 

TIME 
Figure 12 Actual and model simulated 

saccade position and velocity 
with two-pulse input 

to = 20 me, T1 = 150 me, T2 = 13.1 ms, 

T3 = 150 me, T = 18 m s .  h - .36 deg/ms, 1 1 - 
T~ = 27 ms, h = -.05 deg/me 2 
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Figure 13 Actual and model simulated 
saccade p o s i t  ion and v e l o c i t y  

with three-pulse i n p ~ t  
= 20 ms, T = 150 ms, T.. - 9 .9  ms, 

1 L. 

T = 150 ms, T = 10 ms, h = 1.05 deg/ms, r = 32 ms, 
3 1 1 2 

h2 = .16 deg/ms, r 3 2 9 ms, h 3 = -. 18 deg/ms 

27 



value,  then approaches a  s teady p o s i t i v e  value ,  followed by a rapid  

f a l l  t o  a  nega t ive  maximum aad decay t o  zero. Th is  i d e n t i f i e s  four  

d i s t i n c t  regions ,  suggest ing f o u r  d i f f e r e n t  input  l e v e l s  o r  t h r e e  pbAlsas  

(one l e v e l  being zero).  I n  f a c t ,  f o r  t h e  f i t t i n g ,  t h e  p u l s e  widths a r e  

i d e n t i f i e d  by t h e  i n s t  a n t s  where t h e  v e l o c i t y  s i g n a l  changes charac te r .  

Th i s  would 1.e easier t o  i d e n t i f y  on a  more no i se - f ree  system where t h e  

second d e r i v a t i v e  o r  a c c e l e r a t i o n  can be observ2d. However, i t  is 

c l e a r  t h a t  t h e  input  i s  more complex than a s i n g l e  pulse.  A t  p resen t ,  

w e  are t r y i n g  t o  i n v e s t i g a t e  t h e  r e l a t i o n s h i p s  between t h e  he igh t s  and 

widths o f  t h e  var ious  input  l e v e l s  f o r  d i f f e r e n t  saccade l eng ths  f o r  t h e  

purpose o f  p r e d i c t  ion. S i m i l a r  responses are observered f o r  equal  

Length saccades which i n d i c a t e s  t h a t  some i d e n t i f i a b l e  r e 2 s t i o n s  e x i s t .  

We a r e  a l s o  t r y i n g  t o  extend t h e  r e s u l t s  t o  v e ~ t i c e l  ' l b l i q u e  saccades. 

The above approach is u s e f u l  f c  r p r e d i c t i o n  of t h e  f i n a l  2 o s i t i o n  

of t h e  saccade,  given a  p a r t  o f  t h e  saccade; i.e., w e  can use  it f o r  

p r e d i c t i o n  only r f ter a  c e r t a i n  time has  e lapsed  s i n c e  t h e  onset  of 

t h e  saccade. However, w e  a l s o  need t o  know when a  saccadt w i l l  occur 

i n  respcnse  t o  a  s t imulus .  Normally, t h e r e  is a  delay of between 150 

m s  t o  250 m s  from t h e  p resen ta t ion  of t h e  s t imulus  t o  t h e  saccadic  

response. i f  we can ~ r e d i c t  t's a c t u a l  delay,  w e  can p r e d i c t  t h e  

course  of t h e  Eye movements following t h e  p r e s e n t a t i o n  of t h s  s t imulus  

by us in -  t h i s  de lay  i n  conjunct ion with t h e  above model. We decided 

t o  use information i n  t h e  EEG alpha rhythm t o  pre<rict t h e  onset  o f  t h e  

saccade. Gaarder et al. have showa t h a t  f i x a t i o n  ebccades a r e  i n i t i a t e d  

dur ing  a p a r t i c u l a r  phase o f  t h e  alpha. Th is  is i n  accordance wi th  

Wiener's hypotheeis t h a t  t h e  a lpha c y c l e  ee rves  us a c lock  which 



provides tiring for the data gathering and processing portions of the 

visual system. This result was obtained f r a  ricrosaccades occurring 

during firatim. We rant to deternine if it applies for the large 

saccadic lo-ntr as well. If so, we can use an EEG-alpha-rare 

predictive scheme to predict the phase of the waveform and then use 

this information for estmating the mssc of the saccade. 

The same experiment as described earlier for studying horizontal 

saccades and in additfar to record simultaneously the CEZ signals coll ..- .d 

as described in subsequent sections has k e n  perforred, The EEG rss 

ftltered in the alpha range. Two le~hods mere used to determine the 

relation betreen the saccade onset a ~ d  the alpha phase, kirst, the 

quadrant of alpha during which the ssccade started was determined. 

2 
The % -test was used to test rhe distribution of saccades in each of the 

four quadrants, which rals f~und to be significantly different (p c .05) 

from a urr~fcna distribution. This test is idantical to the one used by 

Gaarder et al. In additio~a, the alpha was averaged aith the saccade 

onsets 1i:red up. Rcsulta indicate that there is indeed a preferable 

phase of the alpha rhythm .r onset of the saccade. This fact can be 

exploited for the prediction of the onset of saccades if a scheme can 

be found for predictinq the EEG alpha wavefoms; espeically, their 

phasic variations. Such a method will be described in the next section, 



111. YODELING OF EEG SIGNALS 
DURING VISUAL *cTfYIIATION AND PRGDICTIOIY 

I n  older to determine the temporal cues  t h a t  are important i n  v i s u a l  

memo-, i t  is necessary  to understand t h e  r e l a t i o n  between t h e  temporal  

s t r u c t u r e  o f  v i s u a l  pe rcep t ion  and t h e  EEG a lpha  cycle .  To t h i s  end, 

w e  have inves t iga ted  t h e  changes produced i n  t h e  EEG s i g n a l  by s lmple  

v i s u a l  s t i m u l i .  I n  part ici! lar ,  w e  are modeling a d  i n v e s t i g a t i n g  t h e  

va r ious  Em= entrainment phenomena caused by p e r i o d i c  p h o t i c  s t i m u l i  

and t h e    ha sic changes i n  EEG due t o  p h o t i c  stimuli. T h i s  w i l l  enhance 

o u r  knowledge i n  s e v e r a l  areas: i t  enab les  u s  to u n i f y  several seemingly 

d i f f e r e n t  EEG phenomena under one p r i n c i p l e ,  p r i   ides a Mdel f o r  t h e  

phase-dependency o f  s t imulus  e f f i c i e n c y ,  and enab les  u s  to s tudy t h e  

phase-dependencies of onset  times o f  saccades. A number o f  resea rchers  

have suggested t h a t  t h e  a lpha  c y c l e  is phase locked wi th  a c lock  s i g n a l  

rt,ich provides t h e  tiae base  f o r  a sampled-data system c o n s i s t i n g  of 

the  eye, its c o n t r o l  mechanism, and t h e  v i s u a l  cor tex.  The evidence 

f o r  t h i s  has been accumulated slowly; i t  is known t h a t  v i s u a l  percept ion 

t i m e s  and r e a c t i o n  t i m e s  are on t h e  o r d e r  of one a lpha  c y c l e  and dependent 

upon the  phase of t h e  st imulus.  I n  add i t ion ,  sore recen t  work ha% 

shown t h a t  a saccade is m o s t  e a s i l y  i n i i i a t e d  on z e r t a i n  phases o f  t h e  

alphh rhythm, which coupled wi th  t h e  f a c t  t h a t  v i s i o n  is blocked 

dur ing  a saccade,  sugges t s  t h a t  t h e  a lpha c y c l e  d e l i n e a t e s  v i s u a l  d a t a  

sampling and process ing periods.  

The above d i s c ~ a a i o n  o u t l i n e s  t h e  m o t i v a t i m  f o r  modeling t h e  EEG 

s i g n a l  dur ing simple v i s u a l  s t i m u l a t i o n ;  t h e  modeling e f f o r t s  t o  d a t e  

have been based on a simple non l inear  o s c i l l a t o r  which is amenable t o  

30 



analysis and simulation. 

1. A Nonlinear Mathematical Yodel for Entrainment of EM; Signals by 
Periodic Photjc Stimulaticm - 

The model is a van der Pol oscillator representing the behavior o f  

a subject's EEG during periodic visual stimulation by a stroboscope or 

a set of LED goggles. The stimuli are delivered for 20 seconds at 

some fixed frequency followed by a 10-second stimulus-off period. This 

sequence is repeated for each desired stimulus frequency. 

The van der Yo1 oscillator can be represented by 

where x(t) denotes the EM; signal; *O is the unstimulated alpha 

frequency; E(t) is the external excitation (stimulus); and is the 

nonlinear coupling coef f ic ien~ . 
When E(t) is a sinusoid, a first approximation to the solution 

x(t) can be made by a classical technique, such as harmonic balancing. 

The possible solutions can be classified in the following way when 

E(t) = E ~in(-,~t + Eo): 
0 

(1) natural oscillation (E is small): 
0 

x(t) = A sin( t + @ )  ; 
-0 

(2) halmonic ent rainment 
(.LO = -.l) : 

x ( t )  = A ( t )  sin(dlt + O!t)); 

(3) nth-order subharmonic entrainment (mz = kl): 
0 

x(t) = A(t) sin (+ t + Q(t)) ; 

(4) nth-order superhanuonic ent raiment (uO = nu ) : 
1 

x(t) = A(L) sin(n1- t + ~ ( t ) ) ;  
1 

3 1 



( 5 )  combined frequency oeci l la t iorre  (al l  o t h e r  casem): 

x ( t )  = Ao( t )  s i n (u  t + eO<t)) + Al( t )  sin((vlt + el(t)). 
0 

S m  i n i t i a l  d a t a  have been col lec ted  with a set of  a e c i a l l y  

constructed I6D goggles which provide a s inusolda l ly  modulated in t ens i ty ,  

and t h e  r e s u l t s  agree -11 with the  above Solutioxb classes. However, 

s ince  the  experimental s t i R l l u s  I# of t en  a t r a i n  of  f lashes ,  w e  have 

developed an ana lys is  technique f o r  approrrirating the so lu t ion  of t h e  

van d e r  Pol  equation .hen E(t) is a pulse  t r a in .  

