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Ronal d A .  Rensin k 
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Universit y o f  Britis h Columbi a 
Vancouve r  BC ,  V 6 T 1Z2 ,  Canad a 

Gregor y Prova n 
Departmen t  o f  Compute r  an d Informatio n Scienc e 

Universit y o f  Pennsylvani a 
Philadelphi a PA ,  19104-6389 ,  U S A 

Abstrac t 

This paper explores the ways in which resource 
Umitation s influenc e th e natur e o f  perceptua l  an d 
cognitiv e processes .  A  framewor k i s develope d 
tha t  allow s earl y visua l  processin g t o b e analyze d 
i n term s o f  thes e limitations .  I n thi s approach , 
ther e i s n o on e "best "  syste m fo r  an y visua l  pro -
cess .  Rather ,  a  spectru m o f  system s exists ,  dif -
ferin g i n th e particula r  trjide-off s mad e betwee n 
performanc e an d resourc e requirements .  ^ 

Introduction 

Consider a cat in its natural environment. If it is to 
catc h pre y an d escap e fro m predators ,  th e ca t  mus t  no t 
onl y b e abl e t o proces s visua l  information ,  bu t  mus t 
als o d o s o i n rea l  time .  It s visua l  syste m i s therefor e 
best  explaine d no t  onl y i n term s o f  limitation s o n th e 
informatio n availabl e t o th e eye ,  bu t  als o i n term s o f 
limitation s o n othe r  resources ,  suc h a s tim e an d space . 

Ther e i s a n increasin g awarenes s -  especiall y withi n 
th e mor e computationa l  sub-discipline s o f  cognitiv e sci -
ence -  tha t  thes e mor e genera l  resourc e limitation s influ -
ence man y kind s o f  perceptua l  an d cognitiv e processes . 
For  example ,  Chernia k [1984 ]  argue s tha t  classica l  log -
ic s canno t  for m th e basi s fo r  cognitio n becaus e suc h 
cognitio n i s computationall y intractable ;  thi s ha s le d 
t o a n examinatio n o f  heuristic s b y whic h fas t  reason -
in g coul d tak e plac e [Levesqu e an d Brachman ,  1985 , 
Levesque ,  1989] .  Similarly ,  Tsotso s [1987 ,  1990 ]  ha a 
argue d tha t  th e processe s o f  earl y visio n mus t  hav e 
at  mos t  polynomial-tim e complexit y i f  the y ar e t o b e 
carrie d ou t  i n rea l  time .  Bu t  althoug h ther e i s a n 
increasin g appreciatio n o f  th e rol e o f  resourc e lim -
itation s (e.g .  [Bylande r  e t  ai ,  1989 ,  Kasif ,  1986 , 
Rosenfeld ,  1987]) ,  n o genera l  framewor k fo r  discussin g 
thes e issue s ha s emerge d t o date . 

'The work by R. Rensink was supported by NSERC 
grant ,  vi a R.J .  Woodham.  Muc h o f  th e wor k b y G .  Prova n 
was don e a t  th e Universit y o f  Britis h Columbia ,  unde r 
NSERC gran t  A9281 .  Th e author s woul d lik e t o than k Mar -
io n Rodrigue s an d Mar c Romanyci a fo r  thei r  comment s o n 
earUer  version s o f  thi s paper .  Man y thank s als o t o Bo b 
Woodham fo r  hi s suppor t  o f  R .  Rensin k 

Thi s pape r  discusse s som e o f  th e issue s tha t  mus t  b e 
addresse d i n developin g suc h a  framework .  I n partic -
ular ,  i t  focuse s o n th e influenc e o f  resourc e limitation s 
on earl y visua l  processing .  Mar r  [1982 ]  ha s mad e a  be -
ginnin g i n thi s domain ,  showin g ho w visio n ca n b e an -
alyze d i n term s o f  constraint s tha t  allo w goo d us e t o 
be mad e o f  th e informatio n availabl e i n th e image .  W e 
wil l  sho w ho w thi s framewor k ca n b e expande d t o han -
dl e othe r  kind s o f  resourc e limitations ,  yieldin g adde d 
insigh t  int o th e interconnection s tha t  exis t  amon g task , 
algorith m an d architecture .  Sinc e man y o f  thes e issue s 
ar e genera l  ones ,  th e framewor k presente d her e wil l  con -
tai n element s tha t  ar e als o applicabl e t o othe r  area s o f 
perceptio n an d cognition . 

Resource Limitations and Explanation 

Many of the earlier analyses based on resource limi-
tation s (e.g. ,  [Norma n an d Bobrow ,  1975] )  focuse d o n 
limitation s i n th e syste m architecture ,  fo r  example ,  lim -
ite d memor y o r  channe l  capacity .  Thes e di d no t  yiel d 
th e insight s tha t  ha d originall y bee n hope d for ;  indeed , 
i t  ha s bee n argue d [Navon ,  1984 ]  tha t  suc h limitation s 
ar e inherentl y incapabl e o f  leadin g t o unequivoca l  in -
sight s int o th e operatio n o f  perceptua l  an d cognitiv e 
processes . 

