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(++) The P ro jec t  i s  funded b y  t h e  U,K, Science Research Council on grant  
no B-RG-8688-7, Frank OfGorm31n has now l e f t  t h e  group, 

Visior- work i n  A1 has made p rog res s  d t h  r e l a t i v e l y  smal l  probierri ,  We 
a r e  not  aware of  any system i n   hick^ many d i f f e r e n t  k inds  of knowledge 
co-operate,  Often t h e r e  i s  e s s e n t i d _ l y  one k ind  of s t r u c t u r e ,  e ,g ,  a  
n e t m r k  of l i n e s  o r  regions,  and t h e  problem i s  simply t o  segment i t ,  
and/or t o  l a b e l  p a r t s  of i t ,  Sometimes models of  known o b j e c t s  a r e  used 
t o  gulde t h e  a n a l y s l s  and i n t e r p r e t a t i o n  of  an image, as i n  t h e  work of 
Roberts  (190j), but  u s u a l l y  t h e r e  a r e  few such m d e l s ,  and t h e r e  i s n ' t  a 
v e r y  deep h i e r a r z h y  of o b j e c t s  c o q o s e d  o f  o b j e c t s  composed of  o b j e c t s  ... 
By con t r a s t ,  r ecen t  speech ~understairding systems, l i k e  SAY (Lesser  
1977, Hayes-Roth 19779, d e a l  wi th  m r e  complex k inds  of  i n t e r a c t i o n s  
between d i f f e r e n t  s o r t s  of knowledge, They a r e  s t i l l  n o t  v e r y  impressive 
compared with people,  bu t  t h e r e  a r e  some s o l i d  achievements, Is t h e  Lack 
of s i m i l a r  success  i n  v l s i o n  due t o  i n h e r e n t l y  m r e  d i f f i c u l t  problems? 

Some v i s l o n  work has explored i n t e r a c t i o n s  between d i f f e r e n t  k inds  
o f  h o ~ d e d g e ,  Inc luding  iht Essex coding-sheet p ro j ec t  ( ~ r a d y ,  Bornat 
1976) based on t h e  assumption thak provis ion  f o r  m i t i p l e  c o - e a i s t i n g  

processes  would make 'the t a s k s  m c h  e a s i e r ,  However, more concre te  a ~ d  
s p e c i f i c  i d e a s  a r e  r equ i r ed  f o r  s e n s i b l e  c o n t r o l  of a  complex system, 
and a g r e a t  deal. of domain-specific d e s c r i p t i v e  know-how has t o  be exp1.i- 
c i t l y  provided f o r  many d i f f e r e n t  sLb-domains, 

POPEYE an.d SAY 

The POPEYE p ro j ec t  is ar: atternpi; t o  s tudy  we.ys of p u t t i n g  d iTferent  k inds  
of v i s u a l  knowledge together i n  one syster.l, Our philosophy has m c h  i n  
corn11 mith ELFIRRSAYJ i n c ~ ~ ~ d i n g :  

( a )  u s ing  s t r a t e g i e s  which may no t  f i n d  opti1n.d s o l u t i o n s ,  but  behave 
s e n s i b l y  i n  a n o n - t r i v i a l  s e t  of t a s k s ,  i n  a  " f r i end ly"  ~ r o r l d ,  

(b) t,r;lTj_ng t o  f i r id  a good gl-obal i n t e r p r e t a t i o n .  w5thou.t n e c e s s a r i l y  
ana lys ing  and recognls ing  all t h e  r e l evan t  subs t ruc tu re s ,  

(c) warking outwa.rds from t h e  "bes t iT  ( e , g ,  b igges t ,  l e a s t  ambiguous) 
f ragrnent ,~,  at, any level.., 

(dj omxitment  t o  dist,ribrr.t ed processing,  s i n c e  e x p e r t i s e  o f t e n  depends 
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on conducting p a r a l l e l  s ea rches  i n  d i f f e r e n t  domains, with p a r t i a l  
r e s u l t s  i n  one t ransforming  t h e  search-space i n  o the r s ,  