W e  assume t h a t  t he  unperturbed o s c i l l a t i o n  (E(t) = 0 )  is c o m t l ~  

represented by 

x ( t )  = a. s i n  e ( t )  

where the angular displacement can be wr i t ten  in terns o f  frequency a d  

phase : 

0 ( t )  = w,t + @(t) . 
We wish t o  exaaine the r e s u l t  af E(t )  being a series of impulses of 

s t rength  q a t  a frequency w 
1 

Following a method due t o  ~ l a c q u i i r e ,  w e  can assess t h e  perturbat ion 

caused by one impulse. A t  an angular displacement 

= w t  + 9  
en o n 

w e  apply the nth i rpulse.  Its e f f e c t  w i l l  be seen d i r e c t l y  i n  E( t )  , 

causing a small s t e p  change 

over tire At . However, x w i l l  be continuous, s o  Ax = 0 . 
To a f i r s t  approximation, we can expand Ax and A X  a s  below: 

Ax = b a  s i n  en + a O cos 0 = 0 & n 



2 
AX = bay., soe an - a w besin 8 = qy, 0 0 n 

where ~a ntpreeents the change in amplitude 8nd A0 represents the 

change in phase of the system. Solving the above equations sicrultan- 

eously for ~a and be , we obtain 

'='"o b e = - -  sin 0, . 
a 
0 

In Figure 14, we demonstrate tbe aqlitude and phase perturbattats as 

a result of an Impulse falling oa angular displacement en . 

s i n 0  A +(en, = - - a 
0 

n 
Figure 14 Phase and 

-1itude perturbations 

The unperturbed solution would have followed the dashed line, and the 

perturbed solution follows the solid line. 

In order to deal with a seried of these impulses, ha rill be 

assured to be negligible. This la reasonable since a more detailed 

analysis shows that the amplitude change decays exponentially with 

22 2% 
time. Iet To=- m T1 = 7 be the alpha and stiaulua prloda, 

W 
0 1 



r e s p e c t i v e l y .  Then r e f e r r i a g  a g a i n  t o  F i g u r e  14, we see t h a t   apply!^;^ 

t h e  n t h  p u l s e  a: dis?lacement g  r e s u l t s  i n  a new d i sp l acemen t  
n  

en + A*(@,) . S i n c e  t h e  p u l s e s  are spaced  T1 seconds a p a r t ,  t h e  

(n+l) th p u l s e  w i l l  a r r i v e  at d i sp l acemen t  

= 8, + ~*(8,) + TI 

C l e e r l y ,  f o r  en t r a inmen t  to occur ,  w e  must have t h e  congruence  r e l a t i o n  

Hence 

m e n  k  = 0 , w e  have t h e  u n l i k e l y  s i t u a t i o n  o f  r e s e t t i n g  t h e  phase  of 

osclllat  i o n ;  t5e r e q u i r e d  phase change ~ @ ( e  ; is v e r y  large. W e  w i l l  n  

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

For k  = 1 , t h e  s o l u t i o n  is called harmonic e n t r a i ~ e q t ,  and f o r  

k ,= 2 , i t  is c a l l e d  kth-order  s u p e r h a m o n i c  en t r a inmen t ,  where k 

r e p r e s e n t s  the number of a l p h a  p e r i o d s  e l a p s e d  p e r  s t i m u l u s  impulse. I t  

is easy  to show t h a t  t h i s  is s t a b l e  n e a r  

l e n  l = o ,  
mod To 

a s  one would expect  from the  form o f  A@ . 
In  a similar f a sh ion ,  for ScShawon ic  en t r a inmen t  to occur ,  



th 
When r = 1 w e  have barmanic entrsiruent again. and for m 2 2 , m - 
order subharmonic entraiment occurs. The stability of this solutlon 

is currently being investigated, but it appears that for q = 2 a 

small stable range exists. 

In sumary. when the stimulus frequency is near the alpha frequency, 

hamanic entrainment is possible, Then the alpha irequency is near an 

integer rult iple of the stimulus frequency , superhamanic en t raiment 

is possible. And when the stinulus frequency is near an integer multiple 

of the alpha frequency, subharroaic entrainment is possible. 

when the stiu~lus frequency is not i~ one of the above ranges, 

combined frequency oscillations exist, Thus, we have the same five 

solution classes for both sinusoidal and impulsive stimuli. The major 

differences lie in the amplitudes required to produce the varioua effects, 

and in the fact that the impulsive stimulus will produce integer harmonics 

of its fundamental frequency due to its iuherent harnonic content, 

Results obtained fro* EM; data on the model are described and compared 

in the next section. 

2. Model Simulation 

It is necessary to simulate the nonlinear oscillator model to 



obtain reasonably accurale solutions since nonlinear analysis is by 

nature approximate. We are using a variable ordar differential equation 

solver (MIDQ) which has an Adams-Faulkner predictor and an Adams- 

Youlton corrector. It provides for up to twentieth order interpolation 

of output values positioned independently of the changing stepsiee, 

which greatly facilitates signal processing of the simulated solution 

by allowing a constant sample oeriod. 

The sine wave stimulus is handled in a straightforward fashion, but 

the impulse train is treated specially. Since it is known analytically 

2 
that the exact change in x(t) is q 3  (by integration) at the time 

an impulse is called for, the state vector is perturbed and the integration 

restarted. The management of impulse arrival and sample output is 

performed by a discrete event-queuing scheduler on a priority basis; 

impulse arrival has priority over all events to avoid frequency shifts 

in the impulse train. Error propagation as a result of restarting 

the integration is linear with the requested error tolerance and 

adequately small. 

Figures 15 and 16 show the phase and amplitude perturbations caused 

by a single flash landing on phases of 0 , x/2 , n , and 3x12 radians. 

The simulations macch the first order aporoximations developed in the 

previous section very well. These perturbations produce appropriate 

entrainment phenomena, as seen in the spectra of Figures 17 and 18; 

there is one spectrum for each stimulus frequency, representing 5.12 

seconds of imptrlse driven simulation at a 100-Hz sampling rate. The 

five phenomena predicted in the previous section can be clearly seen; 

viz., harmonic entrainment, subhamonic entrainment, superharmonic 



Figure 15 Simulated EEG perturbations resulting 
from flash at phases of 0 and rr/2 radians 



Figure 16 Simulated EEG perturbat ions  r e s u l t i w  
from f i a s h  a t  phases of n and 3 x i 2  radians 



Figure 17 Simulated EEG spectra for flash 
frequencies froq .5 Hz to 12.5 Hz 



Figr-e 18 Simulated EEG spectra for f lash  
frsquencies from 13 Hz to 25 Hz 



entra inment ,  combined frequsncy o s c i l l a t i o n s ,  and s t imulus  harmonics. 

These e f f e c t s  can again  be  seen i n  Figures  19 and 20 which a r e  s p e c t r a  

from 5.12 seconds of s i n e  wave d r iven  s imulat ions .  These s p e c t r a  w i l l  

be compared wi th  those  obta ined from exper imenta l  d a t a  i n  a s e c t i o n  

below; t h e  next  sectit? d i s c u s s e s  d a t a  c o l l e c t i o n  and process ing,  

3. Data C o l l e c t i o n  and Process ing 

The d a t a  c o l l e c t e d  to  test t h e  model have been obta ined from a 

very simple exper imenta l  paradigm. Sub jec t s  a r e  p resen ted  a series o f  

stroboscope f l a s h e s  or s i n u s o i d a l l y  modulated i n t e n a i t i e s  through c losed  

e y e l i d s ;  the  s t imulus  is d e l i v e r e d  f o r  20 seconds at some f i x e d  frequency, 

followed by a 10-second rest period.  Th i s  sequence is repeated for each 

d e s i r e d  frequency, t y p i c a l l y  .5 Hz through 25 H z  i n  .5  Hz s t e p s .  The 

frequency p a t t e r n  can be s e l e c t e d  a r b i t r a r i l y .  The EEG s i g n a l s  a r e  

obta ined f r o m  l e f t  and r i g h t  o c c i p i t a l  e l e c t r o d e s  referenced t o  yoked 

ea r lobes ;  the  ground e l e c t r o d e  is on t h e  mastoid. The Grass  preamp 

bondpasses t h e  s i g n a l  between 1 Hz and 300 Hz, and t h e  A/D analog 

p r e f i l t e r  is & 6-pole Bessel  wi th  a 100 Hz lowpnss c u t o f f  frequency. 

D i g i t i z i n g  is a t  1000 Hz, and subsequent f i l t e l  iny  is done by a t r a n s -  

v e r s a l  f i l t e r  t o  avoid f u r t h e r  phase d i s t o r t i o l ~ .  Power s p e c t r a  a r e  

lu ted  by Fast  Four ier  Transfon? on 5.12 seconds of  Lhe d a t a ,  forming 

t h e  power spectrum and then averaging t h r e e  such s p e c t r a  4.0 seconds 

a f t e r  t h e  s t a r t  o f  t h e  s t imulus .  " '  , I .# odure s u b s t a n t  i a l l y  reduced 

t h e  n o i s e ,  which is f u r t h e t  reduced f o r  viewing a ~ s t  e t i c s  by t h e  non- 

c a u s a l  r e c u r s i v e  f i l t e r  
n 



Figure 19 Simrllated EEG ~pectra for sine 
frequencres from .5  Hz to 12.5 Hz 



F ~ p u r e  2') Simulated EEG spectra for sine 
frequencies from 13 Hz to 25 Hz 



The r e s u l t i r y  spectra may be s u p e r i q o e e d  wi th  bidden line8 removed by 

c l r r so ica l  g raph ics  techniques;  a small ammmt of i n f o r r a t i o n  lust be 

eamd a f t e r  each spectrum is p lo t t ed .  

TbP otroboecopic s t i m u l i  arp produced by a G r a s s  PS-2 strobe lamp 

i.? a ~ ~ d - - # m o f  enclosure.  It ie d r i v e n  by a r e l a y  coalact. The 

s f t ?uso ida l ly  modulated i n t e n s i t y  s t i m u l i  are produced by a p a i r  o f  

3.-i-spherical goggles, each c o a t a i n i q g  t e n  n, driven by a c u r m n t  

sotree coat rolled by a D/A co l lve r te r  om the '  PDP-15. The voltage suppl ied  

is propor t iona l  to exp ( s i n  w t)  since t h e  IED amplitude is l i n e a r  
1 

v i t h  c u r r e n t  and s i n u s o i d a l  i n t e n s i t y  is desi red.  Both stimli are 

d e l i v e r e d  through c l d  e y e l i d s  to ensure  a u n i f o l r  v i s u a l  f i e l d .  

4. C a r p a r i m n  of Yodel S i m u l a t i o l ~ s  aad Experimental Data 

T?le campariscn of node1 s imulated r e s u l t s  r i t h  experimentel  r e s u l t s  

is s u b j e c t  to d i f f i c u l t i e s  a r i s i n g  f n  t h e  n o i s e  i n  t h e  d a t a  and t h e  

ranjom n a t u r e  o f  w c h  of  t h e  EMi s i g n a l ,  The alpha frequency is no t  

f ixed  and is i n  f a c t  noas ta t ionary ;  it  is inf laenced by t h e  s u b j e c t ' s  

l e v e l  o f  a l e r t n e s s  and o t h e r  uncon t ro l l ab le  fac to rs .  The response 

o f  t h e  EIXi to a s t imulus  is only measurable i n  t h e  average, s i n c e  

ind iv idua l  responses are masked o r  cor rup ted  by noise .  Averaging can 

a l s o  mask c e r t a i n  c h a r a c t e r i s t i c s  o f  t h e  response, d e p e n d i . ~  upon t h e  

scheme used. 