But  architectura l  limitation s ar e no t  th e onl y kin d 
tha t  aris e -  mor e genera l  limitation s als o exist ,  suc h 
as limit s o n th e availabl e information ,  an d o n th e tim e 
and spac e allowe d fo r  a  computation .  Thes e "processor -
indifferent "  limit s ar e potentiall y  mor e powerfu l  tha n 
thos e base d o n architectura l  limitations ,  essentiall y  de -
scribin g th e structur e o f  th e tas k itself . 

Give n tha t  thes e genera l  limitation s mus t  b e take n 
int o account ,  ho w migh t  the y b e use d t o analyz e th e 
underlyin g mechanisms ? On e o f  th e mos t  successfu l 
approache s t o dat e ha s bee n th e computationa l  frame -
wor k pu t  forwar d b y Davi d Mar r  [1982] ,  i n whic h visua l 
processin g i s analyze d i n term s o f  constraint s tha t  al -
lo w goo d us e t o b e mad e o f  th e informatio n availabl e 
i n th e image .  I n wha t  follows ,  w e wil l  sho w tha t  thi s 
framewor k ca n b e expande d t o accommodat e no t  onl y 
limit s o n availabl e information ,  bu t  othe r  kind s o f  re -
sourc e limit s a s well ,  an d tha t  suc h a  revise d framewor k 
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can lea d t o a  ne w understandin g o f  severa l  aspect s o f 
earl y vision . 

Marr's Framework 

Accordin g t o Mar r  [1982] ,  a  complet e analysi s o f  a  visua l 
proces s involve s thre e distinc t  level s o f  explanation: ^ 

1.  Computationa l  level .  Analysi s a t  thi s leve l  i s  en -
tirel y concerne d wit h th e specificatio n o f  th e tas k 
itself .  Thi s consist s o f  tw o parts :  (i )  describin g th e 
constraint s tha t  exis t  betwee n th e inpu t  o f  a  vi -
sual  proces s an d it s output ,  an d (ii )  describin g th e 
reason s wh y thes e constraint s hav e bee n chosen . 

2.  Algorithmi c level .  Thi s leve l  view s explanatio n i n 
term s o f  th e representation s an d algorithm s use d 
fo r  th e process .  Mor e precisely ,  a n "algorithmic " 
explanatio n i s a  constructiv e demonstratio n tha t 
ther e exist s a  forma l  algorith m sufficien t  t o perfor m 
th e require d task . 

3.  Implementationa l  level .  Thi s leve l  i s  concerne d 
wit h th e physica l  substrat e o n whic h th e algorithm s 
ar e implemented .  A n "implementational "  expla -
natio n i s a  constructiv e demonstratio n tha t  ther e 
exist s a  physica l  syste m sufficien t  t o carr y ou t  th e 
require d computations . 

One o f  th e grea t  strength s o f  Marr' s approac h i s it s 
recognitio n o f  a  "computational "  leve l  o f  explanation , 
i n whic h emphasi s i s place d upo n determinin g th e wha t 
and th e wh y o f  th e particula r  operation s bein g carrie d 
out .  Thi s ha s helpe d clarif y ou r  understandin g o f  sev -
era l  processe s o f  low-leve l  vision ,  includin g edg e detec -
tio n [Mar r  an d Hildreth ,  1980] ,  stereopsi s [Mar r  an d 
Poggio ,  1979] ,  an d motio n perceptio n [Hildreth ,  1984] . 
Consider ,  fo r  example ,  th e computationa l  analysi s o f 
stereopsis .  Determinin g th e wha t  consist s o f  finding  th e 
constraint s o n th e acceptabl e correspondence s betwee n 
feature s i n th e lef t  an d righ t  images ,  an d constraint s 
on th e for m o f  th e recovere d surface .  Thes e constraint s 
must  b e sufficien t  t o describ e a  uniqu e mappin g betwee n 
th e imag e an d th e resultin g ma p o f  disparit y estimates . 
Determinin g th e wh y essentiall y  consist s o f  a  demon -
stratio n tha t  thes e constraint s serv e t o allo w a  satis -
factor y recover y o f  disparit y estimate s fro m th e imag e 
pairs . 

Hence,  th e stereopsi s proble m ca n b e see n a s th e spec -
ificatio n o f  a  mappin g fro m a  give n se t  o f  imag e pair s 
t o a  se t  o f  (reconstructed )  surfaces .  Thi s mappin g ca n 
easil y b e describe d b y it s "extension" ,  viz. ,  a  lis t  o f  th e 
pairing s mad e betwee n individua l  image s an d surfaces . 
Such a  description ,  however ,  doe s no t  reall y provid e a n 
explanatio n fo r  th e process ,  an y mor e tha n a  lis t  o f  plan -
etar y position s ove r  som e give n interva l  explain s thei r 
motions .  Explanatio n mus t  involv e a  descriptio n o f  th e 

Î t  i s  importan t  t o not e tha t  Mar r  consider s explanation s 
at  eac h leve l  t o b e essentiall y  independen t  o f  thos e a t  th e 
othe r  tw o [Marr ,  1982 ,  Chapte r  l] .  Fo r  example ,  analysi s a t 
th e algorithmi c leve l  i s  no t  concerne d wit h ultimat e purpos e 
nor  doe s i t  depen d o n an y detail s  o f  implementation . 