( e )  o rde r ing  d i f f e r e n t  domains, and associated processes  i n  a  p r i o r i t y  
h i e ra rchy ,  f o r  scheduling s c a r c e  resources ,  

I3ut POPEYZ d i f f e r s  f m m  SAY, InThere HEARSAY uses  a  generai-  
purpose da tabase  (cal-led a  "black-boardu) with rnonitors t o  a c t i v a t e  
sub-systems when t h e  con ten t s  a r e  changed, POPEYE bu i ld s  a  v a r i e t y  of 
d i f f e r e n t  kinds of networks (inc1udii.g 2-D a r r a y s  and o t h e r  fhanalogicalu 
r e p r e s e n t a t i o n s ) ,  t a i l o r e d  t c  s u i t  what t h e y  r ep resen t ,  so t h a t ,  f o r  
example, searches  a r e  e a s i l y  cons t ra ined  by  us ing  t h e  s t m c t u r e  of t h e  

r ep re sen ta t ion ,  

Sky ' s  m d u l a r i t y  depen.ds a n  uniform database proced-ures, whereas 
we achieve a d e p a t e  modular i ty  by &ring all sub-systems which access  a  
p a r t i c u l a r  type  of sub-network a s e  a  procedure which knows how t o  d e a l  
with t h a t  kind of s t x c t u r e  and knows which o t h e r  s u b - s y s t , e r ~  t o  invoke 
a s  a r e s i l l t .  ??~ch  of  t h e  m d i z l a r i t y  of f i xed - fo rna t  data-base a s s e r t i o n s  
can be achieved us ing  f i x e d  f o r n a t  procedure c a l l s ,  D-yriamic changes i n  
such procedures  a r e  e a s i l y  prograrrmled by making them access  spec i a l  l i s t s ,  
Dynamic b inding  of f u n c t i o n  v a r i a b l e s  i n  POP2 a l so  ne lps  ( ~ n d e r s o n  1 9 ~ 6 ) ~  

HEEBSAZ subsy-sterrs a.rc eupposad t n  Irno~w v e r y  l i t t l e  zbout one another ,  
whereas, i n  POPEYE, mes sage s  ( func t ions  L,o be executed - Slomn & Hardy 
1976) a r e  senti e x p l i c i t l y  from one s-ub-system t~ another  ( - ~ s u . a l l - ~  v i a  a 

schedu le r ) .  We f a c t o r  procedures  according t o  bfkiether they  a r e  col-xerned 
o n l y  wi th  one k ind  of sub-systerr, o r  whether they  a r e  concerned -with a 
message fmrr- o-ie t o  anoiLktere Contrast  %he "framesv approach, i, e ,  : a t t a c h  
each cbdnl: of pr3cedur5. Enowiedge t o  one clziss of frames, 

