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A Three-Leve l  M o d e l  o f  Compara t iv e Visua l  Searc h 

Marc Poniplu n (ii)urc@psych.utoronto.ca ) 
Universit y of' 1 omnto ,  Departmen t  o f  Psycholog y 

10 0 St .  Georg e Street .  Toronto ,  Ontario ,  Canad a M 5 S 3 G 3 

Helge Ritter (helge@techfak.uni-bielefeld.de) 

Universit y o f  Bielefeld ,  Collaborativ e Researc h Cente r  36 0 
P.O.Bo x 1 0 0 1 31 ,  3350 1 Bielefeld ,  German y 

Abstrac t 

In the experiments of comparative visual search reported here, 
each hal f  o f  a  displa y contain s simpl e geometrica l  object s o f 
thre e differen t  color s an d forms .  Th e tw o hemifield s ar e 
identica l  excep t  fo r  on e mismatc h eithe r  i n colo r  o r  form .  Th e 
subject' s tas k i s t o fin d thi s difference .  Eye-movemen t 
recordin g yield s insigh t  int o th e interactio n o f  menta l 
processe s involve d i n th e completio n o f  thi s demandin g task . 
We presen t  a  hierarchica l  mode l  o f  comparativ e visua l  searc h 
and it s  implementatio n a s a  compute r  simulation .  Th e 
evaluatio n o f  simulatio n dat a show s tha t  thi s Three-Leve l 
Model  i s abl e t o explai n abou t  9 8 % o f  th e empirica l  dat a 
collecte d i n si x differen t  experiments . 

Comparative Visual Search 

Comparativ e visua l  searc h ca n b e considere d a  comple x 
varian t  o f  th e picture-matchin g paradig m (Humphre y & 
Lupker ,  1993) .  I n picture-matchin g experiments ,  subject s 
ar e typicall y presente d wit h pair s o f  image s an d hav e t o 
indicat e whethe r  o r  no t  the y sho w th e sam e object .  I n 
comparativ e visua l  search ,  however ,  pair s o f  almos t 
identica l  ite m distribution s ar e t o b e compared ,  requirin g 
subject s t o switc h betwee n th e tw o image s severa l  time s 
befor e detectin g a  possibl e mismatch . 

The stimul i  i n th e experiment s reporte d her e showe d 
pattern s o f  simpl e geometrica l  item s o n a  blac k background . 
The item s appeare d i n thre e differen t  form s (triangles , 

squares ,  an d circles )  an d thre e differen t  color s (full y 
saturate d blue ,  green ,  an d yellow) ,  eac h o f  the m coverin g 

abou t  0. 7 degree s o f  visua l  angl e i n diameter .  Th e ite m 
location s wer e randoml y generated ,  bu t  avoidin g ite m 
contiguit y a s wel l  a s ite m overlap .  Eac h stimulu s pictur e 
consiste d o f  tw o hemifield s (siz e 11x1 6 degree s each ) 

separate d b y a  vertica l  whit e Une .  Ther e wer e 3 0 item s i n 
eac h hemifield ,  whic h wer e equall y balance d fo r  colo r  an d 
form .  Th e hemifield s wer e translationall y identica l  i n th e 
color ,  th e form ,  an d th e spatia l  arrangemen t  o f  th e 3 0 item s -
wit h on e exception :  Ther e wa s alway s a  singl e ite m tha t 
differe d fro m it s  "twin "  i n th e othe r  hemifield ,  eithe r  i n 
colo r  o r  i n form .  Th e subjects '  tas k wa s t o find  thi s singl e 
mismatch .  The y wer e t o pres s a  mous e butto n a s soo n a s 
the y detecte d th e mismatch .  Ey e movement s durin g 
comparativ e visua l  searc h wer e measure d wit h th e 
O M N I T R A C Kl  system ,  whic h ha s a  tempora l  resolutio n o f 
6 0 H z an d a  spatia l  precisio n o f  abou t  0. 6 degrees . 