"invariants" ,  o r  "dee p structure "  tha t  underli e th e par -
ticula r  mappin g tha t  i s made .  Th e constraint s sough t 
fo r  a t  th e computationa l  leve l  provid e exactl y thi s kin d 
of  explanation .  T o justif y th e choic e o f  a  particula r  se t 
of  constraint s (explainin g why) ,  require s showin g tha t 
th e constraint s lea d t o a n acceptabl e se t  o f  association s 
betwee n imag e an d scen e i n th e worl d unde r  considera -
tion . 

But  althoug h Marr' s approac h ha s helpe d explai n sev -
era l  part s o f  low-leve l  vision ,  i t  ha s no t  helpe d i n ou r 
understandin g o f  man y others ,  e.g. ,  colo r  perceptio n o r 
textur e perceptio n [Morgan ,  1984] .  Fo r  example ,  i n tex -
tur e perception ,  i t  i s th e resource s availabl e t o th e pro -
cesso r  (e.g .  tim e an d space )  whic h ar e relativel y scarce , 
rathe r  tha n th e informatio n i n th e image .  Marr' s frame -
wor k canno t  handl e suc h matters ,  sinc e th e computa ^ 
tiona l  leve l  o f  analysi s (implicitly )  assume s tha t  percep -
tio n relie s o n processor s wit h unlimite d computationa l 
resources .  ̂  

Resource Limitations and Constraints 

To se e ho w thes e mor e genera l  kind s o f  resourc e limi -
tation s influenc e th e operatio n o f  a  visua l  process ,  i t  i s 
importan t  t o not e tha t  thes e limitation s fal l  int o thre e 
mai n groups : 

1.  Projectiv e limitations .  Th e availabl e informatio n 
i n th e imag e ma y b e considere d a  basi c resourc e 
acquire d b y th e sensor s o f  th e system ;  th e limita -
tion s o n thi s resourc e ste m fro m th e wa y i n whic h 
th e scen e i s projecte d t o th e image .  Th e typ e an d 
amount  o f  availabl e informatio n ma y strongl y in -
fluence  th e kind s o f  computation s tha t  ca n b e per -
formed ;  i f  so ,  th e proces s ca n b e characterize d a s 
"datâ limited "  [Norma n an d Bobrow ,  1975] . 

2.  Computationa l  limitations .  A  processo r  i s als o lim -
ite d b y man y aspect s o f  th e wa y i n whic h i t  oper -
ates ,  aspect s whic h hav e n o direc t  connectio n wit h 
it s physica l  composition .  Althoug h man y o f  thes e 
ar e specifi c  t o th e particula r  computationa l  archi -
tectur e use d (e.g. ,  th e particula r  se t  o f  elementar y 
operation s available ,  bandwidths ,  etc) ,  mor e gen -
era l  one s als o exist .  I t  i s thi s latte r  se t  o f  resource s 
-  i n particula r  th e tim e an d spac e require d fo r  a 
computatio n -  tha t  wil l  b e considere d here .  Lim -
itation s o n thes e resource s wil l  b e referre d t o her e 
as complexit y limitations . 

3.  Physica l  limitations .  A  processo r  i s als o gov -
erne d b y limitation s stemmin g fro m it s physica l 
make-up .  Again ,  man y o f  thes e quantitie s re -
fe r  t o th e particula r  architectur e o f  th e proces -

sor .  Bu t  limitation s als o aris e fro m mor e gen -
era l  consideration ,  suc h a s th e matte r  an d en -
erg y require d fo r  a  give n tas k [Bennett ,  1982 , 
White ,  1988] . 

^Mar r  [1982 ]  doe s conside r  efficienc y t o b e important , 
but  onl y onc e th e tas k itsel f  ha s bee n lai d out .  A s such ,  i t 
does no t  ente r  int o th e genera l  analysi s carrie d ou t  a t  th e 
computationa l  level . 
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I n orde r  t o overcom e thes e set s o f  limitations ,  a  pro -
cesso r  mus t  impos e correspondin g set s o f  constraint s 
on it s operation .  T o completel y understan d a  give n 
process ,  therefore ,  i s  t o understan d thes e set s o f 
constraints.' *  Thus ,  fo r  example ,  i n Marr' s framework , 
projectiv e limitation s ar e th e onl y kin d th e visua l  sys -
te m i s considere d t o grappl e with .  T o mak e u p fo r 
suc h los t  information ,  a  correspondin g se t  o f  projec -
tiv e constraint ^  i s neede d o n th e mapping s betwee n 
imag e an d scene ;  essentially ,  thes e determin e whic h o f 
th e man y possibl e scene s actuall y correspond s t o a  give n 
image . 