HmSA?L' sche$iiles t a s k s  acco rd i~ ig  t o  a  mimer icd  eva lua t ion  func t ion  
c o h i n i n g  many d t f f  eren: nieasures, whereas s u r  scheduling i s  based on a  
s inp le  q u d i t a t - i v e  p a r t i t i o n  or" sub-tasks Lnto p r i o r i t y  Drdered c l a s s e s ,  
each xi.-Lk. i t s  own c h e d t i l i n g  s t r a t e g y ,  d e f a u l t i n g  t o  a. simplc queue, E,g, 
when t r y i n g  t o  f i n d  a word i n  i-,?lctures l i k e  f i e r e  1, o r d e r  t a s k s  according 
t o  hrhe%her they  a r e  concerned wf th  a word, a l e t t e r ,  a junc t ic rL between 
bars, a b a r ,  a  l ine-segc~er , t ,  scanning f o r  d o t s ,  e t c ,  Choose the  longes t  
f i r s t ,  a m n g  line-segment jobs,  Use a d i f f e r e n t  o rde r ing  f o r  a  d i f f e r e n t  
g o d ,  1Lke f i n d  " a l l  t h e  v e r t i c a l  barsH ' ,  So t h e  mapping between p r i o r i t y  
l e v e l s  and conceptual  l e v e l s  i s  represented  by  t h e  o r d e r  of a  l i s t  o f  job- 
c a t e g c r i e s ,  and i s  t h e r e f o r e  v e r y  e a s i l y  a l t e r e d ,  It i s  n o t  obvious FLOW 
task-dependent re-ordering of t h e  Levels is HEARSAY i s  achieved, Sin&- 
l a r l p  a  new ca tegory  of sub-tasks I s  ve ry  e a s i l y  s p l i c e d  i n t o  POPEYErs 
p r i o r i t y  l i s t ,  The s c h e c t ~ l i n g  e r i t  e r i a  used h i t h i n  d i f f e r e n t  sub-categories  
need not  be conparable,  Long l i n e s  a r e  ( u s u a l l y )  m r e  importmt than  s h o r t  
ones, b u t  t h e  system never  has t o  irieigh l e n g t h  of l i n e s  aga ins t  s i z e  o f  
l e t t e - s ,  This i s  consister;t ,  ~?ritl; what might happen ir, a  p a r d l d .  impiemen- 
- ta t ion ,  

7". - i~ i l ie ,  t h e  main schedu le r  se:eci;s t h e  tiest jobtype, then  its manager 
s e l e c t s  t h e  b e s t  job, This  m k e s  lt r e l a t i v e l y  easy  t o  pm~duile some m j o r  
q u a l i t a t i v e  changes i n  performance without having t o  a s s e s s  -the i n t e r -  
ackisxs o f  sevzral.. .rii-ft"erent weighting calculatic7ns, O ~ b e r  changes & r e  
h a r 6 . e ~  :c ~ ' 3 k i .  eve ~it!-!out  a 1~1,lrnerics.L ?va lua t ion  system, e  , g , mking  bile 
system give  high p r i o r i t y  30 f i n d i n g  very s h o r t  ho r i zon ta l  l i n e s  near i s o -  
l a t e d  do t s  ari"la.rge &Lagoad  b a r s ,  S2 t  it  i s  n o t  c l e a r  t h a t  people car1 
e a s i l y  cope % r i . t h  a , r b i t r a r y  m.d complex a t ten t ion- focuss ing  i n s t m c t i o n s  
e i t h e r ,  



Top-down p m c e s s i n g  i n  WEARSAY uses  goa ls  added t o  t h e  data-base 
which t r i g g e r  r e l e v a n t  procedures ,  I n  POPEYE ( a s  i n  people?)  much top-  
down process ing  involves  a  h ighe r - l eve l  process  a r e c t l y  sending a  
recpes t  t o  a  lower- leve l  t o  do i t s  s t u f f  i n  a p a r t i c u l a r  r eg ioc  of t h e  
image space, with some of i t s  c r i t e r i a  m d i f i e d  je,g,  i f  a  h o r i z o n t a l  
l i n e  i s  wanted, t hen  t h e  dot-scanner should be l e s s  f u s s y  about 5ccepi;ixag 
evidence f o r  h o r i z o n t a l  l i n e s  i n  t h e  s p e c i f i e d  r eg ion , )  Again, REARSAY 
allows m r e  s e n s i t i v e  scheduling,  whereas POPEYE i s  s impler  and cheaper 
t o  do, The s i m p l i c i t y  makes it m r e  l i k e l y  t h a t  a  program will one day 
be  a b l e  t o  do task-dependent re-scheduling,  It i s  n o t  obvious what t h e  
t r ade -o f f s  a r e ,  Krch depends on  t h e  k ind  ~f  world t h e  progran; i s  expected 
t o  cope d t h ,  on t h e  tasks  i t  i s  t o  perform i n  t h a t  world, and t h e  c o s t s  
of v a r i o u s  kinds o f  e r m r s  and de lays ,  