The bes t  comparison o f  model-produced r e s u l t s  and data I D r  entrainment 

phenoaena is a c a p a r i s o n  o f  t h e i r  parer spez t ra ,  This  a l lows t h e  d a t a  

speccrum to be  re 'at iwely free o f  no i se  by averaging success ive  s p e c t r a  

from the same s t imulus  epoch. Examples o f  s t roboscop ica l ly  s t imula ted  



d a t a  spec t ra  may be  seen i n  Figures 21 through 24. Kote the exce l len t  

match ove ra l l  with t he  simulated spec t r a  discussed previously. The 

last subject  has v i r t u a l l y  no alpha rhythr, but e x h i b i t s  a l l  of t h e  

entrainment p h e n m o a  predicted, ~o t h e  rodel accounts surpr i s ing ly  we:?. 

f o r  extreme cases. Fi a r e s  25 and 26 show spec t r a  f o r  a s i ~ ~ ~ i d a l l y  

stimulated subject .  Note the  reductioa in harmonic amplitude a s  predicted 

by the  simulation. Some d e t a i l e d  comparisoas of each type  o f  phenomena 

follow. Figure 27 shars  t h e  unstimulated case  wi th  t h e  model parameters 

adjusted to match t h e  subjec t  (records rere selected f n  Figures 21 

an?i 22 1. Figure 28 i l l u s t r a t e s  harmonic entrainment, with subharmonic 

and superharmonic entrainment t rea ted  i n  Figures 29 and 30. Figure 31 

is an example of combined frequency osc i l l a t i on .  The mod21 s imulat ions 

agree w e l l  with t he  flata. Additional cwpar i soas  may be found i n  

previous reports.  

Further  coaparisons a r e  in progress,  espec ia l ly  t he  comparison of 

phase end amplitude changes induced by the  s t imul i ,  Preliminary r e s u l t s  

ind ica te  t ha t  the model p red ic t  ions a r e  reasonable f i r s t  order  approxima- 

t i o n s  to tne  da ta ,  but t ha t  rev is ions  i n  the  model w i l l  l i ke ly  be 

necessary t o  f u l l y  account f o r  the observed phenomena. The excel lence 

of  match i n  the  frequency domain bears  ou t  the goodness of t h e  phase 

s h i r t  p red ic t ions  f o r  small  phase s h i f t & ,  but i t  appears t ha t  l a r g e r  

s h i f t s  a r e  occurring than predicted fo r  c e r t a i n  cases. 

In  sum, a nonl iaear  model f o r  t h e  behavior of t he  EEG during v i sua l  

s t imulat ion has been analyzed and compared with ac tua l  EEG data .  The 

model accounts f o r  severa l  phenomena wel l  i n  a un i f ied  fashion, and 

suggests o ther  phenome1:a of i n t e r e s t .  The model s p e c i f i e s  a trigonometric 



Figure 21 EEG spectra firm subject tr 3. for 
flash frequencies .5 Hz ta 12.5 Hz 
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Figure 22 EEG spectra from subject L. M. for 
flush frequencies 13 Hz to  2: d z  

4 7 



Figure 23 EEG spectra frorn sttb jec t F. hl. for 
f l a + h  frequencies .5 Ti7 t o  12.5 1171 

,I 8 



Figure 24 EEG spectra from subject F, M. for 
flash frequencies 13 Hz t o  25 Hz 



FREOCMCV I N  WZ 
Figure 25 EFX; spectra from sub.ject R, S, for 

slnc ircquenc~cs .5 Hz t o  12.5 N7 

TrO 



Figure 2C EEG spectra from subject R. S. for 
sir~e frequencies 13 Hz to 25 Hz 
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FREQUENCY I N  HZ 

Figure 28 Actual and simulated EEG spectra 
during flash stimulation of 10.5 Hz 
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form f o r  t h e  e x c i t a b i l i t y  o f  t h e  EEG as a func t ion  o f  phase, which 

e x p l a i n s  w e l l  t h e  va r ious  ent ra inment  p h e n a e n a  seen in  EB; da ta .  

f i e t a i l ed  phase ana lyses  are in progress  which i n d i c a t e  t h a t  t h e  model 

p r e d i c t i o n  is good to a f i r s t  degree ,  bu t  needs sore r e v i s i z n .  One 

p o s u i 5 i l i t y  at t h i s  p o i n t  is t h e  e x i s t e n c e  of an e x c i r a b i l i t y  func t ion  

a t  h a l f  t h e  a lpha frequency. The phase-dependency of  t h e  model response  

has  cons ide rab le  bea r ing  on t h e  phbse-dependency o f  saccade onset .  

5. P r e d i c t i o n  o f  EEC Alpha Waseforrs 

I n  o r d e r  to p r e s e n t  t!w v i s u a l  s t f z u l i  to  c o i n c i d e  w i t h  t h e  most 

f a v o r i b l e  b r a i n  state and to p r e d i c t  t h e  onset  of  s a c c a d i c  eye  ruoveaent, 

i t  is necessary to have t h e  c a p a b i l i t y  to p r e d i c t  t h e  EEG a lpha  ( C ~ V O ~ O I ~ S ,  

i n  p a r t i c u l a r ,  t h e i r  phas ic  f ea tu res .  I n  con junc t ion  w i t h  t h e  EEG model, 

re have developed and implemented a n  EEG-wavefox-m p r e d i c t i v e  scheme by 

us ing  au t  . e g r e s s i w  processes .  The development and implementation o f  

t h i s  scheme w i l l  be aesc r ibed  i n  d e t a i l .  Our d iscuss ior .  w i l l  be 

cen te red  around t h e  modeling of  EEG d a t a  by an autoregre.csive p rocess  

rnd its cse f o r  fo recas t ing .  

The i i t t i n g  of  t ime-se r i e s  models to W s i g n a l s  has been t r e a t e d  

i n  t h c  l i t e r a t u r e .  They hake been s p e c i f i c a l l y  app l i ed  t o  EEG a n a l y s i s  

i n  t n e  following a reas :  use  f o r  EW; s p e c t r a l  a n a l y s i s ;  u s e  of t h e  

mixed model t o  def  i n c  c e r t a i n  parameters f o r  d e s c r i b i n g  t h e  s t a t i o n a r y  

p a r t s  of t h e  EEG s i g n a l ;  a ~ d  use  o f  t h e  one-step ahead p r e d i c t i o n  

e r r o r  t o  compare two d i f  fe-en models. Our i n t e r e s t  lies i n  t h e  ~ z e d i c t i o n  

of the  a lpha a c t i v i t y  i n  the  EEG f o r  a longer  lead t i m e .  

Aithough a u t c r e g r e f r f v ?  Drr;:esses have been used icr p r e d i c t i o n  



of time series in general, th2y have n-t been used for prediction of 

EEG data. In those general cases, the signal or tire series is assured 

to be stationary. EEC signals are, in general, rronstationary. For 

expedience, they may be considered piecewise-stationary; x.e., stationary 

over short intervals of time. Hence, in our application, we are 

restricted to limited sample lengths. This restriction creates certain 

problems whlch r e  shall discuss later. 

To model a discrete time series X i  , i = l, 2, ..., by an auto- 
regressive process of o d e r  p , we ma:. write 

X = a X  + a X  f... i z X  t c  
t 1t-1 2t-2 Pt-P t 

where alp a2,. .. , a are the pa;.ameters of the process to be estimated 
P 

and t is a zcromean white Gaussi?~ nojse. It is generally assumed 
t 

that the process Xt has zerr, aean; otherwise, the meac is subtracted 

from the entire series. In general, the autocorrelation tunction of an 

a;ltor?gressiyc process consists of tvo ccmpments; viz., decaying 

exponential and damped sinusoidal ravefontis. It has been recognized 

that the real roots of the characteristic equation of the -~utoregressive 

process, 1 .e., 

give rise to the decaying expoentials and its complex-conjugate-root 

pairs are respc..:siblc for the damped si:~usoids in the autocorrelation 

function. We show in Figure 32 the autocorrelat!on function of an EEG 

sample filtere in the alpha range. It is seen that the EEG autoccrrelation 

func+ ion may be uc. :1 approximated by a sum of decaying exponentials and 

damped sinuso'ls. In kigure 32 , we superimpose the autocorrelation 



Figure 32 Autocorrelograms: s o l i d  
curve from a t y p i c a l  EU; alpha waveform and 

d o t s  from an autoregress ive  process  f i t t e d  
t o  the  data 



f u n c t i o n  o f  an a u t o r e g r e s s i v :  v;locess f i t t e d  t o  ZEG d a t a  to ahor  o u r  

asse r t ion .  Th is  l e a d s  n a t u r a l l y  to t h e  temptat ion o f  r o d e l i n g  EEG s i g n a l s  

by au to regress ive  processes.  S ince  a u t o c o r r e l a t i o n  f u n c t i o n  is n o t  

a unique process,  t h e r e  are o t h e r  proceeees  which w i l l  g i v e  rise to 

t h e  sare a u t o c o r r e l a t i o n  function.  W e  chose an autoregress iwe p m c e s e  

based on its s i m p l i c i t y  i n  implementation. 

To accomplish our a i m  i u  p red ic t ion ,  w e  have broken dam t h e  problem 

i n t o  tro p a r t s :  

(1) Est imat ion o f  t h e  a u t o r e g r e s s i v e  parameters;  

(2) Generation o f  "good" f o r e c a s t s  accordirrg t o  sore criteria 

u s i w  t h e  above es t imat ion .  

Since  t h e  EEG process  is considerad piecewise  s t a t i o n a r p ,  t h e  parameter 

e s t i m a t e s  have t o  be updated continuously.  Thus, a sch- is need-d 

f o r  updat ing t h e  parameter estimates a s  new data a r r i v e .  For es t imat ion  

o f  t h e  parameters,  w e  have csed t h e  l eas t - squares  p r i n c i p l e .  These 

es t imated p a r a n e t e r s  a r e  then used to  g e n e r a t e  t h e  minimum mean-square 

e r r o r  f o r e c a s t s  f o r  a s p e c i f i e d  lead tiffii. K e  developed a new modified 

scheme f d r  ..is purpose. 

To f u r n i s h  t h e  b a s i s  f o r  our  modified scheme, w e  s h a l l  d e s c r i b e  a 

scheme o r d i n a r i l y  used. The development and implementation o f  a modified 

scheme t o  s u i t  our  needs w i l l  then be presented.  Resu l t s  have been 

obthined by applying o u r  scheme t o  r e a l  EEG data .  W e  rill presen t  t h e s e  

r e s u l t s  t o  show t h e  u t i l i t y  o f  o u r  p r e d i c t i o n  method. 

