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Abstrac t 

We show how a concept from animal behavior, the 

visua l  searc h hypothesis ,  i s  relevan t  t o complexit y 

consideration s i n computationa l  vision .  I n partic -

ula r  w e sho w tha t  thi s hypothesi s i s a n indicatio n 

of  th e validit y o f  th e bounded/unbounde d visua l 
searc h distinctio n propose d b y Tsotsos .  Specifi -

call y w e sho w bounde d visua l  searc h correspond s 

t o a  broa d rang e o f  naturall y occurring ,  target -

drive n problem s i n whic h attentio n alter s th e 

searc h behavio r  o f  animals . 

Introduction 

In Analyzing vision at the complexity /eve/Tsotsos 

(1990 )  develop s a  metho d fo r  understandin g bio -

logica l  visua l  searc h processes ,  a n immeasurabl y 

difficul t  revers e engineerin g problem .  H e main -

tain s that ,  sinc e visua l  searc h asid e fro m suc h 

thing s a s direc t  sensin g o f  ligh t  o n th e retin a i s 

fundamentaJl y a  computationa l  task ,  an y mode l  o r 
theor y fo r  h u m a n o r  anima l  visua l  searc h mus t  sat -
isf y computationa l  complexit y constraints. ^  Thi s 

means tha t  algorithm s i n computationally-base d 

model s o r  theorie s mus t  comput e i n reasonabl e 

•Thi s researc h wa s conducte d wit h financia l  suppor t  o f 
th e Nationa l  Science s an d Engineerin g Researc h Counci l  o f 
Canada an d th e Informatio n Technolog y Researc h Center , 
a Provinc e o f  Ontari o Cente r  fo r  Excellence . 

'Fello w o f  th e Canadia n Institut e fo r  Advance d 
Researc h 

'  Fo r  a  brie f  overvie w o f  complexit y theor y se e section s 
1. 3 an d 1. 4 i n Analyzin g viiio n a t  th e complexit y leve l 
(Tsotso s 1990) . 

time .  I n th e terminolog y o f  algorithmi c com -

plexit y theor y visio n algorithm s tha t  mimi c hu -

m an o r  anima l  visua l  searc h nee d t o b e tradabl e 

rathe r  tha n intractable. ^  Moreove r  suc h model s 

or  theorie s nee d t o accomplis h thei r  task s wit h 

th e know n resource s fo r  visua l  processin g i n th e 

brain .  Furthermore ,  sinc e genera l  visua l  searc h i s 

an intractabl e problem, ^  suc h complexit y consid -

eration s ar e no t  jus t  a  detai l  t o conten d wit h a t 

implementatio n bu t  nee d t o infor m eac h stag e o f 
model  o r  theor y development.' * 

Usin g thi s approac h h e develop s (b y placin g 

constraint s o n suc h thing s a s th e typ e o f  object s 

tha t  ca n b e recognize d an d th e numbe r  o f  feature s 

tha t  ca n b e use d i n recognition )  a  mode l  fo r  h u m a n 

an d anima l  visio n tha t  satisfie s first  orde r  com -

plexit y constraints . 

Tsotso s begin s hi s  analysi s b y establishin g a 
fundamenta l  dichotom y fo r  visua l  searc h problem s 

betwee n unbounde d visua l  searc h an d bounde d vi -

sua l  search .  I n unbounde d visua l  searc h "eithe r 
th e targe t  i s  explicitl y  unknow n i n advanc e o r  i t  i s 

^ A tractabl e algorith m performin g visua l  searc h o n a n 
imag e ca n b e viewe d a s on e whos e tim e requirement s ca n 
be expresse d a s a  polynomia l  functio n o f  th e pixe k re -
quire d t o represen t  th e imag e wherea s fo r  a n intractabl e 
algorith m tim e requirement s i n th e wors t  cas e ar e a n ex -
ponentia l  functio n o f  th e pixel s require d t o represen t  th e 
image . 