Sixtee n subject s participate d i n Experimen t  1 ,  eac h o f 
the m viewin g 5 0 pictures .  Subject s kne w tha t  th e critica l 
mismatc h woul d b e eithe r  i n for m o r  i n color ,  the y di d no t 
know ,  however ,  whe n t o expec t  wha t  kin d o f  mismatch .  I n 
fact ,  2 5 o f  th e 5 0 trial s containe d a  differenc e i n for m an d 
25 containe d a  differenc e i n color .  Experiment s 2  t o 6 
differe d fro m Experimen t  1  i n specifi c  aspect s (se e Tabl e 1 ) 
i n orde r  t o provid e comprehensiv e dat a o n comparativ e 
visua l  searc h (c f  Pomplun ,  1998 ;  Pomplu n e t  al. ,  t o appear) . 

Tabl e 1 :  Si x differen t  experiment s o f  comparativ e visua l  searc h 

Experimen t  Subject s Trial s pe r  subjec t Descriptio n 

1 
2 
3 
4 
5 
6 

16 
20 
16 
14 
16 
16 

50 
60 
60 
60 
50 
60 

No informatio n abou t  dimensio n o f  mismatc h 
Subject s kno w dimensio n o f  mismatc h i n advanc e 

No entrop y i n irrelevan t  dimensio n 
Searc h fo r  a  matc h instea d o f  a  mismatc h 

Mirro r  symmetr y betwee n hemifield s 
Compariso n o f  ite m group s o f  varyin g siz e 
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Figur e 1 :  Exampl e stimulu s wit h th e plotte d visua l  sca n pat h chose n b y on e o f  th e subjects . 

Fixation s ar e numbered ;  circl e siz e signifie s fixation  duration . 

Figur e 1  show s a n exampl e stimulu s fo r  Experimen t  1 
wit h a  subject' s gaz e trajector y superimpose d o n it .  A s th e 
exampl e suggests ,  subject s switc h betwee n th e hemifield s 
ver y ofte n an d ten d t o fixate  group s o f  item s rathe r  tha n 

singl e items .  Moreover ,  the y prefe r  t o us e exhaustive ,  self -
avoidin g sca n path s fo r  optima l  searc h efficiency .  Fo r  th e 
quantitativ e analysi s o f  ey e movements ,  th e independen t 

variable s loca l  ite m density ,  loca l  colo r  entropy ,  an d loca l 
for m entrop y wer e introduced .  Whil e loca l  densit y indicate s 

h o w closel y packe d th e item s ar e i n a  certai n regio n o f  th e 
stimulus ,  loca l  entrop y tell s u s t o wha t  exten t  differen t  ite m 
feamre s ar e mixed . 

Ther e ar e nin e differen t  dependen t  variables ,  fo r  exampl e 
fixation  duratio n (FD )  an d numbe r  o f  successiv e fixations 
withi n th e sam e hemifiel d (SF) .  Thes e variable s mak e i t 
possibl e t o investigat e th e influenc e o f  th e loca l  informatio n 
conten t  o n a  subject' s ey e movements .  FD ,  fo r  instance , 
increase s wit h th e loca l  ite m densit y a t  th e fixation  point , 
but  no t  wit h th e loca l  entrop y values ,  indicatin g tha t  shor t 
processe s lik e singl e fixations  ar e controlle d b y localizatio n 

processe s rathe r  tha n b y identificatio n processes .  SF , 
however ,  depend s o n bot h densit y an d entropy :  I t  decrease s 
wit h increasin g densit y o r  entropy ,  i.e .  increasin g amoun t  o f 

information ,  a t  th e first fixation  poin t  afte r  switchin g 
betwee n hemifields .  Th e quantit y o f  thi s effec t  yield s dat a 
abou t  th e capacit y o f  visua l  workin g memory . 

Take n togethw ,  eye-movemen t  analysi s i n comparativ e 
visua l  searc h allow s u s t o investigat e th e interactio n o f 
severa l  perceptiv e an d cognitiv e processe s durin g th e 
completio n o f  a  demandin g task .  I n orde r  t o tes t  th e 
hypothese s derive d fi-om  empirica l  results ,  a  comprehensiv e 

model  an d it s compute r  simulatio n ar e required . 