We w i l l  concen t ra te  our  d i scuss ion  t o  a parameter es t imat ion  

method. Later  w e  w i l l  p resen t  our  modif icat ions  t o  t h i s  method i n  

o r d e r  t o  improve t h e  performance f o r  o u r  purpose. kt us  cons ider  



t h e  pth-order process  

X = a X  + a %  + . . . + a x  + e  
t 1 t-1 2 t -2  P t - P  t 

where e is  whi te  Gaussian noise. The order o f  t h e  a u t o r e g r e s s i v e  
t 

p rocess  9s  es t ima ted  by success ive ly  f i t t i n g  malels v i t t  h igher  order 

to t h e  d a t a  and determining when t h e  l a s t  parameter a becomes small 
P 

enough. 

The l eas t - square  estimates of t h e  parameters  can be s h o m  to s a t i s f y  

t h e  following set o f  l i n e a r  equa t ions  

where t h e  Q ' s  a r e  g iven by 
i j 

and 

i j l .  j t l  

Knowing Qijgs , w e  s o l v e  t h e  set of ?nva t ions  t o  o b t a i n  t h e  least- 

square  e s t i m a t e s  of  t h e  parameters al ,  a2, ...# a . The l e a s t -  
P 

square  e s t i m a t e  of t h e  n o i s e  va r i ance  is  give^ by 

Previcus  discussions fum.ish us a numerical  procedure f o r  e s t i m a t i o n  of 

t h e  parameters a a . . . , a and ,J i n  t h e  l eas t - square  sense  frOQ 
1' 2 '  P e 

t h e  d a t a  (X1, X2,  ..., X n )  . Based on t h i s  procedure,  one can model 



a weakly s t a t i ona ry  process by a pth-order autoregressive pr0ce.s. 

Since EIiG da ta  exh ib i t  nonstat ionari ty ,  t h i s  method has t o  be d i f i e d  

f o r  our probler. Besides, our  i n t e r e s t  is i n  the  use o f  t he  parameter 

f o r  predict ion r a the r  than modeling. 

Having obtained the  estimates of  the  parameters, we tu rn  o u r  

a t t en t ion  t o  the  p m b l e r  o f  prediction. W e  need a schere whereby t he  

predic t ioa  can be made f o r  a c e r t a i n  lead time and then when a new 

da ta  point  becomes avai lable ,  the  forecas t  can be updated without 

repeating the  o r i g i n a l  process a l l  over agzin. 

W e  w i l l  consider here minimum mean-aquare forecas ts  only. Denote 

t h e e s t i m a t i o n o f  X 
t+i 

obtained a t  t i m e  bl *t+fi/t . A t  t i m e  

t , t he  values o f  the  samples up t o  time t a r e  knom. The minimum 

mean-square e r r o r  forecast  is given by (using the  pro jec t ion  theorem): 

= a X  + a X  
' t + l ( t  1 *+A\ t 2 t+~-21 t 

+ ... + a X 
P t+fi-pl t ' 

which provides the  forecas ts  i n  the form of a d i f fe rence  equation. 

Given t h e  samplo values Xt  , Xt,l ' -- ' X w e  can progressively 
t-ptl ' 

ca l cu la t e  'tfll t X t i ~ ~  t ' ... by using the  above equation. Using 

t h i s  procedure, w e  can generate forecas ts  f o r  any lead time u t i l i z i n g  

the parameters estimated e a r l i e r .  However, tae forecas ts  a t  each point  

have t o  be updated as soon as  the  sample 
Xtf l  

becomes ava i lab le  . 
I t  is ra ther  cumbersome t o  do i n  the above form. Hence, a d i f f e r e n t  

approach is required. 

Instead of wr i t ing  the  o r ig ina l  equation a s  

X t = a X  + a X  + . . . + a x  + e  
1 t - 1  2 t - 2  p t - p  t '  

we w i  11 express X t  i n  a weighted i n f i n i t e  sum of e a e t-l t 0- as  



where t h e  b 's can be expreesed as 
3 

The minimum-mean-square-error i o r e c a s t  is 

This  fona l ends  i t s e l f  e a s i l y  to updating. Th is  can be demonstrated 

Xt+l l  t + l  
a f t e r  Xt+l a r r i v e s .  W e  may w r i t e  

and hence 

- 
Xt+ll t + l  - Xt+l j t - bl-let+l ( 5 )  

Thus, a t  t i n e  r + 1 , t h e  f o r e c a s t s  f o r  lead l eng ths  up t o  1 - 1 

can be e a s i l y  obta ined fram t h e  p red ic ted  va lues  a t  time t f o r  l e a d  

l e n g t h s  up t o  1 by using Eq. (5) and by recognizing 

e - 
t+l - Xt+l - X t + l j  t 

This  provides  a convenient scheme f o r  updating f o r e c a s t s  ;r -re 

d a t a  become a v a i l a b l e .  

The var iance  o f  t h e  f o r e c a s t  e r r o r  may be e a s i l y  o L t a ~ n e d  from 

Eq. ( 4 ) .  S ince  t h e  1 - s tep  ahead f o r e c a s t  e r r o r  a t  t i m e  t i given by 



The var iance  V(1) may then be expressed as 

This  va r iance  g i v e s  u s  a measure o f  t h e  goodness o f  f i t  f o r  t h e  ladel. 

Since we heve assumed t h e  e's t o  be normal, t h e  c o n d i t i o n a l  p r o b a b i l i t y  

d e n s i t y  funct ion P ( x ~ + ~ ~ x ~ ,  Xt-l . .. ) I s  normal wi th  mean 
Xt+l 1 t 

and var iance  V(A) . Based on t h i s  rnformation,  w e  can o b t a i n  confidence 

i n t e r v a l s  f o r  t h e  fo recas t s .  For example, 95% o f  t h e  normal d i s t r i b u t i o n  

mass lies wi th in  + 1.96 a of  t h e  mean where a is t h e  s t andard  dev ia t ion .  - 
Hence, X + 1 . 9 6 J ~  is the  95% confidence i n t e r v a l  f o r  t h e  f o r e c a s t ,  t+elt  - 
i.e., t h e  p r o b a b i l i t y  t h a t  t h e  a c t u a l  value  w i l l  l i e  i n  t h a t  range is 

The previous formulation g i v e s  t h e  f o r e c a s t i n g  procedure t o  p r e d i c t  

values  L samples ahead from any t i m e  t . I n  o r d e r  t o  i n c r e a s t  t h e  

lead t i m e  f o r  fo recas t ing ,  one has  t o  i n c r e a s e  t h e  value  o f  1 . I t  is, 

however, ev iden t  from Eq. (6) t h a t  t h e  e r r o r  var iance becomes l a r g e r  

a s  4 inc reases  and t h e  confidence i n t e r v a l  f c r  a given l e v e l  o f  

confidence w i l l  a l s o  i n c r e a s e  accordingly.  Another way t o  inc rease  

the  lead t i m e  would be t o  inc rease  t h e  sampling i n t e r v a l  and thus  keep 

the  value of k a s  low as p o s s i b l e  s o  t h a t  t h e  l e v e l  of performance 

of t h e  p r e d i c t o r  may be maintained. However, the sampling r a t e  o r  

sampling i n t e r v a l  f o r  a s i g n a l  is determined by t h e  bandwidth of t h e  

s igna l .  I f  t.he s i g n a l  is furnished in  d i g i t a l  form, then one has 

l i t t l e  c- lo ice  i n  a l t e r i n g  t h e  sampling i n t e r v a l .  Cne could,  of course ,  



i n c r e a ~ e  t h i s  i n t e rva l  by dropping every kth block of  d a t a  points.  In 

an7 event, the  increase i n  sampling i n t e r v a l  means d u c t i o n  i n  the  

number of da ta  p ~ i n t s  i n  a given i n t e r v a l  of  time. This reduction i n  

d a t a  poin ts  leads t o  a higher variance f o r  t he  estimates. Besides, 

t he  number of da t a  poin ts  may be ao much reduced, s ince  the  s igna l  

ie considered s t a t i o n o w  only f o r  a sho r t  period o f  t i m ? ,  t h a t  t h e  

estirates a r e  not s t a t i s t i c r l i y  s ign i f i can t ,  For t h e m  reasons, w e  

r . ; fo .~  s ? a t e  the  autoregressive model i n  a more general  form a s  

X t = a X  + a x  
1 t-k 2 t-2k 

+ ... + a X p t-pk + 

which, when k = 1 , reduces t o  t he  came discussed earlier, Th; a 

equivalent t o  an autoregressive model f o r  the  time series 

'1"e least-square est imates  of the  parameters can be obtained by a 

l og ica l  extensioa of  the e a r l i e r  r e s u l t s ;  viz., 

where the Q 's a r e  now redefined a s  
i d  

The least-square est imates  a r e  the so lu t ions  of t h i s  new s e t  of equations. 



The f o r e c a s t  e q u a t i o n s  a r e  mod i f i e ld  i n  a similar manner to  g i v e  

= a X  Xtw 1 t 1 t+k(l-1)  l t + a2Xt+k(l-2) ( t -t ... 

and Eq. (4)  becomes 

QO 

w i t h  t h e  b 's d e f i n e d  i n  terms o f  t h e  a 's as be fo re .  I n  e s sence ,  
j j 

t h e  scheme p r o c e s s e s  t h e  a v a i l a b l e  d a t a  i n  such  a regrouped f a s h i o n  by 

resampl ing  t h e  d a t a  i n  k m u l t i p l e s  of  t h e  o r i g i n a l  sampl ing  i n t e r v a l  

t h a t  t h e  l e v e l  o f  performance is  no t  degraded. The p e r f o m a n c e  o f  t h i s  

scheme o. X d a t a  w i l l  b e  d i s c u s s e d  next .  The i r s e fu lnes s  o f  t h e  scheme 

is demonstrated by o u r  r e s u l t s .  

W e  developed a computer  program t o  implement a n  a l g o r i t h m  f o r  

r e c u r s i v e  e s t i m a t i o n  o f  pa rame te r s  and f o r e c a s t  o f  f u t u r e  va lues  5y 

u s i n g  t h e  new modified scheme. The program was w r i t t e n  i n  FORTRAN f o r  

a  PDP-15 computer. A s  an  example f o r  i l l u s t r a t i o n ,  w e  a p p l i e d  o u r  

scheme t o  r e a l  EEG d a t a ,  which were recorded w h i l e  t h e  S u b j e c t s  w i t h  

c losed  eyes  were s t i m u l h t e d  by s t r o b o s c o p i c  f l a s h e s  f o r  50 seconds  a t  

t h e  r a t e  o f  10 f l a s h e s  p e r  second,  t hen  no s t i m u l a t i o n  f o r  50 seconds ,  

then  , 'no ther  50 seconc'q of s t i m u l a t i c m ,  etc. The s i g n a l s  were sampled 

a t  an i n t e r v a l  of  1.2 msec. S ince  w e  a r e  mainly i n t e r e s t e d  i n  t h e  

a l p h a  component o f  t h e  EEG, t h e  d a t a  were f i l t e r e d  t o  o b t a i n  t h e  

components around t h e  a lpha  range (7-13 Hz) through a t r a n s v e r s a l  f i l t e r .  