^Tsotso s suggest s tha t  genera l  visua l  searc h i s in -
tractabl e becaus e i t  contain s a s a  subprogra m a n in -
tractabl e problem :  unbo%nde d visua l  tearc h (se e belo w fo r 
a definitio n o f  unboiinde d visua l  search) . 

*  Tsotso s als o use s minimizatio n o f  cost ,  a  consideratio n 
not  relevan t  t o thi s contribution . 
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Figur e 1 :  T h e do g an d hi s searc h image."Whe n th e maste r  order s hi s do g t o retriev e a  stick ,  th e dog ,  . .  .ha s 

a quit e specifi c searc h imag e o f  th e stick. "  Jako b vo n Uexkiil l  w h o coine d th e phras e 'searc h image. '  Thi s 

figure  appeare d i n a n ainecdote d articl e b y Uexkiil l  (1934) ,  A  strol l  throug h th e world s o f  animal s an d men . 

someho w no t  use d i n th e executio n o f  th e seairch " 

whil e i n bounde d visua l  searc h 'Hh e targe t  i s  explic -

itl y  know n i n advanc e i n som e for m tha t  enable s 
explici t  bound s t o b e determine d tha t  ca n b e use d 

t o limi t  th e sesirc h process. "  T h e dichotom y arise s 
from  a  complexit y analysi s o f  th e tw o problems: ' 

unbounde d visua l  searc h i s potentiall y  intrzMrtable , 

bounde d visua l  searc h i s tractable . 
Moreover ,  h e suggest s "Tjecaus e actua l  psycho -

logica l  experiment s o n visua l  searc h wit h know n 

target s repor t  seairc h performanc e a s havin g linea r 

tim e complexit y an d no t  exponential ,  th e inheren t 

computationa l  natur e o f  th e proble m strongl y sug -

gest s tha t  attentiona l  influence s pla y a n importan t 

role. " 

T h e purpos e o f  thi s contributio n i s t o sho w tha t 

a concep t  from  anima l  behavior ,  th e visua l  searc h 

hypothesis ,  introduce d som e thirt y year s ago ,  con -

firms  th e validit y o f  dividin g visua l  recognitio n 

int o th e categorie s o f  unbounde d visua l  searc h an d 

bounde d xrisua l  search. ^  Elxperiment s an d observa ^ 

tion a o f  anima l  behaviorist s involve d i n developin g 

^an anAlyaia undertaken in « mathematical, formal 
settin g 

'Se e th e exchang e betwee n Pau l  R .  Kub e an d Joh n 
Taotso s fo r  a n interestin g diacuasia n o f  thi a claim .  (Se e 
commentar y o n Tsotaoe' s An̂ ljizin g vi§io n » t  th e eomflex -
it f  Int l  (TaotM M 1990 )  an d (TaotM *  1991)) . 

and testin g th e visua l  searc h hypothesi s indicat e 

tha t  unbounde d visua l  searc h i s a n intractabl e for m 

of  visua l  search .  Additionally ,  thes e studie s sug -

ges t  bounde d visua l  searc h correspond s t o a  broa d 

rang e o f  naturall y occurring ,  target-drive n prob -

lem s i n whic h attentio n alter s th e searc h behavio r 

of  animal s i n th e studies . 

The search image hypothesis 

The search image hypothesis was first formulated 

by Tinberge n (1960 )  makin g us e o f  th e ter m 

'searc h image '  coine d b y Uexkiil l  (1934) .  Bird s 

observe d b y Tinberge n dramaticall y fai l  t o detec t 

th e presenc e o f  nove l  pre y eve n thoug h it s dietar y 

appropriatenes s an d abundanc e warrant s preda -

tion .  Detectio n o f  th e pre y commence s onl y afte r 

chanc e encounters .  H e suggeste d thes e encoun -

ter s promp t  th e formatio n o f  a  searc h imag e tha t 

subsequentl y enable s th e predato r  t o detec t  th e 

prey .  (Pietrewic z an d Kami l  1979 )  O f  cours e suc h 

observation s fal l  shor t  o f  establishin g th e hypoth -

esi s b y today' s experimenta l  standards .  I n th e 

las t  twent y year s i n th e cours e o f  designin g an d 

performin g numerou s experiments ,  anima l  behav -

iorist s hav e mor e precisel y formulate d th e searc h 

imag e hypothesi s an d teste d i t  agains t  alternat e 

explaoiation s o f  predato r  behavior . 
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I n anima l  behavio r  literatur e (fo r  example ,  se e 