T h e T h r e e - L e v e l  M o d e l 

The Three-Leve l  Mode l  i s no t  th e first  attemp t  t o reproduc e 
eye-movemen t  pattern s i n comparativ e visua l  search .  A 

simple r  predecessor ,  th e Random-Wal k Mode l  (Pomplun , 
1998) ,  directl y incorporate d severa l  empirica l  eye -

movement  parameter s (e.g .  F D an d saccad e length )  an d 
thei r  dependenc e o n loca l  stimulu s features .  Th e mai n 

shortcomin g o f  th e Random-Wal k Mode l  turne d ou t  t o b e 

th e exclusio n o f  highe r  cognitiv e levels ,  leadin g t o 
unstructure d searc h behavior .  I n contrast ,  subject s ten d t o 
structur e thei r  search ,  e.g .  b y favorin g self-avoidin g globa l 
sca n paths . 

Anothe r  proble m wa s th e direc t  implementatio n o f 
statistica l  propertie s o f  empirica l  eye-movemen t  variable s 
int o th e model .  Althoug h thi s ca n tel l  u s t o wha t  exten t  thes e 
variable s determin e th e subjects '  gaz e trajectories ,  i t  doe s 
not  allo w u s t o tes t  ou r  interpretation s o f  empirica l  findings. 
I t  i s  clearl y mor e comprehensibl e t o us e a  mode l  tha t 
incorporate s onl y thes e interpretations ,  i.e .  th e assume d 
interactio n o f  severa l  perceptiv e an d cognitiv e components , 

instea d o f  th e ra w empirica l  data .  Thi s mode l  shoul d 

generat e fixations  an d saccade s o n th e basi s o f  assume d 
menta l  processe s an d thei r  parameter s derive d ft-om  th e 
empirica l  research .  I f  th e mode l  i s abl e t o replicat e th e 
empirica l  eye-movemen t  patterns ,  i t  support s ou r 
interpretations . 

The Three-Leve l  Mode l  i s a  phenomenologica l  approac h 
meetin g thes e requirements .  It s structur e i s essentiall y 
motivate d b y th e inadequac y o f  it s  predecessor ,  showin g 
tha t  differen t  level s o f  processin g durin g comparativ e visua l 
searc h hav e t o b e distinguished .  I n additio n t o th e rathe r 

schemati c processe s o f  perception ,  memorization , 
compariso n etc. ,  a  highe r  cognitiv e leve l  mus t  b e take n int o 

account ,  whic h i s responsibl e fo r  globa l  plannin g processes . 
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globa l  strateg y 

V 

shift s o f  attentio n 

V 

ey e m o v e m e n t s 

Figur e 2 :  Schem e o f  th e Three-Leve l  Model .  Th e exampl e stimulu s contain s onl y eigh t  item s pe r  hemifiel d 
fo r  th e sak e o f  clarity . 

Consequently ,  th e Three-Leve l  Mode l  incorporate s a 
vertica l  organizatio n o f  menta l  processes ,  i.e .  a  hierarchica l 
scheme o f  functiona l  modules ,  bette r  i n lin e wit h curren t 
view s abou t  h u m a n brai n architectur e (see ,  e.g. , 
Velichkovsky ,  1990 ;  Gazzaniga ,  1997) . 

A furthe r  aspec t  o f  th e model' s vertica l  organizatio n i s th e 
dissociatio n o f  ey e movement s an d attention .  I t  i s a  well -
known fac t  tha t  shift s o f  attentio n ca n b e performe d withou t 
movin g th e eye s (Wrigh t  &  Ward ,  1994 ;  Tsal ,  1983) . 
Accordingly ,  th e finding  tha t  subject s fixat e group s o f  item s 
rathe r  tha n singl e item s migh t  b e du e t o "invisible "  shift s o f 
attention :  Whil e attentio n i s successivel y spen t  t o al l  item s 
i n th e display ,  i t  i s  no t  necessar y t o readjus t  th e fovea l  gaz e 
positio n fo r  eac h o f  thes e step s t o provid e sufficien t  acuity . 
Thi s assumptio n i s  supporte d b y th e result s o f  studie s 
(Pomplun ,  1998 )  investigatin g th e discriminabiUt y o f  th e 
item s use d i n comparativ e visua l  search :  Reactio n tim e an d 
erro r  rat e fo r  detectin g colo r  an d for m feature s d o no t  var y 
significantl y wit h retina l  eccentricit y betwee n 0  an d 1 0 
degrees . 