But  suc h "processor-indifferent "  explanation s nee d 
not  b e restricte d t o invariant s o f  th e for m o f  thi s map -
pin g -  ther e ma y als o exis t  a  se t  o f  constraint s o n th e 
algorith m an d representatio n use d t o carr y i t  out .  Mor e 
generally ,  suc h "complexity "  constraint s describ e th e re -
source s use d b y a  give n process .  Thi s i n tur n limit s th e 
kind s o f  mapping s tha t  ca n b e made .  T o completel y 
explai n th e for m o f  a  mapping ,  then ,  bot h projectiv e 
and complexit y constraint s wil l  usuall y b e required . 
Onl y whe n computationa l  resource s ar e unlimite d (a s 
assumed i n Marr' s approach )  wil l  projectiv e constraint s 
alon e b e enoug h t o explai n a  visua l  process . 

Not e tha t  i n Marr' s framework ,  n o genera l  constraint s 
ar e impose d o n a n algorithm ,  s o tha t  the y ofte n hav e 
a larg e elemen t  o f  th e a d hoc ,  bein g base d o n curren t 
belief s o f  psycholog y an d physiology .  Bu t  complexit y 
constraint s ca n provid e suc h genera l  guidelines ,  thereb y 
substantiall y  reducin g th e initia l  numbe r  o f  candidat e 
algorithm s an d thereb y reducin g th e nee d fo r  th e a d ho c 
elemen t  i n an y particula r  model. 

A Revised Framework 

A computational explanation of a visual process, then, 
wil l  includ e a  descriptio n an d justificatio n o f  th e pro -
jective ,  complexity ,  an d physica l  constraint s impose d 
t o handl e th e correspondin g type s o f  resourc e limita ^ 
tion .  ®  Differen t  level s o f  explanatio n stil l  exist ,  bu t  ar e 
now base d o n th e degre e o f  generalit y o f  th e constraints , 
rathe r  tha n o n issue s o f  abstrac t  mapping ,  process ,  an d 
implementation : 

*I n wha t  follows ,  'limitations '  wil l  b e use d whe n referrin g 
t o resourc e limit s impose d o n th e system ,  limit s ove r  whic h 
th e proces s hji s n o contro l  (e.g .  tota l  amoun t  o f  time ,  space , 
energy ,  etc) .  Thes e mus t  b e distinguishe d fro m 'constraints' , 
whic h ar e impose d b y th e syste m itsel f  t o mak e goo d us e o f 
it s avtiilabl e resources .  When talkin g abou t  a  system ,  th e 
ter m 'constraint '  wil l  onl y b e use d i n thi s latte r  sense . 

*Th e ter m 'projectiv e constraint '  i s  mean t  t o replac e 
'computationa l  constraint '  a s use d i n Marr' s framework . 
The alternat e ter m i s use d t o avoi d confusio n betwee n con -
straint s place d o n th e for m o f  th e "interpretatio n mapping " 
betwee n imag e an d scene ,  an d th e constraint s o n th e algo -
rith m use d t o comput e it . 

*I n thi s paper ,  muc h o f  th e focu s wil l  b e o n complexit y 
constrciints ,  sinc e projectiv e constraint s ar e relativel y wel l 
understood ,  an d physica l  constraint s ad d littl e (a t  leas t  a t 
thi s stag e o f  development )  t o wha t  ca n b e learne d b y dis -
cussin g complexit y constraints . 

1.  Computationa l  level .  Thi s include s no t  onl y th e 
projectiv e constraints ,  bu t  als o thos e complex -
it y an d physica l  constraint s tha t  ar e "processor -
indifferent" .  Sinc e th e mappin g fro m imag e t o 
scen e i s completel y independen t  o f  th e structur e 
of  th e processor ,  th e constraint s a t  thi s leve l  mus t 
be sufficien t  t o uniquel y determin e it s form . 

2. Algorithmic level. This involves the more specific 
complexit y an d physica l  constraint s tha t  ar e place d 
on th e "internal "  structur e o f  th e syste m t o giv e th e 
algorith m an d representatio n a  uniqu e determina -
tion ;  sinc e projectiv e constraint s hav e n o furthe r 
bearin g o n thi s matter ,  the y ar e necessaril y  absen t 
fro m thi s level . 

3. Implementational level. Although not developed 
here ,  i t  i s  apparen t  tha t  thi s leve l  concern s th e re -
mainin g constraint s o n th e particula r  syste m bein g 
modelled . 

Thus, the three levels of Marr's framework are preserved 
i n larg e measur e -  analysi s stil l  occur s a t  eac h o f  th e 
computational ,  algorithmic ,  an d implementationa l  lev -
els .  Bu t  th e constraint s require d a t  th e computationa l 
and algorithmi c level s o f  analysi s hav e bee n tightene d 
up significantly ,  du e t o ne w set s o f  constraints .  Th e 
most  importan t  change ,  however ,  i s  tha t  analysi s i s 
base d o n th e generalit y o f  th e constraints .  Sinc e con -
straint s o n algorithm s an d implementatio n resul t  fro m 
bot h genera l  an d mor e specifi c  constraints ,  thi s provide s 
an interestin g linkag e betwee n mappings ,  algorithms , 
and implementation . 