The computer program r e a d s  . h i s  EEG d a t a  as its inpu t .  O the r  r e q u i r e d  

in fo rma t ion  such a s  t h e  n11m3er of sample p o i n t s  N f o r  which t h e  p r o c e s s  

is  cons ide red  s t a t i o n a r y ,  t h e  o r d e r  o f  t h e  p r o c e s s  P , t h e  resampl ing  



va lue  K , t h e  p r e d i c t i o n  l ead  l eng th  L and t h e  window width  NWND 

f o r  updat ing t h e  p a r a r s t e r e  are also read i n  as input.  (For e f f i c i e n c y ,  

t h e  parameters are not  updated w i t h  each new d a t a  p i n t ,  but  on ly  a f t e r  

NWND new d a t a  p o i n t s  have been read in.)  A flow c h a r t  of t h e  program 

is shown i n  Figure 33. A s  soon as t h e  above v a r i a b i e s  and t h e  i n i t i a l  

N p o i n t s  are en te red ,  t h e  program computes t h e  l eas t - square  e s t i m a t e s  

of t h e  parameters by s o l v i n g  t h e  set of l i n e a r  equa t ions  ( 7 ) .  The error 

2 
var iance  ae is a l s o  est imated.  These estimates are then used t o  

genera te  minimum mean-square error forecasts up t o  L steps -pad; 

i.e., f o r e c a s t  o f  t f KL is obta ined a t  t i m e  t . The var iance  of 

t h e  f o r e c a s t  errors and t h e  confidence i n t e r v a l  f o r  a c e r t a i n  e i g n i f i c a n c e  

l e v e l  a r e  a l s o  ca lcu la ted .  A t  t h i s  t i m e ,  t h e  next d a t a  p o i n t  is read 

i n ;  t h e  r e s i d u a l  is c a l c u l a t e d  a s  t h e  d i f f e r e n c e  between t h e  a c t u a l  

value and t h e  f o r e c a s t ;  and t h e  f o r e c a s t s  f o r  t h e  remaining p o i n t s  a r e  

updated by us ing Eq. (5). A new f o r e c a s t  f o r  t h e  value  L s t a p s  

ahead is produced. Th is  process  is repeated u n t i l  NWND new p o i n t s  

have been exhausted. The procedure w i l l  r epea t  again  s t a r t i n g  wi th  

t h e  r e c a l c u l a t i o n  of t h e  parameter es t imates .  

Resu l t s  of t h e  w e d i c t i o n  f o r  va r ious  lead t imes a r e  shown i n  

Figures  34 through 38. I n  o r d e r  t o  compare t h e  p red ic ted  waveforms w i t h  

t h e  a c t u a l  EEG, w e  p l o t t e d  t h e  p red ic ted  waveforms and then superimposed 

t h e  a c t u a l  EEC on top o f  them. The o r d e r  of t h e  au to regress ive  process  

was choren a s  p = 7 by examining the  p a r t i a l  a u t o c o r r e l a t i o n  func t ion  

of EEG d a t a  f o r  k = 10 . The e f f e c t i v e  l e a d  time i n  seconds is 

klT where T is t h e  sampling i n t e r v a l  and 1 denotes  t h e  l ead  time 

i n  number of samples. I n  Figures 34 through 38, t h e  waveforms were 



Figure 33 A flowchart for the realization 
of the prediction scheme 



EEG 

Figure 34 Actual and predict-5 wavef'orm 
f o r  lead time of 24 msec. 

Figure 35 Actual and predicted waveform 
for lead time ti 18 msec. 



1 EEG 

I - actual 

Figure 36 Actual  aild p r ~ d i c t e d  waveform 
for l ead  time 1 60 msec. 

Ficure 37 Actdal  and p r e d i c t e d  waveform 
lor  leacl ~ i m c  0 1  96 slsec. 



.... predicted 
- u t u r i  

Flgur; 38 Actual  and predicted .-av,-.fom 
for lea: t ;me of 120 msec. 

: r e  . Predict?on error vlr lance  
vs. l zad  tirce 



p l o t t e d  a g a i n s t  t h e  s a a p l e  numbers and t h e  l e a d  t i n e  1 w a s  i n d i c a t e d  

a t  t h e  lower r i g h t  corner. For i n s t a n c e ,  i n  F igu re  36, 4 = 5 means 

a l e a d  t i r e  o f  1 0 X  5 1.2 = 60 msec., s i n c e  k = 10  and T = 1.2 msec; 

hence, thr  l e n g t h  i n .  .:-red f o r  4 = 5 r e p r e s e n t s  60 m s t c .  The ampl i tude  

s c a l e  is r e l a t i v e .  Tne s o l i d  c u r v e s  r e p r e s e n t  t h e  a c t u a l  EEG and t h e  

d o t t e d  c u r v e s  are t h e  oredicted waveforms. I n  Figur. 34,  .re 6-e t h a t  

f o r  a l e a d  time o f  24 msec., t h e  t ~ o  c u r v e s  p r a c t i c a l l y  c o i n c i d e  w i t h  

e a c h  o the r .  T h i s  i n d i c a t e s  a  p r e d i c t i o n  w i t h  l i t t l e  error. W e  p r o g r e s s i v e -  

l y  i n c r e a s e d  t h e  l e a d  tiale from 48 msec. i n  F i w r e  35 t o  120 rsec. 

i n  F igu re  38, I t  is observed from t h i s  series o f  f i g u r e s  t h a t  t h e  

co inc idence  o f  t h e  p r e d i c t e d  and t h e  a c t u s l  r a v e f o m s  worsens. T h i s  

i n d ~ c a t i e n  o: i n c r e a s i n g  e r r o r  a s  l e a d  t i m e  i n c r e a s e s  is expected .  

For a  q u z ~ t  i t a t i v e  comparison, x e  computed t h e  p r e d i c t  i o n  e r r o r  v a r i a n c e ,  

~ h i c h  is us,* a s  a performance measure o f  t h e  p r e d i c t i o n  scheme, f o r  

v a r i o u s  l ead  times, T h i s  f o r e c a s t  e r r o r  v a r i a n c e  is S'iown i n  F i g u r ~  39. 

2 
The < e r t i c a i  scsle g i v e s  V ( i ) / E ( x t )  which r e p r e s e n t s  t h e  prediction 

e r r o r  v a r f a n c e  r e l a t i v e  t o  t h e  v a r i a n c e  o f  t h e  s i g n a l  t o  be p r e d i c t e d .  

For example, f o r  A = 5 (1 . e . ,  a ,ead t i m e  o f  60 msec.) t h e  e r r o r  

v a r i a n c e  is 1% of t h e  s i g n a l  va r i ance .  Th i s  g i v e s  a  measure o f  tow 

c l o s e  t h e  p r e d i c t e d  v a l u e s  rill be t o  t h e  a c t u a l  va lues .  W e  c an  s e e  

a t  a  g l ance  from Figure  39 t h a t  t h e  performance d e t e r i o r a t e s  a s  l e a a  

time inc reases .  I n  u s i n g  t h i s  s cheae ,  one can de t e rmine  a maximum 

lead  t i m e  f r m y  g iven  t ? l e r a n c e  level. For o u r  pu rpcses ,  t h i s  

scheme is s a t i s f a -  'or-.. 



I V .  CHAMCTERI WTIOS i lF  SCAS P.4TTElWS 

One o f  t h e  i m p o r t a n t  a s p e c t s  o f  t h e  r e s e a r c h  d o n e  i n  t h l s  p r o j e c t  

h a s  been t h e  development  o f  t e c h n i q u e s  and  tools f o r  t h e  a u t o m a t i c  

a q a l y s i s ,  c h a r a c t e r i z a t i o n  and  d i s p l a y  o f  s c a n  p a t  t e r n s .  I n  v i s u a l  

t a s k s ,  t h e  s e q u e n c e  of f i x a t i o n s  u s e d  i n  s c a n n i n g  t h e  v i s u a l  target 

11 

is called t!?e "scanpath" ,  a n d  we w i l l  r e f e r  to a s c a n  p a t t e r n 1 '  as a 

c o l l e c t i o n  o f  i n f o m a t i o n  a b o u t  t h e  p r o p e r t i e s  o f  o n e  o r  icore s c a n -  

p a t h s  r e c o r d e d  by o n e  o r  s e v e r a l  d i f f e r e n t  o b s e r v e r s .  S a t v r a l l y ,  

to b e  a b l e  to d i f f e r e n t i . - t e  a  s u p e r i o r  scm p a t t e r n  which r e s u l t s  I n  

s u p e r i o r  v i s u a l  mesory from an i n f e r i o r  o n e ,  v e  must f i r s t  be a b l e  to  

c h a r a c t e r i z e  a  s c a n p a t h  I n  some t e r m s  o t h e r  t h a n  j u s t  a  l ist  o f  (X.Y) 

f i x a t l o n  c o o r d i n a t e s .  

A g r a n b i c a l  i l ' : ~ s t r a t i o n  o f  a s e q u e n c e  o f  t h e  f o v e a l  f i x a t i o n s  

is shown i n  F ~ g u r e s  4 0  and 41. F i g u r e  4 0  shows t h e  o u t l i n e  d r a w i n g  

af  a  s t i l l  l i f e  s c e n e  which was i n s p e c t e d  by a s u b - j e c t  w i t h  h i s  s c a n p a t h  

supcr lmposed .  I n  F l r u r e  4 1  oe have p l o t t e d  ? s k e t c h  o !  t h e  v l s u a l  

S t i m u l u s  i r n ~ r c s s e d  on t h e  f o v e a  f o r  c a c h  f i x a t i o n  p o i n t  shoun  i n  

F ~ g u r c  4 0 .  The s k e t c h e s  show a  v i s u a l  f i e l d  o f  6" i n  d i a m e t e r ,  3 

r e g l o n  whlcb  l n c l u d e s  a l l  o f  t h e  f o v e a  a n d e r  p r a c t i c a l l y  m y  d e f i n i t i 5 n .  

T h e s e  d r a r i n ~ s ,  t h c n ,  r e p r e s e n t  1 t l x e  s e q u e n c e  01 s n a p s h o t s  r h l c h  a r e  

t h e  v l s u z l  i n p u t  t o  t h e  o ~ s e r v e r  who ~ I I S ~  crcn!' 3 ~ . n i f ; e d  p i c t u r e  o f  

t h e  s c e n e  beina viewed 1 rm t h e  s e q u e n c e  o f  p i c t a r e  I r agments  shown i n  

thc. s k e t c h e s .  