Figur e 2  present s th e structur e o f  th e Three-Leve l  Model . 
On th e uppe r  level ,  th e globa l  strateg y i s  planne d an d 
realized .  Presumably ,  on e o f  th e hemifield s i s  used  a s a 
referenc e wit h respec t  t o thi s purpose ;  hence ,  th e globa l 
sca n pat h i s  plotte d onl y i n th e lef t  hemifield .  Th e 
intermediat e leve l  i s  concerne d wit h shift s o f  attentio n an d 
processe s o f  memorizatio n an d comparison .  Whil e th e 
globa l  cours e o f  processin g i s  determine d b y th e uppe r 
level ,  th e loca l  attentiona l  shift s withi n an d betwee n th e 

hemifields ,  neede d fo r  memorizatio n an d compariso n o f 
ite m features ,  ar e conducte d a t  thi s intermediat e level . 
Finally ,  th e lowe r  leve l  i s  responsibl e fo r  actuall y executin g 
ey e movements .  Th e gaz e positio n follow s th e attentiona l 
focus ,  i f  necessary ,  t o provid e appropriat e visua l  acuit y fo r 
th e processin g o f  information .  Fixatio n point s ar e chose n i n 
suc h a  wa y tha t  th e nex t  grou p o f  item s t o b e inspecte d ca n 
be memorize d o r  compare d employin g a s fe w fixations  a s 
possible .  Th e integratio n o f  th e thre e individua l  level s int o a 
singl e mode l  i s describe d i n th e followin g sections . 

The Upper Level: Global Strategy 

Th e model' s globa l  scannin g strateg y i s base d o n th e Colo r 
T SP Scannin g Mode l  develope d i n previou s researc h 
(Pomplun ,  1998) .  I t  wa s foun d tha t  subject s tend  t o sca n a 
displa y o f  randoml y distribute d item s i n a  "travelin g 
salesman "  fashion ,  i.e .  usin g sca n path s o f  minima l  length . 
Moreover ,  subject s ca n tak e advantag e o f  th e items '  colors . 
I f  th e color s ar e clustere d withi n th e display ,  i.e .  i f  ther e ar e 
separat e area s o f  blue ,  yellow ,  an d gree n items ,  subject s 
ten d t o completel y sca n eac h o f  thes e area s befor e 
proceedin g t o th e nex t  one .  Thi s strateg y reduce s thei r 
m e m o ry load ,  becaus e keepin g i n m e m o r y th e distinctio n 
betwee n th e item s alread y visite d an d thos e stil l  t o b e 
processe d i s easie r  t o achiev e o n th e basi s o f  ite m cluster s 
tha n o n th e basi s o f  singl e items .  N o suc h influenc e wa s 
foun d fo r  th e items '  forms ,  a t  leas t  fo r  th e geometrica l 
shape s use d i n th e presen t  context . 
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Th e Colo r  T S P Scannin g Mode l  account s fo r  th e 

influenc e o f  bot h th e items '  location s an d color s o n huma n 

scannin g strategies ,  an d i s abl e t o predic t  approxinialcl y 

6 7 . 5 % o f  gaz e transition s betwee n items ,  i f  th e tas k i s jus t  t o 

loo k onc e a t  eac h item .  Thi s performanc e i s acceptable , 

give n th e fac t  tha t  th e maxima l  predictabilit y  withi n th e 

analyze d sca n path s wa s foun d t o b e 7 1 . 2 % du e t o (h e 

observed ,  hig h variabilit y  o f  th e data . 