Analyzing Vision Systems 

The explanation of a visual process is essentially the 
descriptio n an d justificatio n o f  th e projective ,  complex -
ity ,  an d physica l  constraint s tha t  gover n it s operation . 
Sinc e th e us e o f  projectiv e constraint s i s alread y a n inte -
gra l  par t  o f  "conventional "  analyses ,  an d physica l  con -
straint s ar e no t  considere d here ,  w e wil l  focu s o n th e 
way i n whic h complexit y constraint s ca n b e use d t o an -
alyz e th e operatio n o f  a  visio n system . 

The theor y o f  computationa l  complexit y (cf .  [Gare y 
and Johnson ,  1979] )  ca n b e use d t o formaliz e man y 
of  th e concept s pertainin g t o complexit y constraints . 
Specifically ,  i t  ca n defin e th e tim e an d spac e require -
ment s o f  particula r  tasks ,  independen t  o f  th e algorith m 
or  architecture .  Fo r  th e purpose s o f  thi s paper ,  i t  i s  suf -
ficient  t o distinguis h task s whic h ca n b e solve d quickl y 
(e.g .  th e clas s P  o f  task s solvabl e withi n a  tim e propor -
tiona l  t o som e polynomia l  o f  th e inpu t  size) ,  fro m mor e 
time-consumin g task s (e.g .  th e clas s o f  NP-complet e 
problems ,  whic h -  i n th e wors t  cas e -  requir e tim e tha t 
increase s exponentiall y  wit h th e siz e o f  th e input). ^ 

Î t  i s  entirel y possibl e tha t  th e averag e resourc e us e i s 
much mor e representativ e tha t  th e wors t  cas e situation ,  an d 
thi s ma y b e use d a s on e o f  th e complexit y measures .  How -
ever ,  worst-cas e situation s mus t  stil l  b e deal t  with . 
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Efficien t  u s e o f  resource s 

I f  th e computationa l  demand s o f  a  tas k excee d th e re -
source s available ,  i t  i s  obviou s tha t  th e tas k wil l  nee d 
t o b e reformulated .  However ,  thi s reformulatio n m a y b e 
kep t  t o a  m i n i m u m b y makin g efficien t  us e o f  th e tim e 
an d spac e tha t  i s available .  A s use d here ,  th e ter m "ef -
ficient "  doe s no t  necessaril y  m e a n optimal ;  rathe r  al l 
tha t  i s mejin t  i s  tha t  relativel y littl e tim e o r  spac e i s 
wasted . 

T h e efficien t  us e o f  resource s depend s greatl y upo n 
th e choic e o f  particula r  algorithm s an d representation s 
use d i n a  process .  However ,  ther e exis t  a  fe w genera l 
consideration s tha t  ar e relevant : 

1. Parallelism. Perhaps the most obvious way of re-
ducin g th e tim e require d fo r  a  tas k i s t o carr y i t  ou t 
i n parallel .  However ,  i t  mus t  b e note d tha t  i t  i s  no t 
eilway s possibl e fo r  processe s t o tak e advantag e o f 
parzillelism -  e.g. ,  ther e ca n b e n o reductio n i n tim e 
fo r  Constrain t  Satisfactio n Problem s [Kasif ,  1986] , 
sinc e the y ar e inherentl y sequential .  Thus ,  i f  a  tas k 
i s t o tak e advantag e o f  parallelism ,  i t  mus t  b e suc h 
tha t  mos t  o f  it s  computation s ca n b e don e locally . 
But  eac h o f  thes e loca l  computation s mus t  operat e 
withi n th e give n time ,  an d -  take n a s a n ensembl e 
-  the y mus t  als o operat e withi n th e give n space . 

2.  Resourc e trade-offs .  Th e specificatio n o f  a  desire d 
leve l  o f  performanc e doe s no t  uniquel y determin e 
th e exac t  resource s necessar y t o attai n i t  -  trade -
off s betwee n variou s computationa l  resource s ca n 
stil l  b e made .  O n e well-know n exampl e o f  thi s i s 
th e trade-of f  betwee n tim e an d space :  fo r  instance , 
look-u p table s ca n b e use d instea d o f  computin g 
value s o n demand .  Thus ,  Goa d [1983 ]  present s a n 
objec t  recognitio n schem e wher e th e pose s o f  ob -
ject s ar e precompute d s o tha t  viewpoin t  determina -
tio n i s speede d up .  Alternatively ,  redundan t  codin g 
ca n ofte n b e use d t o decreas e processin g tim e (see , 
e.g. ,  [Arbib ,  1987 ,  p p 87-89]) .  Not e tha t  thi s us e 
of  redundan t  representation s contrast s wit h Marr' s 
approach ,  i n whic h th e goa l  i s  t o us e nonredundan t 
(orthogonal )  system s o f  representatio n a s m u c h a s 
possible . 