One obser*ra t  Lon which il;ls c f t c n  been made i s  t h a t  t h e  1 i x a t l ? q  

pair.'.; t end  t o  bc ~ r o u p c d  +rourld c c r t a l n  f e a t u r e s  o r  a r e a s  o f  t h e  

v ~ s u a l  Irnagc, and a r e  r e l : l t ~ v c l y  s p a r s e  c l s e w h e r e .  Ttlus, w e  c a n  rceasure  

7:1 
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t h e  n e a r n e s s  o f  one  f i x a t i a a  p o i n t  to a n o t h e r  and a r e i g n  a e i m i r a r i t y  

measure to t h e  t w o  c o i n t s  based upon t h i s  d i s t a n c e .  The a b i l i t y  to 

group or clzster a set o f  f i x a t i o n  p o i n t s  is an impor t an t  s t e p  i n  t h e  

c h a r a c t e r i z a t i o n  o f  a acanpath ,  and s e v e r a l  d i f f e r e n t  technaques  h r v e  

been used to  measure p o i n t  s i m i l a r i t i e s  and to a s s i g n  p o i n t s  to c l u s t e r s .  

The u s e  o f  a ' lpoint s i m i l a r i t y  funct ion"  for c l u s t e r i n g  f i x a t i o n  

points h a s  been r e p o r t e d  earlier and w i l l  not be r e v i e v e d  here .  

W e  have also used  two a l t e r n a t e  a l g o r i t h m s  f o r  s e l e c t i n g  c l u s t e r  

c e n t e r s ,  eecb  -!?!I i ts  om p a r t i c u l a r  a d v a i a g e s  and d i sadvan tages .  

These a l g o r i t h m s  are kcovn as ''ISOT '?" and "biinimum-spanning-~ree-~lusterin~" 

or S T C .  

I n  t h e  ISODATA methou, t h e  number o f  c l u s t e r s  d e s i r e d  is g i v e n  

a n  i n p u t  -var iab le ,  and the algorithm p a r t i t i o n s  t h e  f i x a t i o n  p o i n t s  

i n t o  s u b s e t s  such  t h a t  t h e  t o t a l  d i s t a n c e  between t h e  f i x a t i o n  p o i n t s  

i n  a ,,:st~r and t h e  c l u s t e r  c e n t e r  is minimized f o r  a l l  c l u s t e r s .  

The c l u s t e r  c e n t e r  s t a r t i n g  p o i n t s  a r e  u a u a l l y  selected randomly, and 

t h e  a lgo r i thm keeps moving t h e  c l u s t e r  c e n t e r s  u n t i l  t h e  above 

c r i t e x ~ o n  has  been reached.  

The USTC a lgo r i thm a a t o m a t i c a l l y  de t e rmine  t h e  number o f  c l u s t e r s  

In t h e  d a t a  and a s s i g n s  f i x r t i o n  p o i n t s  t o  t h e  c l u s t e r s .  Three  

v a r i a b l e s  g iven  a s  i n p u t  may be a d j u s t e d  t o  c.;?ge t h e  crlteria by 

which c l u s t e r s  rre s e l s c t e d .  

The c h i e f  advantages  o r  d i s u i v a n t a g e s  o f  t h e s e  two a l g o r i t h m s  a r e  

sur-marized below : 



I SODATA 

(1) Required the desired number of clusters, which usually is not 

k n m .  

(2) Solutions often are not unique, but vary with starting conditiaas. 

(3) The iterations can require a substantial amount of computing. 

(4) W y  points can be easily accommodated. 

(1) The solution is unique, and the number of clusters is autoe8t;ically 

determined. 

( 2 )  The computation is quite fas:. 

(3) Many points requires a large amount of storage. 

Our approach to characterizing scan patterns is based on 

the following two assumptions: 

(a )  There are a discrete number of "fixation ceniers" in the scene 

being vlewed and each fixation point in !he scan can be assigned 

to one of tht fixation centers. This process of assignment or 

clustering is done using the ZlSTC algoritha described above. The 

center of the clusters should be in close agreement with the 

centers of tk fixation. Due to the random nature of the fixation 

points, in any repetition (cycle) of the ccanpath, the fixation 

polnts do not always coincide. 

(b) A scanpath then becomes e sequence df transitions from one 

cluster center to another. Any saccade with starting an< ending 

points in the same cluster 1s discardeti. 



From t h e  set o f  a l l  s a c c a d e s  l e a v i n g  a g i v e n  c l u s t e r  c e n t e r ,  w e  

c a n  f i n d  t h e  t r a n s i t i o n  or t r a n s i t i o n s  which have t h e  h i g h e s t  p r o b a b i l i t y .  

These t r a n s t i o n s  are termed t h e  "most-probable-saccades". The "most- 

probable-scanpath" is then  d e f i n e d  to b e  t h e  set o f  a l l  most-proLuole- 

saccades.  The most-probable-scanpath depends  on how t h e  c l u s t e r s  are 

chosen,  and is not  n e c e s s a r i l y  a  c l o s e d  p a t h  th rough  t h e  c l u s t e r  c e n t e r s .  

Its u s e f u l n e s s  is t h a t  i t  c a n c i s e l y  summarizes t h e  most impor tant  a s p e c t s  

o f  t h e  s c a n p a t h  used  by t h e  o b s e r v e r  i n  viewing t h e  g i v e n  v i s u a l  t a r g z t .  

A scan  p a t t e r n  is some set o f  most-probable-scanpaths f o r  a g iven  o b s e r v e r  

viewing t h e  same u r  d i f f e r e n t  t a r g e t s ,  or f o r  s e v e r a l  o b s e r v e r s  viewing 

t h e  same t a r g e t ,  etc. 

F igu res  42 and 4 3  i l l u s t r a t e  how t h e s e  methods may be employed t o  

reduce scanpa th  d a t a  t o  a more c o n c i s e  form. F igu re  42  is a  graph o f  a  

s canpa th  superimposed upon a l i n e  drawing r e p r e s e n t i n g  t h e  s t i l l  l i f e  

s c e n e  which t h e  o b s e r v e r  w a s  viewing. The f i r s t  recorded f i x a t i o n  

(1)  is i n  t h e  c e n t e r  o f  t k e  avocado. The last  f i x a t i o n  (45)  is i n  t h e  

m'ddle  o f  t h e  c a r r o t .  The viewing time r e q u i r e d  t o  c r e a t e  t h i s  

s can  t o t a l e d  20 seconds.  F igu re  13 r e p r e s e n t s  t h e  same d a t a  a f t e r  

p rocess ing  by t h e  MSTC program. The procram p a r t i t i o n e A  t h e  f i x a t i o n  

p o i n t s  i c t o  11 s u b s e t s  o r  c l u s t e r : ;  ( u s i n g  c e r t a i n  c r i t e r i a  s u p p l i e d  by 

t h e  programmer) and then  c c ~ o u - e d  t h e  most l i k z l y  t r a n s i t i o n s  from 

c l u s t e r  t o  c l u s t e r .  C l u s t e r s  c o n t a l n . n g  on ly  ona frx?: io3 p o i n t  were 

ignored .  The r e s u l t i n :  p l o t  shows t h e  most l i k e l y  saccades  be taeen  a r e a s  

c o n t a i n i n g  l a r g e  numbers 01 fixations, and p r e s  t s  t h e  ori:r1;ia1 d a t a  

I n  a h igh ly  condensed format.  

I n  ordc'  t o  compare one  s e t  o f  f i x ~ t  . - 3  o r  one s c a n p a t t e r n  







a g a i n s t  a n o t h e r ,  criteria must be e s t a b l i s h e d  which c a n  be used  to 

e v a l u a t e  s u b t l e  d i f f e r e n c e s  i n  the fo l lowing  c h a r a c t e r i s t i c s :  

(1) T o t a l  number o f  c l u s t e r s  - The MSTC a l g o r i t h m  p a r t i t i o n s  

a l l  t h e  f i x a t i o n  p o i n t s  i n t o  some number o f  c l u s t e r s ,  v e r y  

r a r e l y  w i l l  t h e  number o f  c l u s t e r s  i n  two d i f f e r e n t  s c a n s  be  

t h e  same. Rules  must b e  e s t a b l i s h e d  f o r  e l i m i n a t i n g  o r  merging 

c l u s t e r s  which compl i ca t e  t h e  a n a l y s i s .  For example, c l u s t e r s  

c o n t a i n i n g  a  s i t g l e  p o i n t  can  u s u a l l y  be removed. 

(2)  S i m i l a r i t y  between c l u s t e r s  - The g e o m e t r i c a l  c e n t e r  o f  

two c l u s t e r s  w i l l  u s u a l l y  be  d i f f e r e n t ,  and y e t  i t  may seem 

obvious  t h a t  bo th  c l u s t e r s  a r e  a s s o c i a t e d  w i t h  o r  c e n t e r e d  on 

some f e a t u r e  ,f t h e  p i c t u r e .  

(3) The most p robab le  saccadcs  between c l u s t e r s  w i l l  c f t e n  be 

d i f f e r e n t  i n  two scans ,  even i f  t h e  c l u s t e r  c e n t e r s  a r e  n e a r l y  

a l i k e .  The s i m i l a r i t y  o f  two s c a n s  i s  judged by t h e i r  t r a n s i t i o n  

p r o b a b i l i t i e s .  

The above c r i t e r i a  a r e  dependent  upon t h e  type  o f  ehc-r iment  be ing  run 

and no f  xed set o f  r u l e s  w i l l  b e  sugges t ed  here .  Based on t h e  above 

c r i t e r i a  and u s i n g  s t a t i s t i ~ a l  methods, w e  a r e  a b l e  t o  show from o u r  

p r e l i m i n a r y  r e s u l t s  t h a t  t h e  scan  p a t t e r n s  o f  t h e  s a a e  v i s u a l  m a t e r i a l  

by t h e  same sub. ject  who sco red  very  h igh  on Marks' V1a:ual-hfenory Task 

a r e  c o n s i s t e n t .  



V. TECmIQUES FOR THE PWSENTATIOK Ok VISUAL CUES 

The measurement and p r e d i c t i o n  o f  eye  movements and r p l a t e d  EEC. 

p o t e n t i a l s  a r e  necessa ry  p r e r e q u i s i t e s  f o r  t h e  c o n t r o l  o f  v i s u a l l y  

d i s p l a y e d  m a t e r i a l  which can  enhance an o t s e r v e r ' s  p e r c e p t i o n  o r  memory 

o f  a  s cene  or v i s c a l  environment.  T h i s  s e c t i o n  d e s c r i b e s  some means 

t o  coup le  t h e  measurement o f  eye  movements w i t h  t h e  c o n t r o l  o f  a 

computer-driven g r a p h i c a l  t i i sp lay .  

