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gur experl-uental quesElon concerns t l ìe saccadÍc
êye Dovsrneuts that people continually ernploy
ln actfvely looking ln Èhe process of vlslon,
these eye novenents can at. the very leasc be
consldered as tags of experfmental ly accessible
quant l t fee  wh ich  Ehe sc ien t lsÈ may observe  L .o
undersEand the underlying processes of cognltÍon.
A nuch stroriger hyporhesís 1s EhaÈ the eye mov*
ments  p lay  an  e6sent lâ1  ro le  in  v is lon ,  tha t
the eye Eovements represent cogniÈÍve models
(eiEher fdeals or experlential ly gènerated)
EhaÈ are present ln our brain and which subjects
use Eo nqke percepfual hypotheses and test. them
against the conplex vorld of sensofy experience.
Again, the experlnents to be descrlbed below
provlde seroDg evfdence for the crl t ical- role
of eye novenoents as an essential conponent in.
cognl.t lon and recognft lon, Previously pub-
l lshed ecanpaÈh theorles In a serles of papers
by Nocon-Stark ln 1971- served to jusri fy the
essentlal rol-e of eye ftrovements in cognit ion
buL did not have aval lable the quanË.itât ive
nethodology of the current experitrents.

The erpe.rfnents lnvolve disPlay of various
pictures, measufenent of eye movemenÈs, and
onLfne dlgfEal conPuter Processlng. Such use
of laborâÈory dfgftal computers has for us a
hlstory gofng back to our onl-íne couputer exper-
lments at ÞftT. Recent developmentÊ by Àdler
and Cahn, and by Magnuskl, have extended the
Noton*Stark rslow-downr procedure for obtaining'
eequenËfal ploËs of êye movements whfeh requJred
experfreri ter ÍnteractÍon.

lle reporÈ 1n our computer ÉeËhodology plelfun-
inary resu!-ts phfch are to be reported 1n ful1
in a series of papers that are nolt in pre-

Palatfon..

Markov Condftfonal ProbabillËy Matrlces
These qatrices repreeent a quÉnEitatlve
abstractfon of the lnformatlon ln Èhe seguen-
tlal eye rDovements. The M¡ matrix 1s a vector
representlng Ehe unequal piobabilftlés of the
eye looking at a partlcular fixatlon region of
the plcture. Än eritfy fn the M1 matrlx rePle-
sent6 the côndÍtlonal probablllty of an eye
DoveEedÈ between one flxatlon regloÊ and
another. The values of the Probabll i ty co-
eff lciente ia the È11 matrlx dlf fer fron those
cal-culable fron.Èbe fl¡ rnatrfx and represent Pêlt
of the seciuentlal stiucture bf Èhe eye
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movements.  This is  neasured by rhe Chi-square
test .  Analogously,  an.  entry in the ÈI . ¡  naE.r ix
rep resenEs  t he  cond i t i ona l  p robab i l i t !  o f  Èwo
eye movements represenEing t ! ¡o sequent iâ l  Lran-'  
s i t i ons .  A ¡ r  exac t  p robab i l í t y  t es t  i s  necessa ry
here rather than the Chi-square test .  The
sEa t Í sE i ca l  va l ue  quanE i t a tes  ou r  imp ress ion
that  the scanning patEern has change afEer rec-
ogn i c i on .  NoE .e  a l so  rhe  l a rge  3 -2 -4  en r r y  i n
the M, matr ix  again represent ing sequent ia l
s l rucEure,  The M2 roåtr iJ(  entTles are here fbe
numbers of  occurrãnces of  evenEs reEher than
probabi l l t Íes ro enable ready understanding by
the  reade r .

Art l f  ic ia l  Sirnula¡ ions
In orde¡ to sLudy Èhe inEerrelat ion betsTee.n the
Markov Eatrix entríes and the eye movement
tracesr i t  was decided to carry out a serles of
siuulat. lon studles whereby natr ices with sample
sets of entr ies would generaEe art i f icÍal eye
movements 1n an art i f icíal seanpaEh pactern.
Figure 5 shows detal ls of such a sírnulat ion.
For example, ln the lefc frane Ís a deter-
rnínisEic Markov probabllÍty Eetrjr' r¡í¿h all
vaJ.ues set to zero except for che supra-dlag-
onal ones set equal to 3. Thus, lf tlire eye is
in f ixaËion regíon 5, the probabil i ty of golng
to the sixth f lxat ion region ls l .  Tìrus, the
eye would move from 5 to 6. ThÍs detetnrinlst lc
matrix clearly genelates a cycl ic graPh. A
'f luzzyt operator has been used 60 that eye
fixaElon occurs randonly wiEhin the f ixat ion
reglon. This contr lbuËes to the rfuzz¡lnessr

of the f ixaEÍon posft ion and to the spread of
the superimposed eye movemêût traces.