3. A priori knowledge. One final consideration that 
als o enter s int o th e efficien t  us e o f  resource s i n vi -
sua l  processin g i s th e possibl e us e o f  "high-level "  a 
prior i  constraint s base d o n th e particula r  charac -
teristic s o f  th e object s i n th e scene .  I n m a n y cases , 
higher-leve l  constraint s coul d significantl y reduc e 
th e computationa l  complexit y o f  a  process ;  i f  thes e 
constraint s coul d b e selectivel y "loade d into "  lower -
leve l  processes ,  thi s coul d ofte n achiev e a  consider -
abl e speedu p o f  processing .  T h e relatio n betwee n 

earl y visio n an d late r  level s o f  processin g i s a  com -
ple x one ,  an d wil l  no t  b e discusse d here ,  bu t  i t  i s 
wort h pointin g ou t  tha t  i f  suc h "downloading "  o f 
a prior i  knowledg e doe s indee d occur ,  issue s o f  re -
sourc e us e wil l  prov e t o b e critica l  fo r  it s  analysis . 

P e r f o r m a n c e trade-off s 

Eve n thoug h a  proces s i s a s efficien t  a s possible ,  i t  m a y 
stil l  b e impossibl e t o carr y i t  ou t  usin g th e availabl e 
tim e an d space .  I f  so ,  th e proces s canno t  b e used ;  i t 
must  b e replace d b y on e tha t  doe s satisf y th e resourc e 
constraints .  Th e efficienc y o f  suc h "approximating " 
processe s i s obtaine d b y lowerin g th e qualit y o f  th e map -
pin g betwee n inpu t  an d output .  Mor e generally ,  ther e i s 
usuall y a  trade-off "  betwee n th e complexit y o f  th e map -
pin g betwee n imag e an d scene ,  an d th e resource s re -
quire d t o comput e th e mapping .  Thus ,  dependin g o n 
availabl e computationa l  resources ,  th e visua l  proces s 
most  suitabl e fo r  a  particula r  tas k ca n rang e fro m "tra -
ditional "  processe s tha t  us e unlimite d computationa l  re -
sources ,  t o "quic k an d dirty "  system s tha t  requir e onl y 
a smal l  amoun t  o f  tim e an d space .  Par t  o f  a  compu -
tationa l  explanatio n o f  a  visua l  proces s i s therefor e t o 
specif y wha t  th e particula r  choic e o f  trade-off "  is ,  an d 
w hy i t  wa s made . 

Ther e appea r  t o b e som e genera l  aspect s t o th e meth -
ods b y whic h performanc e ca n b e "gracefully "  trade d off " 
fo r  reduce d computationa l  complexity ,  an d i t  i s  likel y 
tha t  thes e strategie s wil l  ente r  int o m a n y o f  th e partic -
ula r  processe s o f  earl y vision .  A  fe w o f  thes e strategie s 
(togethe r  wil l  som e possibl e applications )  wil l  no w b e 
discusse d i n regard s t o th e reductio n o f  processin g time . 

1. Reducing quantity of input. In general, more infor-
matio n require s mor e computatio n tim e [Levesqu e 
an d Brachman ,  1985] .  Thus ,  on e wa y t o reduc e 
tim e i s t o reduc e th e amoun t  o f  dat a i n th e in -
put  tha t  ha s t o b e handled .  Fo r  example ,  visua l 
searc h i s a n NP-complet e problem ,  requirin g tim e 
tha t  increase s exponentiall y  wit h th e siz e o f  th e 
inpu t  [Tsotsos ,  1987] .  Thi s tim e ca n b e reduce d 
(se e below )  b y takin g advantag e o f  th e coherenc e 
and uniformit y o f  th e worl d t o represen t  th e orig -
ina l  imag e b y a  smalle r  se t  o f  coarser-graine d pat -
tern s tha t  coul d b e comfortabl y handle d wit h th e 
availabl e resources .  A s th e grai n o f  thes e pattern s 
increases ,  th e numbe r  o f  distinction s tha t  ca n b e 
made i n th e inpu t  decreases ;  however ,  thes e dis -
tinction s m a y b e quit e suitabl e fo r  m a n y purposes . 

2. Reducing quantity of output. Given that compu-
tationa l  complexit y ca n b e reduce d b y effectivel y 
reducin g th e amoun t  o f  informatio n i n th e input , 
a natura l  "dual "  woul d b e t o reduc e complexit y 
by reducin g th e amoun t  o f  informatio n i n th e out -
put .  Suc h output s woul d contai n coarser-graine d 
description s o f  th e mor e importan t  aspect s o f  th e 
scene .  Not e tha t  thi s "coars e grain "  nee d no t  al -
ways correspon d t o a  diminishe d resolutio n i n som e 
propert y suc h a s spatia l  locatio n o r  velocit y o f  m o -