The t a s k  under taken  was t o  p rov ide  a f a c i l i t y  f o r  dynamical ly  

c o n t r o l l i n g  t h e  i o v e a l  o r  p e r i p h e r a l  f i e l d  of view o f  an obse rve r .  Such 

a f a c i l i t y  would p rov ide  n f l e x i b l e  method i o r  s t u d y i n g  i n t e r a c t i o n  

between eye  p o s i t i o n  and changes i n  t h e  v i s u a l  f i e l d .  Some of t h e  ob- 

. j e c t i v e s  of t h i s  r e s e a r c h  a re :  

( a )  t o  uevelop  t echn iques  l o r  dynamical ly  c o n t r o l l i n g  t h e  v i s u a l  

f i e l d  in  humans u i t h o u t  any r c s t r i c t i v e  mechanical  at tachinent  t o  

thL. eye ;  

(b! t o  o b t a l n  a  s u b , j e c t i v c  f c c l l n g  f o r  percep' ion wi thou t  u s e  o f  

t h e  normal v i s u a l  f i e l d ;  and 

( F )  Lo quant  i t  at i v e  l y  measure changes i n  t h e  o b s e r v e r ' s  pev f  ormcnce 

(and scanpa th  c h a r a c t e r i s t i c s )  a s  a  f u n c t ~ o u  of f i o l d  s i z e  and type.  

The system works ;IS f o l lows :  At t h e  s t a r t  of each  r e f r e s t  o f  t h e  

d i s p l a y  (30 t imcs per second) ,  t h e  p o s i t i o n  o f  t h e  eye  is measured and 

t h e  co r re spond icg  p o l n t  on the d i s p l a y  is computed. Parameters  w i t h i n  

t h e  program de te rmine  what p o r t i o n  o f  t he  v i s u a l  l i c l d  w i l l  be d i s p l a y e d -  

f o v e a  o n l y ,  pe r iphe ry  on ly ,  and t h e  s i z e  :*,- $.he f l c l d  i n  c l t i r e r  cast. 

Then, each point t h e  d l s p l a y  l ist  1s c h e ~ ~ e d ,  and if l t  i s w i t h l n  t h e  



r e q u i r e d  f l e l d ,  i t  is displayed.  Figures  44 and 45 d e p i c t  t h e  s t  imalus 

f o r  t h e  two modes of  d i sp lay .  The box (which w a s  used i n s t e a d  of a 

c i r c l e  t o  s i n p l i f y  computatinne) remains cen te red  or1 t h e  fovea, no ula t ter  

where on t h e  sc reen  t h e  obse rver  looks. 

The v i s u a l  scenes  used i n  t h e s e  experiments were o u t l i n e  drawings 

of  simple,  s t i l l  scenes. No t e x t  or h igh ly  d e t a i l e d  p i c t d r e s  were 

involved. A new scene could  be e n t e r e d  i ~ t o  t h e  computer through use  

of a graf/pen d i g i t i z e r .  Once e n t e r e d ,  t h e  p o i n t s  ir' t h e  p i c t u r e  were 

s t o r e d  by X,F p o s i t i c a ,  and a d i s p l a y  list WRS c r e a t e d  f o r  l a t e r  u s e  

by t h e  rea l - t ime in te ;ac t ive  program. 

Af!z: a d j u s t i n g  t h e  eye t r a c k e r  and c a l i b r a t i n g  t h e  ins t rument ,  

t h e  observer  would be presented wi th  a f i e l d  o f  view which could be 

e i t h e r  a fovea-only p r e s e n t a t i o n  o r  a periphery-ocly p resen ta t ion .  

The s i z e  of t h e  f i e l d  (width of  box boundary) was a l s o  a d j u s t a b l e ,  from 

l e s s  than one dsgree  t o  t h e  maximum width o f  t h e  d i s p l a ~ .  Use o f  t h i s  

program has produced, s o  f a r ,  t h e s e  r e s u l t s  : 

Impaired p e l r e p t i o n  f o r  fovea-only v i s i o n  - If o r l y  a two a r  t h r e e  degree 

wide fovea l  f i e l d  is  d i sp layed  (when t h e  d i s p l a y  i t s e l f  spans  twenty 

o r  more degrees ) ,  t h e  obse rver  f i n d s  i t  d i f f i c u l t ,  i f  not impossible, t o  

pe rce ive  t h e  d i s p l a y .  What t h e  cbse rver  seec  are e h o r t  l i n e  Aegments, 

and sometimc3 j u n c t i o n s  Letwee? l i n e  segment: T% only  way t o  pe rce ive  

an o b j e c t  is t o  consciously  follow t h e  contours  and menta l ly  r e c o n s t r u c t  

t h e  path  followcd. Simple o b j e c t s  t a k e  s t v e r s l  minutes t o  d - t e c t ,  Few 

obse rvers  g e t  a complete iCcb o f  t t z  e n t i r e  scer-e. Far more gse of  

p e r i p h e r a l  v i s u a l  info.n.::.ion , made than was ant ic!pated,  Large 





s a c c a d e s  must be fo rced ,  and t h e  o b s e r v e r  becomes very  consc ious  o f  having  

t o  man ipu la t e  h i s  own e y e  movements. 

P e r c e p t i o n  w i t h  p e r i p h e r a l  v i s i o n  - If t h e  f o v e a l  r e g i o n  is blanked,  

l i t t l e  p e r c e p t u a l  loss o c c u r s  u n t i l  t h e  windor s ize  approaches  roughlv 

13'. t h a t  is, t h e  s c e n e  is st i l l  y r c e i v e d  even wheq t h e  wind- is 

o c i t e  l a rge .  Our s t i m u l i  d i d  n o t  i n c l u d e  text or o t h e r  raterla1 where 

h igh  v i s u a l  a c u i t y  was e s s e n t i a l .  T h i s  r e s u l t  is s o a e r h a t  s u r p r i s i n g  

In  v i e r  o f  t h e  g e n e r a l  assumption o f  t h e  i l p o r t a n c e  o f  foveal -h igh  

a c u i t y  f i e l d ,  The p e r i p h e r a l  f i e l d  a p p a r e n t l y  makes an impor tant  

coc r i b a t l o n  t o  t h e  o r e r a l l  p e r c e ~ t i o n  o f  a scene ,  even t h e  v i s u a l  

z c u i t g  Zay be q u i t e  l o r  i n  t h e  o u t e r  r eg ions .  

I zpo r t ance  o f  c l o s e d  c o n t o u r s  - I f  t h e  fovea-only visua!  f ~ e l d  is being  

d ~ s p l a y e d ,  l i t  t le improveme~~t  i n  p e r c e p t  i o n  o f  o b j e c t s  ri t h i n  t h e  

f i e l d  a - c u r s  u n ~ i l  t h e  windor s i z e  is l a r g e  enough t o  i n c l u d e  t h e  comple te ,  

c l o s e d  c o n t o u r  o f  an o b j e c t .  The a b s o l u t e  s i z e  o f  t h e  f o v e a l  r e g i o n  seems 

t o  be less important  t han  t h e  f a c t  t h a t  comple te  o b j e c t s  are v i s i b l e ,  

a t  l e a s t  r t h e  l i n e  drawings  w e  used. T h i s  r e s u l t  s u p p o r t s  a n o t h e r  

o b s e r v a t i o n  =e have made, which is t h a t  f i x a t i o n s  t end  t o  be c e n t e r e d  

on t h e  main s u r f a c e s  o f  a s i m p l e  o b j e c t ,  and a r e  n o t  a s  ~ f t e n  t-3und on 

t h e  edges  o r  c o r n e r s  o f  t h e  o b j e c t .  

Appearance o f  a  phantom windos - A f t e r  about  t e n  seconds  o f  viewing,  and 

e s p e c i a l l y  f o r  t h e  fovea-only c o n d i t i o n ,  a phantom window w i t h  pronounced 

grey-black e d ~ e s  appears .  The s u b j e c t  sees a grey  background w i t h  a  

b lack  window ctit in t h e  c e n t e r ,  through which t h e  w h i t e  l i n e s  may be 

v lered .  The wlndoa-, of coucse ,  is f i x a t e d  on h i s  eye  l i k e .  an a l t e r i m a g e .  
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Two causes for the rindor are evident. Only the foveal region receives 

stimulation, and the rods and cones adapt to a higher ambient light 

level than in the periphery, which adapts to "visual grey1'. Also, the 

sharp truncation of many contours along a straight line reinforces the 

perception of an edge. Similar effects have been noted before by Yarbus. 

These preliminary experiments with an eye-movement controlled 

visual display have proved quite interesting and useful. The next step 

is to incorporate the predictive algorithms discussed in other previous 

sections o: this report to present the visual cues at the desired 

1ocat:ons of the visual field at the desired moments. 



Our  a i m  h a s  been to  d e v e l o p  and u s e  b i o c - - b e r n e t i c  t e c h n i q u e s  f o r  t h e  

enhancement o f  v i s t l a l  memory. To t h i s  e n d ,  we h a v e  d e s i k q e d  a  c l o s e l y -  

c o u p l e d  man-machine s g s  t e a  f o r  implement a t  ion .  b e  h a v e  d e v e l o p e d  and  

c o m p l e t e d  t h e  models  f o r  s a c c a d i c  e y e  r o v e m e n t s  and  EEG s i g n a l s  i n  t h i s  

man-machine sys te la .  The  models a r e  u s c d  f o r  m o n i t o r i n g  and p r e d i c t i o n  o f  

e y e  p o s i t i o n s  and  b r a i n  s t a t e s .  X i t h  t h e  c o n t i n u o u s l y  u p - d a t e d  i n f o r m a t i o n  

c o n c e r n i n g  t h e  e y e  p o s i t i o n  and b r a i n  s t a t e  f o r  a d j u s t i n g  t h e  s t i m u l u s  

p a r a m e t e r s  2nd t h e  m o n i t o r i n g  and p r e d i c t  i o n  schemes,  we c a n  g u i d e  t h e  

e y e s  t o  f i x a t e  a t  t h e  s p e c i f i e d  l o c a t i o n s  of t h e  v i s u a l  f i e l d  a t  t h e  

s p e c i f i e d  i n s t a n t s  o i  t i m e  t h r o u ~ t i  a  t e c h n i q - i e  we deve loped .  I f  t h e s e  

s p e c 1  f  i e d  l o c a r  i o n s  and i n s t a n t s  a r c  t h e  o p t  inall!- r e q u i r e d  f o r  s u p e r i o r  

v i s u a l  nemorv, t h e n  t h e  v i v i d n e s s  and p e r s i s t e n c e  of t h e  d e s i r e d  

a f t e r - i m a g c  r i l l  b e  enhanced,  ac h a v e  a p p r o a c h e d  t h e  problem o f  

d e t e r m i n a t i o n  o f  t h e s e  o p t i m a l  l o c a t i t m s  and t i m e  i n s t a n t s  by m o n i t o r ~ n g  

e; e movcizents ~ n d  EEG s i g n a l s  thror igh t h e  tzodels  a h i c h  w e  have  d e v e l o p e d .  