Therefore ,  th e Three-Leve l  Model' s globa l  strateg y fo r  a 

particula r  stimulu s i s determine d a s th e item-by-ite m pat h 

yielde d b y th e Colo r  T S P Scannin g Mode l  fo r  th e lef t 

hemifleld .  Sinc e mos t  subject s ten d t o star t  thei r  searc h a i 

th e to p o f  th e display ,  th e item s wit h th e uppermos t 

position s i n th e lef t  hemifiel d ar e possibl e startin g point s fo r 

th e path .  A m o n g them ,  th e on e tha t  allow s th e constructio n 
of  th e shortes t  sca n pat h i s chosen . 

I t  i s  implausible ,  however ,  tha t  subject s pla n a  complet e 
item-by-ite m sca n pat h i n advance .  The y ar e likel y t o star t 

searchin g wit h a  ver y coars e strateg y i n min d an d t o locall y 
refin e i t  t o a n item-base d sca n pat h durin g tas k completion . 
Th e resultin g sca n path ,  however ,  migh t  b e th e sam e i n bot h 

cases .  W e d o no t  completel y understan d th e dynami c 

developmen t  o f  globa l  sca n path s s o far ,  bu t  w e k n o w som e 
feature s o f  th e stati c results .  Thi s knowledg e constitute s th e 

basi s fo r  th e Colo r  T S P Scannin g Mode l  an d w e assum e i t 
t o b e transferabl e t o th e globa l  strateg y leve l  o f  comparativ e 
search . 

The Intermediate Level: Shifts of Attention 

Attentio n i s modele d i n suc h a  wa y tha t  th e sequenc e o f 

item s specifie d b y th e globa l  strateg y i s strictl y followed . 
Startin g i n a  randoml y chose n hemifield ,  attentio n i s shifte d 
betwee n th e hemifield s durin g searc h i n orde r  t o reproduce 
processe s o f  memorizatio n an d compariso n (se e below) . 
W h en th e focu s o f  attentio n reache s th e las t  ite m i n thi s 

sequenc e withou t  th e targe t  item s bein g detected ,  th e 
strateg y leve l  calculate s a  n e w globa l  sca n pat h startin g a t 
th e ite m i n focus .  A  n e w searc h cycl e begins ,  guide d b y th e 
n e w sca n path .  Thi s procedur e i s repeate d unti l  th e detectio n 
of  th e target . 

First ,  th e mode l  memorize s a  numbe r  o f  items .  Thi s 
number  i s limite d b y th e capacit y o f  workin g memory .  A s 
suggeste d b y empirica l  data ,  th e m a x i m u m numbe r  o f 

object s t o b e memorize d a t  a  tim e i s se t  t o thre e fo r 
ExpCTimen t  1 .  Moreover ,  th e dat a sho w tha t  subject s 

generall y memoriz e spatiall y  smal l  group s o f  item s a t  a 
time .  Thus ,  th e Three-Leve l  Mode l  assume s a  specifi c 
radiu s o f  attention .  Al l  item s t o b e memorize d mus t  fi t  int o a 
circl e o f  thi s radius .  Accordin g t o a n estimatio n base d o n th e 
empirica l  distanc e betwee n neighborin g fixations ,  th e radiu s 
was se t  t o 1. 5 degree s o f  visua l  angle . 

Afte r  memorization ,  th e mode l  ideall y shift s it s attentio n 
t o th e othe r  hemifield ,  compare s th e store d informatio n wit h 
th e correspondin g item s i n th e sam e order ,  an d start s 
memorizin g a  n e w grou p o f  item s unles s th e targe t  ha s bee n 
detecte d (se e below) .  I n mos t  cases ,  however ,  mor e tha n on e 

saccad e betwee n th e hemifield s i s necessar y t o accomplis h 

th e compariso n o f  tw o correspondin g set s o f  items .  Th e 

re.sult s o f  lixperimen t  6  indicat e tha t  th e numbe r  o f  require d 

between-hemifiel d saccade s (BS )  strongl y depend s o n th e 

number  o f  memorize d feature s ( M F ) ,  i.e .  th e numbe r  o f 

differen t  color s plu s th e numbe r  o f  differen t  form s 

containe d i n th e se t  o f  item s tha t  ar e currentl y store d i n 

memory.  Th e followin g equatio n i s a  goo d linea r 

approximatio n o f  th e empirica l  findings  an d i s thu s 

incorporate d int o th e model :  B S =  0.2 3 +  0.39MF . 
I n accordanc e wit h Tsal' s (1983 )  results ,  th e spee d o f  th e 