Pietrewic z an d Kami l  (1979) )  th e searc h imag e hy -

pothesi s explain s behaviora l  chang e b y postulat -

in g a  perceptua l  chang e i n th e abilit y o f  a  preda -

to r  t o detec t  prey .  Thi s perceptua l  chang e oc -

cur s becaus e th e predato r  ha s learne d t o recogniz e 

pre y (forme d a  searc h image )  wher e typicall y th e 

pre y i s crypti c  (th e backgroun d an d th e pre y ar e 

similar̂ ) .  Thu s confronte d wit h pre y i n a  crypti c 

settin g th e predato r  ha s bee n abl e t o learn ,  an d t o 

atten d selectivel y to ,  cue s tha t  enabl e i t  t o distin -

guis h th e pre y fro m th e background. ^ 
Th e formatio n o f  th e searc h imag e directl y  influ -

ence s th e predator' s abilit y t o se e th e prey .  More -

over ,  i t  operate s i n conjunctio n wit h attentio n 

mechanisms . 

Search image hypothesis: 

C o n R r m ed i n experimentatio n 

In the last twenty years many experiments have 
confirme d th e searc h imag e hypothesis .  I n particu -

la r  th e wor k o f  Dawkin s i n 197 1 warrant s a  brie f  re -

vie w sinc e i t  demonstrate d fo r  th e firs t  tim e i n a n 

experimenta l  settin g th e validit y o f  tha t  hypothe -

si s an d se t  th e stag e fo r  subsequen t  experimenta l 

work .  Dawkin s (1971a )  note d tha t  "Tinbergen' s 

basi c ide a i n postulating  i t  (th e searc h imag e hy -

pothesis) ,  namely ,  tha t  bird s becom e bette r  abl e 

t o perceiv e crypti c pre y a s thei r  experienc e o f  i t 

increases ,  i s o f  grea t  interest .  T h e purpos e o f  thi s 
pape r  i s t o sho w tha t  change s i n a  bird' s abilit y 

t o perceiv e it s crypti c pre y d o indee d occur ,  an d 

m ay b e responsibl e fo r  majo r  change s i n it s feedin g 

behavior. " 

Dawkin s observe d chick s takin g grain s o f  ric e 

fro m background s o f  stone s glue d ont o hardboard . 

Th e grain s wer e eithe r  gree n o r  orang e an d coul d 
be eithe r  th e sam e colou r  a s th e background ,  i n 

Î.e .  a n orgiknis m i s crypti c i f  it s  colou r  patter n i s a  ran -
do m samplin g o f  th e backgroun d agains t  whic h predator s 
usuall y  se e it .  (Lawrenc e an d Alle n 1983) . 

*Th e crypti c pre y ma y b e nove l  o r  familiar .  I n th e latte r 
case ,  th e formatio n o f  a  searc h imag e signifie s " a chang e i n 
th e abilit y  t o detec t  cryptic ,  familia r  pre y a s a  functio n o f 
recen t  encoimter s wit h tha t  prey. "  Pietrewic z an d Kami l 
distinguis h thi s cas e fro m th e forme r  b y callin g th e forme r 
wher e novel.crypti c pre y ar e involve d th e developmen t  o f  a 
ipteifi e searc h imag e (Pietrewic z an d Kami l  1979) . 