HEARSAY u s e s  searching  mechanisms a b l e  t o  cope t d t h  co-exis t ing  com- 
pe t ing  h~ypotheses,  whereas 07J.r phi losophy i s  t o  assume t h a t  when one can- 
no t  choose between a l t e r n a t i v e s  one should desc r ibe  what i s  c o m n  t o  
them ( c f ,  d i s c r imina t ion  n e t s ) ,  o r  i gnore  them, then  work a n  some o t h e r  
su,b-task, hoping t h a t  emerging con tex t  w ~ l l . .  r e so lve  t h e  ambigujty, E ,g ,  
i f  r e l a t i o n s  between ambiguous l imb- l ike  shapes m y  unambiguously i d e n t i f y  
a  human f i g u r e ,  t hen  d o n ' t  waste resources  genera t ing  both Leg asid arm 
hypotheses f o r  d.1 t h e  shapes (~aul 1376), Simpler. s e a r c h i ~ g  i s  t r aded  
aga ins t  more e l a b o r a t e  s t r u c t u r a l  desc r ip t ions ,  i n  m r e  domains ( f i g u r e  21, 
This approach cmfiot cope with r e a l l y  d i f f i c u l t  s i t u a t i o n s  e ,g ,  puzzle 
p i c t u r e s ,  Where m r e  problerL-solving power i s  needed, and n o t  merely 
domain-specif i c  e x p e r t i s e ,  we a r e  experimenting ~ n l t h  t h e  mechanism de:;- 
cr ibed  by BBirch and a  r e l a x a t i o n  rnechmisrn f o r  combinatorial  sea.rch con- 
t r o l l e d  b y  '"references".  i in ton 197& 7 977). 

Domain-specif ic r eg re sen ta t ions  

Because of  t h e  huge amnimts of da.ta i n  visual images and t h e i r  interpre-  
t.a.tions, s p e c i a l i s e d  r ep re sen ta t ions  a r e  needed, so t h a t a c c e s s  t o  i n f o r -  
mation i s  r a p i d ,  and m t u a l l y  r e l e v a n t  fragments mag be  l i n k e d  t o  form 
s2gn i f i cm. t  cu.es without  ecormus  combinatorial  searches,  

E,g, on f5.ndin.g a  d o t  ir; the a r r ay ,  POPEYE can quick ly  check whether. 
t h e  l o c a l  context  i s  messy and ambiguous, s i n c e  neighbouring d o t s  a r e  
r e a d i l y  accessTble,  S imi l a r ly ,  t h e  p i c t u r e  i s  mapped i n t o  an a r r a y  of 
"zonesF' each o f  which knows about i n p o r t a n t  image o r  scene fragments 
l o c a t e d  there .  Every u o r i e n t a t t o n "  s t o r e s  knom ( f f i . n f in i t  e" ) l i n e s  i n  
t h a t  o r i e n t a t i o n ,  i n  an ordered  chain, so t h a t  each can q ~ i c k l y  f i n d  i t s  
neighbou.rs, and P O P m  can a_uicF.y examine dl l i n e s  b e t m e n  two given 
l i n e s ,  Each l i n e  l i s t s  t h e  i m ~ o r t a i t  Line-segments and gaps which l i e  
a long it,  ordered  a s  .they occur  i n  t h e  p i c t u r e ,  k line-segment knows 
about bar-walls hypothesi..sed a s  lgiing on i t ,  Two b a r s  may sha re  a  seg- 
ment, one on each s i d e ,  Each b a r  w d l -  krmws abou-L t i le  b a r  T t  i s  a  r;ijii.. o f ,  
m d  about t h e  segment dep ic t ing  it,  A b a r  knows ab0u.t i t s  w a l l s ,  i t s  
major a x i s ,  t h e  junc t ions  ~ 5 t h  otlle- b a r s  w i t h  which i t  mergesJ e t c ,  Many 
inzage and scene s 'Lmctures  have an i n t r i n s i c  d i rec t ion-sys tem as soc ia t ed  
1 6 t h  them, dbf ln ing  a  f r o n t  end and a back end, a l e f t - s i d e  and a r igh t -  
s i d e ,  e t c ,  This  i s  used by  orienta"lon-indepel1.de11-t~ p rog ram f c ! ~  mmipu- 
l a t i n g  then,  