model' s attentiona l  shift s wa s se t  t o on e degre e o f  visua l 

angl e pe r  eigh t  milliseconds .  A s t o th e dwel l  tim e o f 

attentio n o n th e items ,  empirica l  dat a sugges t  tha t  th e 

processin g o f  colo r  m a y b e accomplishe d faste r  tha n th e 
processin g o f  form .  Consequently ,  w e ca n assum e attentio n 
t o b e focuse d o n a n ite m fo r  a  shorte r  spa n durin g specifi c 

colo r  searc h tha n durin g for m searc h o r  unspecifie d search . 

We adjuste d th e model' s spa n i n suc h a  wa y tha t  th e 
resultin g averag e F D correspond s t o th e empirica l  one , 

whic h i s abou t  20 0 m s fo r  al l  si x experiment s an d ca n thu s 
be considere d a  "landmark "  o f  comparativ e visua l  search . 

Accordin g t o thi s adjustment ,  th e processin g o f  a n item' s 
colo r  require s 7 0 ms ,  whil e th e processin g o f  a n item' s for m 
-  o r  it s  for m an d colo r  a t  th e sam e tim e -  require s 8 5 ms . 

Th e attentiona l  leve l  i s  als o responsibl e fo r  targe t 
detection .  A s indicate d b y th e empirica l  results ,  th e 
probabilit y  o f  targe t  detectio n i s inversel y proportiona l  t o 

workin g m e m o r y load ,  i.e .  th e numbe r  o f  ite m feature s tha t 
ar e memorize d a t  th e sam e time .  I n th e model ,  th e 
probabilit y  o f  targe t  detectio n i s define d a s a n experiment -
specifi c  detectabilit y  constan t  divide d b y th e numbe r  o f 

memorize d feature s a t  th e m o m e nt  o f  comparin g th e targe t 
item s t o eac h other .  Fo r  Experimen t  1 ,  th e detectabilit y 

constan t  equal s 2.7 . 

The Lower Level: Eye Movements 

As explaine d above ,  a  subject' s saccade s ar e assume d t o 
follo w th e shift s o f  attentio n i n orde r  t o provid e sufficien t 

visua l  acuit y i n th e currentl y attende d regio n o f  th e display . 
I n th e simulation ,  th e m a x i m u m distanc e betwee n th e gaz e 
positio n an d a n ite m t o b e processe d i s give n b y th e radiu s 
of  attentio n (se e above) .  I f  th e mode l  direct s it s attentio n t o 
an ite m outsid e thi s radius ,  a  saccad e i s initiated .  Th e targe t 
of  a  saccad e i s th e nex t  ite m t o b e inspected ,  i f  th e nex t  ite m 
but  on e canno t  b e processe d withi n th e sam e fixation  du e t o 
a lon g distanc e separatin g th e tw o items .  Otherwise ,  th e 
cente r  poin t  betwee n thes e tw o item s i s chose n a s th e targe t 

of  th e saccade .  Suc h a  behavio r  i s qualitativel y indicate d b y 
th e empirica l  eye-movemen t  patterns ;  i t  i s  a  reasonabl e wa y 
t o increas e searc h efficiency . 

Th e mode l  als o reproduce s saccadi c error ,  i.e .  a  certai n 

imprecisio n o f  saccades ,  mainl y dependin g o n saccad e 
length .  It s implementatio n follow s th e value s reporte d i n 
literatur e (e.g .  Boff ,  Kauftna n &  Thomas ,  1986) .  If .  du e t o 
saccadi c error ,  a  saccad e generate d b y th e mode l  doe s no t 
move th e intende d ite m o r  an y o f  th e item s t o b e compare d 

int o th e radiu s o f  attention ,  another ,  correctiv e saccad e i s 
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execute d aimin g a t  th e sam e targe t  position .  Betwee n th e 

saccade s o f  thi s kind ,  fixation s wit h rando m duration s 

betwee n 9 0 an d 11 0 m s ar e executed .  Th e duratio n o f 

saccade s i s modele d a s a  functio n o f  th e respectiv e saccad e 
lengt h a s i t  ca n b e foun d i n literatur e (e.g .  Boff ,  Kaufma n & 
Thomas,  1986) . 