whic h cas e the y wer e calle d cryptic ,  o r  a  differen t 

colou r  fro m th e background ,  i n whic h cas e the y 

wer e calle d conspicuous .  Dawk in s foun d tha t  mos t 

chick s too k grain s mor e slowl y a t  th e beginnin g 

of  bot h test s bu t  tha t  th e chick s wer e m u c h les s 

abl e initiall y t o detec t  crypti c grains .  "I t  woul d 
seem, "  Dawkin s remarked ,  "tha t  chick s di d no t 

tak e crypti c ric e a t  firs t  becaus e the y di d no t  se e 

it .  ... " 

T h e experiment s showe d th e chicks '  initi2 d in -

abilit y t o detec t  crypti c foo d despit e aJmos t  cer -

tainl y lookin g a t  it .  ".. .  i t  seem s reasonabl e t o 

suggest, "  Dawkin s argued ,  "tha t  thei r  subsequen t 

improvemen t  i n detectio n i s du e t o s o m e sor t  o f 

centra l  perceptua l  chang e rathe r  tha n t o mor e pe -

riphera l  modification s t o visio n suc h a s reorienta -

tio n o f  th e hea d an d eyes. " 
I n a  subsequen t  se t  o f  experiment s Dawkin s 

(1971b )  firs t  presente d chick s wit h grain s o f  on e 

colou r  an d typ e an d the n presente d the m wit h 

a choic e o f  grain s i n anothe r  setting ,  e.g .  af -

te r  crypti c orang e grain s th e chick s ar e presente d 

wit h a  choic e betwee n conspicuou s gree n grai n 

an d crypti c orang e grain .  T h e experiment s thu s 

teste d fo r  a n attentiona l  mechan is m associate d 

wit h th e developmen t  o f  a  searc h image .  ".. .  th e 
results, "  Dawkin s notes ,  "ar e ...compatibl e wit h 

th e ide a tha t  chick s becom e bette r  abl e t o se e 
crypti c grain s w h e n the y hav e jus t  bee n eatin g 

othe r  crypti c grain s tha n afte r  eatin g conspicuou s 

ones .  T h e y m a y temporaril y  'shif t  attention '  o n 

cue s tha t  enabl e the m t o detec t  suc h grains." ® 

Dawkin s experiment s wer e repeate d i n 198 5 b y 

^Lik e subsequen t  searcfa-image-hypothesi s experiment s 
Dawkin s se t  u p th e experiment s t o exclud e othe r  expltoia -
tion s o f  observe d behavio r  suc h as : 

•  learnin g t o visi t  a  particula r  plac e t o fin d foo d 

•  learnin g t o loo k i n a  particula r  typ e o f  plac e t o fin d 
foo d 

•  alteratio n o f  th e searc h pat h t o increas e th e chance s 
of  encounterin g pre y 

•  learnin g t o handl e pre y mor e effectivel y 

•  preferenc e o r  avoidanc e o f  a  pre y ove r  other s tha t  i s 
independen t  o f  th e predator' s abilit y  t o se e th e differ -
ent  type s 

•  learnin g o f  specialize d huntin g techniqae s b y particu -
la r  individual s 

(take n fro m Lawrenc e (1983) ) 
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Lawrenc e (1985 )  o n blackbirds .  I n referenc e t o 

experiment s testin g detectio n o f  crypti c prey ,  cor -

respondin g t o Dawkins '  firs t  se t  o f  experiments , 

Lawrenc e observes :  "th e simples t  explzuiatio n i s 

tha t  th e bird s faile d t o se e th e crypti c pre y a t  first; 

th e alternativ e (an d mor e unlikely )  explanatio n i s 

tha t  th e bird s (fo r  som e reason )  foun d pre y un -

acceptabl e onl y unde r  crypti c conditions .  . .  .Th e 

hig h frequenc y o f  background-directe d peck s dur -

in g th e first  thir d o f  th e feedin g session s o n crypti c 

pre y suggest s tha t  initiall y th e bird s faile d t o se e 

th e prey. "  Moreover ,  h e 2irgue s tha t  th e result s o f 

al l  hi s experiment s "len d suppor t  t o th e ide a tha t 

wil d predator s acquir e searc h image s a s a  norma l 

par t  o f  thei r  foragin g behavior. " 