P r o b l e ~ i  of  no t ic i .ng sign:i,.ficant subs%~~.crttur.es w h E l  st such a network 
gmws are  n o n - t r i v i a l ,  a ~ d  so  f a r  we have on1.y pa r t i a l .  s o l u t i o n s ,  Birch 



( 1  978) desc r ibes  one approach, coni5ining r ecogn i t i on  and segmentation, 
i n  a  s e l f  - improvhg d i sc r imina t ion  n e t ,  

D i f f e ren t  c a t e g o r i e s  of ;ub-processes d i s t i ngu i shed  by t h e  scheduler  
correspond roughly t o  a v a r i e t y  ?f " in te rmedia teu  r ep re sen ta t ions ,  
s t o r i n g  p a r t i a l  r e s u l t s  of process ing ,  minimising t h e  need f o r  backtracking,  
i, e ,  a l lowing s t m ~ c t u r e - s h a r i n g  between &iff e r e n t  searches ,  (Marr ( 1 976 ) 
c a l l s  t h i s  ?The p r i n c i p l e  of l e a s t  commitment \ CCf. Sloman and Hardy 1976 
p 252 . )  We have t o  examine many image and scene-fragments t o  d i scove r  
t h e  s i g n i f i c a n t  k inds  of s t r u c t u r e s  and r e l a t i o n s ,  The hardes t  t a s k  i s  
f i r iding good desc r i p t i o n s  , e s p e c i a l l y  d e s c r j p t i o n s  capable  of  adequate ly  
r ep re sen t ing  incorripletely ana lysed  s t r u c t u r e s ,  t h e  " intermediate"  rep- 
r e s e n t a t i o n s ,  This  s tudy of t h e  s t r u c t u r e  o f  t h e  t a s k  domain i s  m a l o -  
gous 50 l i n g u i s t i c  s t u d i e s  of  t h e  grammar and semantics of languages,  
The need t o  cope wi th  p a r t i a l  information i n  a  performing system l e a d s  
t o  a  r i c h e r  on to logy  thwi a  s2udy of 'kompetence". 

We a r e  s tudying a  v a r i e t y  of  d i f f e r e n t  s o r t s  of images and scenes,  Ide 
s t a r t e d  with p i c t u r e s  l i k e  t h o s e  i n  f i g u r e  1 f o r  va r ious  reasons,  i n c h -  
cling : 
( a )  People can i n t e r p r e t  them c a r  g e t  b e t t e r  w i th  p r a c t i c e ) ,  so 

t h e r e  i s  a  relevant  h u m  a b i l i t y  t o  be  expla-bed ,  
(b) Progres s ive ly  m r e  d i f f i c u l t  examples can be produced, with p o s i t i v e  

o r  nega t ive  n o i s e  m d  confusing occ lus ions  and jux tapos i t i ons ,  t o  
t e s t  t h e  program" a b i l i t y  t o  degrade g race fu l ly ,  

( c )  A s  shorn in f i g u r e  2,  s e n s i b l e  i n t e q r e t a t i o n  of t h e  p i c t u r e s  r equ i r e s  
knowledge about s t r u c t u r e s  in d i f f e r e n t  domains, 

(d) Some of  t h e  image s t r u c t u r e s  a l s o  a r i s e  i n  p i c t u r e s  of  3-B blocks- 
world scenes,  

( e )  Information f1.owin.g z c r o s s  donains enables  reChndancy t o  be  used  t o  
f i n d  a  good g loba l  i n t e r p r e t a t i o n  ~ d t h o u t  process ing  a l l  d e t a i l s ,  

(f) Computer-generated p i c t u r e s  enab le  u s  t o  do some u s e f u l  work d e s p i t e  
t h e  l a c k  of  TV equipment and a  sho r t age  of space i n  our  computer, 

What i s  he te rarchy?  