tion ;  instead ,  th e "equivalenc e classes "  o f  outputs * 

*A n equivalenc e clas s i s define d a s th e se t  o f  algorithm s 
and representation s whic h carr y ou t  th e sam e mappin g 
whil e usin g th e sam e informatio n conten t  an d computationa l 
resources . 
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coul d b e base d o n suc h thing s a s topologica l  prop -
erties .  I n a  ver y genera l  sense ,  then ,  thes e output s 
m ay b e regjirde d a s providin g qualitativ e descrip -
tion s o f  th e scene .  Fo r  example ,  i n Marr' s  the -
or y i t  i s  assume d tha t  th e S-dimensiona l  structure s 
of  object s i n spac e ar e represente d a s point-by -
poin t  mapping s o f  locs d dept h and/o r  orientation . 
Such representation s ar e computationall y difficul t 
t o compute ,  an d i t  i s  possibl e tha t  the y ar e no t 
compute d a t  all .  Indeed ,  i t  appear s tha t  mor e qual -
itativ e description s -  suc h a s description s o f  affin e 
or  ordina l  structur e -  m a y provid e al l  th e informa -
tio n tha t  i s  require d b y subsequen t  processe s [Tod d 
and Bressan ,  1990] . 

3.  Reducin g qualii y  o f  th e mapping .  Reducin g th e 
informatio n i n th e inpu t  an d outpu t  o f  a  mappin g 
i s ofte n sufficien t  t o reduc e complexity ,  bu t  i t  isn' t 
alway s necessary .  Fo r  m a n y processes ,  th e avail -
abilit y  o f  a  spatiotopi c arra y o f  processor s i s suffi -
cien t  t o allo w the m t o b e carrie d ou t  i n constan t 
time .  Fo r  exsanple ,  a  simpl e remappin g o f  al l  in -
tensitie s i n a n imag e ca n b e don e immediatel y o n a 
paralle l  array ,  n o matte r  ho w muc h informatio n i s 
containe d i n th e inpu t  an d output .  A  proces s ca n 
therefor e trad e of f  performanc e agains t  complexit y 
by alterin g th e natur e o f  th e mappin g itself ;  essen -
tially ,  i t  i s  th e qualit y o f  th e mappin g tha t  i s bein g 
trade d off .  Thi s i s th e strateg y adopte d i n rapi d 
lin e interpretatio n (se e below )  -  increase d spee d i s 
obtaine d b y reducin g th e validit y an d globa l  coher -
enc e o f  th e recovere d scene . 

Examples 

To illustrate how resource constraints can help explain 
variou s aspect s o f  visua l  perception ,  w e wil l  briefl y 
sketc h ho w thi s approac h ca n b e applie d t o tw o par -
ticula r  processe s i n earl y vision :  visua l  searc h an d th e 
preattentiv e recover y o f  three-dimensiona l  orientatio n 
fro m lin e drawings .  I f  describe d i n th e "conventional " 
way,  i.e. ,  makin g optima l  us e o f  availabl e information , 
bot h problem s ar e NP-complete .  Bu t  th e processe s o f 
earl y visio n ar e generall y carrie d ou t  withi n severa l  hun -
dre d milliseconds ,  makin g i t  unlikel y tha t  thes e prob -
lem s ca n b e formulate d i n thi s way .  Thi s suggest s a  shif t 
i n th e wa y thes e processe s shoul d b e viewed :  instea d o f 
makin g optima l  us e o f  information ,  the y appea r  instea d 
t o emphasiz e "quic k an d dirty "  performance . 

Visual Search 

One o f  th e first  treatment s o f  complexit y i n earl y vi -
sio n wa s tha t  o f  Tsotso s [1987 ,  1990] ,  w h o analyze d th e 
proces s o f  visua l  search .  Here ,  th e proble m i s t o deter -
min e a s rapidl y a s possibl e th e presenc e o r  absenc e o f  a 
know n targe t  patter n i n a n image .  Tsotso s showe d tha t 
i f  optima l  decision s ar e t o b e made ,  thi s proble m i s N P -
complete ,  requirin g a n exponentia l  amoun t  o f  tim e i n 
th e wors t  case .  Thi s i s a t  odd s wit h evidenc e tha t  m a n y 
kind s o f  target s ca n b e reliabl y detecte d withi n sever d 

hundre d miUiseconds ,  whil e other s requir e a  tim e di -
rectl y proportiona l  t o th e numbe r  o f  item s i n th e imag e 
(e.g .  [Treisma n an d Gormican ,  1988]) . 

Th e first  ste p i n th e analysi s i s t o determin e th e ex -
ten t  t o whic h tim e an d spac e ca n b e reduce d whil e main -
tainin g optima l  detectio n performance .  Tsotso s show s 
tha t  hierarchica l  codin g ca n hel p t o minimiz e th e re -
source s required ,  bu t  tha t  th e proble m stil l  remain s N P -
complete ,  sinc e th e targe t  mus t  b e compare d agains t  al l 
possibl e aspect s o f  al l  possibl e subset s o f  th e image .  I f 
visu« d searc h i s t o b e carrie d ou t  rapidly ,  thi s ca n onl y 
be don e fo r  a  selec t  grou p o f  imag e subset s (o r  equiva -
lently ,  a  selec t  grou p o f  targe t  patterns) . 