Over  th e pas t  tw o decade s th e searc h imag e 

hypothesi s ha s similarl y bee n confirmed .  Thes e 
studie s include :  Murton' s (1971 )  wor k wit h wood -

pigeon s (Th e significanc e o f  a  specifi c  searc h im -

age i n th e feedin g behavio r  o f  th e wood-pigeon) ; 

Pietrewic z an d Kamil' s  (1979 )  stud y wit h jay s 

{Searc h image s an d th e detectio n o f  crypti c prey : 

A n operan t  approach) ;  Bond' s (1983 )  experiment s 

wit h pigeon s {Visua l  searc h an d selectio n o f  nat -

ura l  stimul i  i n th e pigeon) ;  an d Gendron' s (1986 ) 

wor k wit h quai l  {Searchin g fo r  crypti c prey :  ev -

idenc e fo r  optima l  searc h rate s an d th e forma -

tio n o f  searc h image s i n quai l  ).̂ °  A n exampl e 
of  recen t  wor k o n th e searc h imag e hypothesis^ ^  i s 

Blough' s (1989 )  experiment s wit h pigeon s {Atten -

tiona l  primin g an d visua l  searc h i n pigeons) . 

T h e accumulate d researc h confirmin g th e searc h 

imag e hypothesi s togethe r  wit h th e fac t  tha t  orig -

inall y i t  aros e fro m observation s i n natura l  set -

ting s indicate s th e robustnes s o f  th e phenomenon . 

T h e findings  suggest ,  a s Bon d (1983 )  suggeste d fo r 

hi s work ,  "th e operatio n o f  a  robus t  an d pervasiv e 

cognitiv e process ,  on e tha t  m a y wel l  b e character -
isti c o f  visua l  searc h fo r  crypti c stimul i  i n othe r 

'"Afte r  th e publicatio n o f  Gendron' s pape r  Guildfor d 
and Dawkin s (1987 )  claime d tha t  th e experiment s o n th e 
itarc k ima$ e kfpotket U t o tha t  tim e ha d no t  sufficientl y 
accounte d fo r  a n alternativ e hypothesi s t o explai n exper -
imenta l  observations :  a  decrease d searc h rat e t o enhanc e 
detectio n o f  crypti c pre y account s fo r  th e observe d behav -
ior .  Howeve r  th e majo r  predictio n o f  thi s hypothesi s wa s 
contradicte d i n subsequen t  experiment s b y Bloug h (1989) . 

'̂ Bloug h suggests ,  "I n curren t  terminology ,  a  searc h inv -
age migh t  b e describe d a s a  representatio n activate d b y a n 
exposur e sequence. "  (Bloug h 1989 ) 

species . 

What the search image 

hypothesi s show s 

It is evident that unbounded visual search is a form 

of  visua l  searc h prevailin g befor e a  predato r  form s 

a searc h image:' '  th e predato r  i s  searchin g fo r 

prey ,  pre y tha t  i s  reaulil y  availabl e bu t  it s  pres -

enc e doe s no t  guid e th e searc h fo r  food .  Moreover , 

bounde d visua l  searc h correspond s t o behaviora l 

modification s induce d b y th e formatio n o f  a  searc h 

image ,  behaviora l  modification s tha t  ar e likel y ac -

companie d b y som e for m o f  attention .  Thus ,  th e 

searc h imag e hypothesi s show s th e validit y bot h 
of  th e unbounded/bounde d distinctio n i n visua l 
searc h an d o f  th e suggestio n tha t  attentiona l  ele -

ment s enabl e bounde d visua l  search .  Furthermore , 

th e robustnes s o f  th e searc h imag e hypothesi s an d 

th e fac t  tha t  i s  ha s a  significan t  domai n -  th e 

searc h fo r  crypti c grai n -  on e tha t  occur s i n natu -

ra l  settings ,  suggest s th e unbounded/bounde d dis -

tinctio n i n visua l  searc h i s a  natura l  distinctio n a t 

leas t  fo r  som e significan t  aspect s o f  vision . 
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