POPFIE i s  a s t e p  towards a h e t e r a r c h i c  system which could be  implemented 
on d i s t r i b u t e d  processors .  Some t ake  "heterarchyl' to r e f e r  t o  t h e  use  

of  f ancy  c o n t r o l  s t m c t u r e s ,  We t h i n k  it i s  a  n e g a t i v e l y  def ined  con- 
c e p t ,  con t r a s t ed  wi th  h i e ra rchy ,  A h i e r a r c h i c a l  pe rcep tua l  system i s  
one which can b e  represented  a s  a l i n e a r  p i p e l i n e  of processes  thus :  

Inp1.L ---2 PI --3 1 2  ---3 F3 ---> Pk ---> Output 

m e r e  arrows r ep resen t  f low of d a t a  and, i n  a  s e r i a l  pyocessor,  c o n t r o l ,  
A siwle-minded a l t e r n a t i v e  i s  t o  permLt feed-back loops  between sub-processes,  
so t h a t  n o t  all t h e  arrows go one way, A m r e  complex a l t e r n a t i v e  i s  $0 
p o s t u l a t e  s e v e r d  p a r a l l e l  p ipe - l i nes  through which i & o r m t i o n  can flow, 
r&th a d d i t i o n a l  m u t e s  f o r  p o s s i b l e  feed-back, feed-across ,  and feed-  
fomrard, a s  i n  f i g u ~ e  3 (op t iona l  i npu t s  r ep re sen t  p r i o r  expec ta t ions ) ,  
Each P i j  m y  have s e v e r a l  nrb-processes a c t i v e  a t  d i f f  e r e n t  l o c a t i o n s  i n  
t h e  p i c t u r e  - ( s ee  f i g u r e  21, 



I n  P O P m  t h e r e  i s  a  genera l  d r i f t  o f  i n f o r m t i o n  along each pipe- 
l i n e  a d  fmm lower p i p e l i n e s  t o  h i g h e r  ones,  b u t  wi th  occas iona l  sho r t -  
c i r c u i t s ,  Each l a y e r  i s  concerned wi th  a d i f f e r e n t  domain ( f i g u r e  2), 
Wit'nin a  l a y e r ,  o r  p i p e l i n e ,  in format ion  tends ,  on t h e  whole, t o  f low 
fmm s d l e r  t o  l a r g e r  (h ighe r -p r io r i t y )  s t r u c t u r e s ,  But t h i s  i s  ody 
a d e f a ~ l t ,  over-r idden by d e t e c t i o n  o f  s i g n i f i c a n t  cues o r  t h e  use  of 
p r i e r  expec ta t ions  and h ighe r - l eve l  knowledge, caus ing  h-ypotheses Gr 
reqi lests  t o  be  f o r m l a t e d  which earn f l o w  up o r  down between l a y e r s ,  o r  
s k i p  backwards o r  forward w i t h i n  a l a y e r ,  

So r ecogn i t i on  of  some fragment can make t h e  system jump t o  a  m ~ .  
g loba l  hypothes is  about a  l a r g e r  whole conta in ing  i t ,  o r  an i n t e r p r e -  

t a t i o n  i n  a  c?ifferent domain, A high-level  cue may invoke t h e  c o r r e c t  
g loba l  i n t e q r e t a t i o n  w h i l e  m c h  lower- level  processing i s  s t i l l  incom- 
p l e t e ,  The e f f e c t s  of such knoc~ledge-based jumps i n  process ing  a r e ,  we 
be l i eve ,  m y e  important  than  t h e  advantages gained from us ing  general-  
purpose mathematica.lly c o ~ p l e t e  o r  even o p t i m l  search s t r a t e g i e s  w i th in  
,any o r e  problem-spac e ,  
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