Eve n b y definin g preferre d patche s a s conve x patche s 
wit h unifor m propertie s (arisin g fro m th e convexit y an d 
uniformit y o f  object s i n th e physica l  world) ,  th e tim e re -
quire d i s stil l  to o hig h t o b e compatibl e wit h th e com -
plexit y constraint .  Consequently ,  a  mor e radica l  ste p i s 
taken :  informatio n i s throw n away .  Thi s i s don e bot h 
by reducin g spatia l  resolutio n i n th e basi s se t  o f  pattern s 
and b y reducin g th e numbe r  o f  propertie s tha t  ca n b e 
considere d a t  an y on e time .  Althoug h th e completenes s 
of  th e syste m i s thereb y sacrificed ,  thes e constraint s d o 
allo w a n architectur e t o b e specifie d tha t  i s compatibl e 
wit h th e tim e an d spac e limitation s generall y foun d i n 
biologica l  systems .  Interestingly ,  thi s architectur e ha s 
m a ny o f  th e genera l  characteristic s o f  th e h u m a n vi -
sua l  system ,  viz. ,  a  smal l  se t  o f  physicall y separate d 
spatiotopi c maps ,  columna r  organizatio n o f  processors , 
an d coars e codin g o f  loca l  propertie s [Tsotsos ,  1987 , 
Tsotsos ,  1990] . 

Rapid interpretation of line drawings 

Anothe r  proble m i n whic h tim e limitation s pla y a n im -
portan t  par t  i s  th e rapi d interpretatio n o f  lin e drawings . 
Th e goa l  o f  th e lin e interpretatio n tas k i s t o recove r 
th e three-dimensiona l  structur e o f  opaqu e polyhedra l 
object s fro m lin e drawing s describin g thei r  projectio n 
ont o th e two-dimensiona l  imag e plan e (see ,  e.g .  [Sug -
ihara ,  1986]) .  Interpretation s generall y tak e th e for m 
of  a  labele d drawin g i n whic h eac h lin e elemen t  (o r 
region )  i s assigne d a  uniqu e interpretatio n a s a  three -
dimensiona l  structur e (e.g. ,  tha t  th e lin e ha s a  partic -
ula r  three-dimensiona l  orientation ,  o r  tha t  i t  form s th e 
boundar y o f  th e objec t  bein g viewed ,  etc.) .  Thi s pro -
ces s ha s bee n show n t o b e NP-complet e [Kirousi s an d 
Papadimitriou ,  1985] ,  rulin g ou t  th e possibilit y  tha t  i t 
i s  carrie d ou t  i n earl y vision . 

However ,  i t  ha s recentl y bee n show n [1990 ,  1991 ]  tha t 
th e three-dimensiona l  orientatio n o f  som e object s ca n 
be recovere d a t  earl y stage s o f  visua l  processing ,  withi n 
severa l  hundre d millisecond s o f  displa y onset .  A s i n th e 
cas e o f  visua l  search ,  then ,  optima l  us e o f  informatio n 
i s no t  t o b e expecte d fo r  suc h a  process ;  par t  o f  th e ex -
planatio n mus t  involv e complexit y a s wel l  a s projectiv e 
constraints . 

I n th e mode l  propose d b y Enn s an d Rensink ,  inter -
pretatio n i s accomplishe d vi a tw o paralle l  stages ,  eac h 
of  whic h involve s onl y a  smal l  numbe r  o f  steps .  Th e 
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first  stag e i s carrie d ou t  i n paralle l  o n eac h trilinea r 
junctio n i n th e image .  Thes e junction s ar e place s i n th e 
imag e wher e thre e lin e segment s joi n up .  An y junctio n 
may correspon d t o severa l  three-dimensiona l  structure s 
i n th e scene ;  here ,  however ,  onl y th e mos t  likel y inter -
pretatio n i s assigned .  Onc e thes e initia l  interpretation s 
hav e bee n established ,  consistenc y i s teste d b y compar -
in g th e interpretation s a t  eac h junctio n agains t  thos e 
of  thei r  immediat e neighbors .  Thi s ca n b e don e withi n 
some constan t  tim e simpl y b y propagatin g th e loca l  es -
timate s alon g th e line s tha t  connec t  th e junctions . 

I f  suc h a  "quic k an d dirty "  proces s i s use d i n th e earl y 
stage s o f  vision ,  thi s shoul d allo w som e lin e drawing s 
t o "po p out "  o f  a  displa y o n th e basi s o f  th e three -
dimensiona l  orientatio n o f  th e bloc k the y describe. * 
Enns an d Rensin k [1991 ]  sho w tha t  thi s i s  exactl y wha t 
happens . 

Thes e findings  sugges t  tha t  othe r  "quic k an d dirty " 
processe s ma y eds o b e use d i n earl y vision .  Fo r  ex -
ample ,  i t  i s  possibl e t o rapidl y determin e th e concav -
ity/convexit y o f  surfaces ,  base d o n th e pattern s o f  shad -
in g i n th e imag e [Ramachandran ,  1988] .  I f  thes e pro -
cesse s ar e representativ e o f  th e operation s carrie d ou t 
at  earl y levels ,  thi s wil l  forc e a  ne w loo k a t  th e natur e 
of  earl y visua l  processing . 
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