Tnroagh  t h e  EF& n o d e l ,  r e  n a v e  o b t a i n e d  3 b e t t e r  a s s e s s m e n t  o i  EEG's 

r o l e  a s  t h e  z in in^ n c - c h a n ~ s n  f o r  v i s r ~ a l  i ~ f o r n n t i o n  a c q u i s i t i o n  and  

p r o c e s s i n g .  K c  h z v c  a l s o  shoun t h a t  t h e  s c z n  p a t t e r n  is more c o n s i s t e n t  f o r  

~ n d i v i d u n l s  ri t h  good V I  s u a l  memory ( n s  s c o r e d  by :.:arks' Visual-S!!ernory 

T a s k )  t h a n  t h o s e  w i t h  p o o r  v ~ s r l a l  memor?-. T h i s  c - o ~ n n r i s o n  is made p o s s i b l e  

by o u r  method o f  characterization of s c a n  p n t t e r c s .  With t h e 5 e  r e s u l t s ,  

~ t  I S  p o s s i b l e  t o  d e t e r m i n e  t h c  opt1rn;rl l o c a t i o n s  i n  r h c  v i s u a l  f i e l d  

and t h c  o p t  1-a1 t l n e  I n s t a n t s  l o r  p r e s e n t  i n g  v i s u a l  s t  xrnrlli. Kc c o n c l u d e  



t hat the approach for vim.-1 merory enhancement as proposed is a feasible 

one. At the termination of this project, re have implemented all of 

the parts shom in the closely-coupled ran-machine system but the 

feedback path. 

Significant accaplishments made during this research have been 

published or presented in international or national scientific conferences 

and t=o Ph.D. dissertations are dear corpletion. 





APPENDIX A 

EIECTRONIC INTERFACE SYSIpI 

'le s h a l l  d e s c r i b e  h e r e  t h e  i n t e r f a c e  system f o r  eye-movement d z t a  

a c q u i s i t i o n  only.  W e  are p r e s e n t l y  usizg a doub le  P u r k i n j e  image e y e  

t r a c k e r  developed a t  S t  an fo rd  Research I n s t i t u t e  (SRI ) f o r  measuring 

eyc movements, It  relies on  measur ing  t h e  rot i o n  o f  t h e  r e f l e c t  i o n s  

from t h e  fror.t s u r f a c e  o f  t h e  cornea and from t h e  back s u r f a c e  o f  t h e  

l e n s  o f  t h e  e y e  ( t h e  f i r s t  and f o u r t h  P u r k i n j e  imaees). The in s t rumen t  

is d i s c u s s e d  i n  an article: " ~ c c u r a t e  two-dimensional e y e  t r a c k e r  

a s l n g  f i r s :  znd f o u r t h  P u r k i n j e  1magesw, by T. S.  C o r n s r e e t  a r d  H, D. 

Crane i n  t h e  J o u r n a l  o f  t h e  O p t i c a l  S o c i e t y  o f  A m e r i c a ,  vo l .  63, no. 8, 

pp. 921-928, August, 1973. F igu res  A.1 and A.2 show t h e  set up o f  t h i s  

eye  t r acke r .  

The f i r s t  a r d  f o u r t h  P u r k i n j e  images a r e  gene ra t ed  by p o s i t i o n i n g  

a n a r r o r  beam of  i n f r a r e d  l i g h t  on t h e  s u b j e c t e s  p u p i l .  The image o f  

t h e  e y e  and its a t t e n d a n t  P u r k i n j e  image r e f l e c t  o f f  t h e  i n f r a r e d  m i r r o r  

i n  f r o n t  o f  t h e  s u b j e c t ,  th rough two l a r g e  c o l l i m a t i n g  l e n s e s  and on t o  

a movable mi r ro r .  A four-quadrant  p h o t o d e t e c t o r  s e n s e s  t h e  p o s i t i o n  o f  

t h e  f i r s t  P b r k i n j e  image, S i g n a l s  f  roa  t h e s e  f o u r  q u a d r a n t s  a r e  used 

t o  d r i v e  two nigh-speed s e r v o  motors  t o  d e t e c t  t h e  movable m i r r o r  i n  

a l t l t u d e  and azimuth, The f u n c t i o n  o f  t h i s  s e r v o  system is t o  p o s i t i o n  

t h e  image o f  c o r n e a l  r e f l e c t i o n  when t h e  e y e  moves so t h a t  t h e  r e f l e c t i o ?  

is always i n  t h e  same p o s i t i o n ;  t hus ,  a  s t a b l e  r e f e r e n c e  o f  t h e  eye  is 

provided.  A s  t h e  eye  moves, t h e  image r e f l e c t e d  by :he movable m i r r o r  

rill  remain s t a t i o n a r y .  A second o p t i c a l  system i n  tandem c o n s i s t i n g  o f  

a r -o ther  rnovqhle m i r r o r  and quadrant  p h o t c d e t e c t o r  t r a c k s  t h e  f o u r t h  
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P u r k i n j e  image and measures its movement r e l a t i v e  t o  t h e  f i r s t  image. 

The two-dimensional  motion o f  t h i s  image d e r i v e d  from t h e  p o s i t i o n  o f  

t h i s  mirror sys tem is used  as t h e  o u t p u t  s i g n a l  o f  t h e  s u b j e c t ' s  e y e  

movements. The sys tem is des igned  to measure e y e  movements w i t h  an 

accu racy  o f  up  to two minu te s  o f  arc. The o v e r a l l  sys tem h a s  a f l a t  

f requency response  o f  up to 100 H z ,  

To Gssure t h e  p r o p e r  u s e  o f  t h e  e y e  t r a c k e r  r e q u i r e s  e l a b o r a t e  

p rocedures  f o r  a l ignment  o f  s u b j e c t s  and c a l i b r a t i o n  o f  t h e  e y e  t r a c k e r ,  

The c a l i b r a t i o n  is dorm through a  computer  program (JUT)  r e  developed.  

T h i s  c a l i b r a t  ion program s e r v e s  t c  : 

( 1 )  p rov ide  a r a y  ~f  r e l a t i n g  t h e  o u t p u t  v o l t a g e s  o f  t h e  i n s t rumen t  

t o  t h e  s t i m u l u s  p o s i t i o n s ;  

(2)  g i v e  an e s t i m a t e  o f  t h e  s i z e  o f  t h e  v i s u ? ?  f i e l d  o v e r  which 

t h e  ins t rument  is a b l e  t o  t r a c :  t h e  e y e  movements; and 

(3) i n d i c a t e  whether  t h e  e y e  t r a c k e r  is c o r r e c t l y  a d j u s t e d .  

I t  h a s  been a  major  problem t o  r e l a t e  t h e  measured e y e  p o s i t i o n s  

t o  t h e  a c t u a l  l o c a t i o n s  on t h e  scene .  T h i s  d i f f i c u l t y  a r i s e s  main ly  

f r m  t h e  d i s t o r t i o n  in t roduced  i n  measur ing  e y e  movements, TO a l l e v i a t e  

t h i s  d i f f i c u l t y ,  ;e have developed and implemented a scheme which maps 

a u t o m a t i c a l l y  t h e  e y e  f i x a t i o n s  o n t o  t h e  s c e n e  wi thou t  d i s t ~ r t i o n .  T h i s  

is achieved  by e x p r e s s i n g  both  t h e  f i x a t i o n s  and t h e  l i n e  drawing  of 

t h e  i n spec t ed  scene  i n  terms o f  v i s u a l  d e g r e e s  r e l a t i v e  t o  a  c a l i b r a t i o n  

s l i d e .  S i n c e  bo th  a r e  on t h e  same c o o r d i n a t e  system, t hey  c a n  be  e a s i l y  

superimposed wi thou t  any f e a r  o f  d i s t o r t i o n .  

Our scheme c o n s i s t s  of  t h e  fo l lowing  computer programs: JIAP, 

I-IXFIL, OVWY, and PFIX. 31AP produces  a  c a l i b r a t i o n  f i l e  r e l a t i n g  



e y e  t r a c k e r  v o l t a g e  w i t h  t h e  v i s u a l  a n g l e  subtended  by t h e  eye. FIXFIL 

a n a l y z e s  t h e  d a t a  c o l l e c t e d  by t h e  DIGIT program. I t  r educes  t h e  d a t a  

i n t o  f i x a t i o n s  and, w i t h  t h e  a i d  o f  t h e  c a l i b r a t i o n  f i l e  produced by 

l!AP, i t  t r a n s l a t e s  t h e  l o c a t i o n  o f  t h e s e  f i x a t i o n s  i n t o  u n i t s  o f  v i s u r l  

angle .  The o r i g i n  of t h i s  v i s u a l  c o o r d i n a t e  sys tem LS assumed t o  b e  

t h e  c e n t e r  p o i n t  o f  t h e  c a l i b r a t i o n  s l i d e .  OirLAY is  a v a r i a t i c n  o f  t h e  

DRAW program k h i c h  u s e s  t h e  graf /pen  t o  d i g i t i z e  p i c t u r e s .  OVMY is  

used  t o  d i g i t i z e  a n  o u t l i n e  o f  t h e  i n s p e c t e d  s c e n e  on  a s l i d e .  Some 

a d d i t i o n a l  d a t a  are added t o  t h e  f i l e  t o  e n a b l e  i t  t o  be  e v e n t u a l l y  

t r p n s l a t e d  i n t o  u n i t s  o f  v i s u a l  a n g l e  w i t h  t h e  zxac t  c o o r d i n a t e  sys tem 

used by FIXFIL. ?FIX p l o t s  t h e  f i x a t i o n s  and super impose  t h e  o u t l i n e  o f  

t h e  scene .  T h i s  can  e a s i l y  be done s i n c e  t h e  f i x a t i o n  l o c a t i o n s  and t h e  

o u t l i n e  are expres sed  i n  t h e  same v i s u a l  a n g l e  c o o r d i n a t e  system. 

To i l l u s t r a t e  t h e  e f f e c t i v e n e s s  o f  t h i s  scheme, w e  show an exernple 

i n  F i g u r e s  A.3 and A.4. The o b s e r v e r  was asked  t o  f i x a t e  a t  t h o s e  

c i r c l e d  p o i n t s  o f  a s c e n e  a s  shown i n  F igu re  A. 3. The eye-movement d a t a  

t akea  were then  p roces sed  by t h e  mappirag scheme. The r e s u l t  was p l o t t e d  

&s shown i n  F igure  A.4. I t  is seen  t h a t  t h e  measured e y e  f i x a t i o n s  

cor respond very  c l o s e l y  t o  t h o s e  c i r c l e d  p o i n t s  i n  F igu re  A . 2  i n  t h e  

r i g h t  sequence. 

I t  should  b e  emphasized t h a t  t h e  p r o c e s s  d e s c r i b e d  is f u l l y  au toma t i c  

and w i l l  compensate f o r  d i f f e r e n t  sub . j ec t s  and any o f  t h e  p c r m i s s i b l e  

v a r i a t i o n s  i n  t h e  expe r imen ta l  set up 'dch a s  s i z e  o f  s t i m u l u s ,  d i s t a n c e  

between t h e  s c r e e n  and t h e  o b s e r v e r ,  e t c .  With t h i s  sys tem,  we a r e  

c a p a b l e  of  p r o c e s s i a g  massive amounts o f  eye-movement d a t a  w i th  re a t i v e  

ea se .  
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