The righc hand frame of I'lgure 7 shorvs a naÈrlx

with al l  coeff iclents equal to 0.1. I f  the eye

1s in f lxat loa regíon 3, al1 the next f ixat ion

reglons are equally probable. The resultÍ-ng

nelwork of eye Eoveneuts shows a rather diffuse
appearance. The center frane, 1abe1lr:d pro-

babil1stlc, sholrs the Èlarkov entrles {n the

super dlagonal l ine Èo b'e 0'7, in Ehe next

diagonaL Èo be 0.3, and to be zero everywhere

e1sã. I f  the eye is tn f íxat lon reglon 8,

there 1s a 0.7 Probabíl i ty of going to 9 and a

0 .3  p robab i l i t y  o f  go lng  to  10 '  f f  the  eye  fs

at f ixarion regfon 8, 1È Elght have arrfved

with probabfl l ty 0,7 frour f l-xation 7 or a prob-

abi l l ly of 0'3 frorn f lxatÍon 6' fhis graph has

"o'^ppl"tattce 
lnEernediaEe betlreen Ehe deËeÉ-

V INTEBNATIONAL CONFEFENCE ON MEDICAL PHYSICS



L .  S t a r k ,  S ,  E L 1 i s ,  . H .  I n o u e ,

fo ln is t l c  and pure ly  random forms,  s imí la r
lndeed Èo exper iment  eye  scans .

D lscuss  lon
Our  p resent  conputer -based exper imenta l  sysÈem
objec t lve ly  derern ínes  the  co l lapsed sequence
of  eye  novements  as  seen,  fo r  example ,  in  Lhe
Iower  r igh t  f ra ¡e  o f  F lgure  3 ,  the  lo rver  le f r
and upper  r lghr  f rane o f  F igure  4 ,  the  mídd1e
le f t  and r igh t  f rames o f  F igure  5 .  These
represent adequaÈe performance of the instru-
ro€ntãE ion ;  the  ca l ib ra t ion  procedure ,  the
l inear íza t ion  procedure ,  and the  comple te ly
autonat ic  f i :<a t ion  ídenf i f  iea t ion  procedure .
These sequentiå1 sÈrings of eye movemènts from
one f ixat ion poinL to enother represent Lhe
basic daturn fron r¿hich al l  our other analvses'
depend.

The l" larkov condit ional probabil i ty matrices
represenu an  impor tan t  aspec t  o f  our  research .
Glven Ehe f ixat lon regions identi f icat ion pro-
cess, rfe can nol '  construct seque[t1a]. sErlngs
of successive f ixat ion regÍons and look to
var ious  sËat lsE lca l  methods  fo ¡  inves t igaEtng
the underlyíng hi.gher-level cogniEive pro-
cesses Èhat controL these eye movenents. The
f l rs t  th ree  Harkov  mat r ices ,  Mô,  Mr ,  and Ì4" ,
succienctly sumnarize the stru8turå of the¿scan-
path and oEher eye movenents appearíng ç¡hi le a
aub jec t  looks  a t  a  p ic tu re ,  The Þf^  mat r ix  and
hlgh-order matrÍces represent rhe. lmporLaflce
of pasE hisLory of the eye movement sequence Ín
governlng the nexr novemenL, Símulation of
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SUMMARY

Scannlng eye movemenËs qrere recorded wfrh a
cornputer-based eye monftoring system r^rhi1e sub-
Ject vlewed varlous f lgures, fncludl-ng hfdden
test f igures. Software developed by us aLlowed
recordfng of human eye movement dafa, corredlon
for  lns t rumenta l  non l lnear f t Íes ,  f i l te r ing  o f
no lBe,  au tomat lc  f i xa t fon  ident í f l caEfon,  and
analysfs of Lhe r iequentÍa1 patteïn of f ix-
atfons. Fixatlon sequences nade whfle vlewlng
the same hidden f lgure boÈh before and afEer
recognlElon 'çrere compared usÍng Markovian
models. This technique abstracÈs alteraL,ions
l-n the sequeú.ces of f íxat ion corresponding to
the change of cognft1-ve siate accompanylng
recognitÍon of the htdden f igure.

these mat r ices  is  an  ln f ,e res t lng  and he lp fu l
app l " i caL fon  o f  Monte  Car Io  neChods fo r .obra in -
ing intult ion about. the non-randomness of
sequences  b f  eye  movemenrs  serv ing  v lsua l  per -
cept lon ,  v fsua l  memory ,  pâ t te rn  and cognÍ t i ve
recogn i t ion
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