Finally ,  th e empirica l  erro r  i n th e spatia l  eye-movemen t 

measuremen t  i s simulate d a s well .  Th e simulate d eye -
movement  dat a ar e randoml y shifte d i n accordanc e wit h th e 

averag e erro r  o f  th e eye-tracke r  system .  Thi s featur e o f  th e 
Three-Leve l  Mode l  improve s th e comparabiUt y betwee n 

empirica l  an d simulate d gaz e trajectories . 

Results and Discussion 

Figur e 3 a show s a n exampl e sca n pat h generate d b y th e 
model  o n a  stimulu s o f  Experimen t  1 .  A  qualitativ e 
resemblanc e t o empirica l  sca n path s i s obvious :  Bot h a 
stracture d searc h strateg y (top-dow n scanning )  an d 
groupin g processe s (e.g .  withi n fixation s numbe r  1 4 t o 16 ) 
can b e observed .  I n orde r  t o quantitativel y compar e th e 
simulate d wit h th e empirica l  data ,  th e mode l  wa s 

"presented "  wit h 10.00 0 randoml y generate d stimul i  fo r 

eac h o f  th e si x experiments . 

I'igur e 3 b present s th e distributio n o f  reactio n tim e (RT ) 
i n Experimen t  1  fo r  bot h th e subject s an d th e Three-Leve l 

Model .  A s ca n clearl y b e seen ,  th e mode l  correctl y 
replicate s a  conspicuou s platea u i n th e dat a betwee n thre e 
and te n seconds .  Whil e a n unstructure d (random )  searc h 

woul d lea d t o a n exponentia l  deca y law ,  th e platea u i s 
indicativ e o f  a  mor e structure d searc h strategy .  Structure d 

searc h o n a  self-avoidin g sca n pat h lead s t o a n R T platea u 
becaus e th e numbe r  o f  ite m pair s t o b e processe d durin g a 

searc h cycl e befor e encounterin g th e targe t  varie s 

homogeneousl y randoml y betwee n 1  an d 30 .  Neithe r  th e 

empirica l  no r  th e simulate d dat a sho w a  secon d platea u 
correspondin g t o th e secon d searc h cycle ,  whic h ha s t o b e 
initiate d afte r  a n unsuccessfu l  first  cycle .  Thi s resul t  migh t 
be du e t o th e variabl e duratio n o f  searc h cycles . 

Th e diagra m i n Figur e 3 c present s F D a s a  functio n o f 
loca l  ite m densit y a t  th e fixatio n poin t  i n Experimen t  1 . 
Bot h th e empirica l  an d th e simulate d F D increas e 
approximatel y linearl y wit h ite m density . 

^ 

(a ) 

i 

I 

T 1 
subject s •© -

Three-Leve l  Mode l  -f -

0.1 2 -

0.0 8 -

0.0 6 -

10 1 5 2 0 
reactio n tim e (s ) 

(b ) 

1 1 
subject s -O -

Three-Leve l  Mode l B 26 0 

d 18 0 -

1 1. 5 2 
ite m densit y 

(c ) 

subject s  ̂ -  . 
Three-Leve l  Mode l  + • 

1 1. 5 2 
ite m densit y 

(d ) 

Figur e 3 :  Result s o f  th e compute r  simulation :  (a )  exampl e sca n path ,  (b )  R T histogram , 
(c )  F D a s a  functio n o f  ite m density ,  (d )  S F a s a  functio n o f  ite m densit y 
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Whil e th e tw o function s matc h wel l  fo r  densit y value s 

abov e 1.5 ,  th e model' s curv e i s steepe r  tha n th e empirica l 

one fo r  lowe r  density .  Hence ,  w e ca n assum e a  certai n 

m in imu m duratio n fo r  empirica l  fixation s i n comparativ e 

visua l  searc h eve n i n stimulu s area s providin g onl y littl e 
information .  Thi s woul d explai n wh y th e duratio n o f 

empirica l  fixation s doe s no t  diminis h a s strongl y a t  lo w 
loca l  informatio n conten t  a s coul d b e expecte d regardin g th e 

result s o f  th e Three-Leve l  Model . 

Figur e 3 d show s S F fo r  differen t  ite m densities ,  measure d 
i n Experimen t  1 .  Again ,  ite m densit y wa s calculate d a t  th e 

firs t  fixatio n poin t  afte r  ever y transitio n betwee n th e 

hemifields .  Th e effec t  o f  ite m densit y o n th e model' s S F i s 
slightl y weake r  tha n o n th e empirica l  S F fo r  densit y value s 

abov e 0.5 ,  bu t  th e situatio n i s reverse d fo r  lowe r  density : 

Here ,  th e effec t  o n th e mode l  dat a i s stronger .  A s observe d 
i n th e analysi s o f  F D ,  th e empirica l  effec t  o f  lo w ite m 
densit y i s weake r  tha n i t  coul d b e expecte d o n th e basi s o f 

th e Three-Leve l  Model . 
Al l  i n all ,  th e dat a o f  th e Three-Leve l  Mode l  presen t  fo r 

most  variable s a  remarkabl y goo d correspondenc e t o th e 
empirica l  data .  Th e mode l  achieve s thi s withou t  directl y 
accessin g empirica l  eye-movemen t  dat a o r  usin g freel y 
adjustabl e parameters .  Ther e ar e onl y a  fe w adjustabl e 

parameter s tha t  wer e se t  i n accordanc e wit h empirica l  data . 
The analysi s include d thre e independen t  an d nin e dependen t 

variable s fo r  si x differen t  experiments ,  leadin g t o a  tota l  o f 
5 4 dat a distribution s an d 16 2 functiona l  relationship s t o b e 
compared ,  thre e o f  whic h ar e outline d above .  Onl y 4  ou t  o f 

thes e 21 6 empirica l  dat a ar e no t  qualitativel y reproduce d b y 
th e model . 

I n som e o f  th e eye-movemen t  variables ,  however ,  ther e 
ar e sligh t  deviation s o f  simulate d fi-om  empirica l  dat a fo r 
region s o f  ver y lo w loca l  ite m density .  Here ,  ite m densit y 
exert s a  stronge r  influenc e o n th e simulate d tha n o n th e 
empirica l  data .  O n th e on e hand ,  thi s finding  suggest s th e 
participatio n o f  inhibitor y processe s i n comparativ e search , 

whic h preven t  subject s from  losin g thei r  searc h strategy ,  e.g . 
confusin g processe d item s wit h unprocesse d ones .  O n th e 

othe r  hand ,  thi s discrepanc y coul d b e cause d b y hig h 
variabilit y  i n th e empirica l  eye-movemen t  data ,  whic h 
reduce s th e strengt h o f  measure d effects .  Futur e researc h 
wil l  investigat e t o wha t  exten t  th e additio n o f  inhibitor y 
processe s an d highC T variabilit y  a t  differen t  level s ca n 
furthe r  improv e th e model . 

Summarizing ,  th e result s ar e wel l  i n lin e wit h th e assume d 

vertica l  organizatio n o f  menta l  processe s involve d i n th e 

completio n o f  comparativ e visua l  search .  Th e conclusion s 

dravr a fro m th e empirica l  dat a ar e strongl y supported ,  sinc e 

i t  i s  possibl e t o buil d a  mode l  incorporatin g thes e 
conclusion s an d producin g eye-movemen t  pattern s tha t  ar e 
remarkabl y simila r  t o th e empirica l  ones .  Thus ,  th e Three -

Leve l  Mode l  successfull y manage s t o integrat e a 

considerabl e numbe r  o f  distinc t  aspect s investigate d i n 

differen t  experiment s int o a  coheren t  framewor k o f  menta l 

processe s an d factor s underlyin g comparativ e visua l  search . 
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