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Abstract  
Why do people i n t e r p r e t  sketches-ns, etc. so eas i l y?  A theory i s  
ou t l i ned  uhich accounts f o r  the  r e l a t i o n  betueen ordinary v i s u a l  
percept ion and p i c t u r e  i n te rp re ta t i on .  Animals and v e r s a t i l e  robots 
need fast, genera l ly  r e l i a b l e  and "gracefu l ly  degrading" v i sua l  systems. 
This can be achieved by a h igh l y -pa ra l l e l  organisation, i n  uhich 
d i f f e r e n t  domains o f  s t ruc tu re  are processed concurrently, and decis ions 
made on the basis o f  incomplete analysis. Attendant r i s k s  are 
diminished i n  a " cogn i t i ve l y  f r i e n d l y  uokld" (CFW). Since high Levels 
o f  such a system process i nhe ren t l y  impoverished and abstract  
representations, i t i s  i d e a l l y  su i t ed  t o  the i n t e r p r e t a t i o n  of p ictures.  

1. I s  the study o f  impoverished p i c tu res  relevant t o  'fit vis ion? 
A 1  v i s i on  uork concerned u i t h  oictures,  inc lud ing d i a i t i s e d  ohotoeraohs. 
s t ra igh t - l i ne  drauings and cartoons, etb. has r i c e n t i y  been c r i t i cSsed  as 
i r r e l e v a n t  t o  v i sua l  percept ion o f  ob jec ts  i n  the  environment, CLocksin C19781. 
Related themes can be found i n  Horn C19781. I t  can be argued tha t  studying 
impoverished p i c tu res  u i t h  great Local ambiguity leads t o  overemphasis on top- 
doun, knouledge-guided v i sua l  processes! as i n  Sh i ra i  C19751 and Minsky C19751, 
and on complex con t ro l  structures, as i n  POPEYE C*21. Lack o f  d e t a i l  i n  
a r t i f i c i a l  images causes d i f f i c u l t i e s  o f  i n t e r p r e t a t i o n  uhich, i t  may appear, do 
not ar ise  i n  ord inary  perception, uhere disambiguating d e t a i l  i s  provided by 
colour, stereopsis, o p t i c a l  flow, etc. Admittedly images in terpre ted by most 
A.I. programs Lack many features ava i lab le  even i n  monocular percept ion of 
s t a t i c  scenes, from uhich use fu l  in format ion  can be extracted u i t h  powerful  
a lgor i thms and computational resources. CMarr 1976, Horn 1978 and papers c i t e d  
therein]. Horn's claim: 'ue may have closed our eyes t o  the raw image f o r  too  
Long', i s  reasonable, and supported by h i s  oun exce l len t  uork on images. But ue 
mustn't nou close our eyes t o  a l l  else. 

Ex t rac t ion  o f  Lou l eve l  image and scene features i s  but a sub-process of the  
v i sua l  mechanism. That a powerful  subsystem i s  normally used does not imply 
tha t  i t  i s  essent ia l  f o r  v is ion.  Stereopsis c e r t a i n l y  occurs, and needs t o  be . 
explained, but our a b i l i t y  t o  perform everyday tasks u i t h  j us t  one eye a lso  
needs explanation. Simi lar ly,  we can o f t en  recognise th ings uhen d e t a i l  i s  
missing, or spurious in format ion  added, through poor v i s i b i l i t y ,  eye defects, 
strong back-l ighting, r e s t r i c t e d  view angle, or in terven ing shruberry. 
Normally, ue use perceived d e t a i l  t o  segment the scene i n t o  objects, but 
sometimes the grouping must go beyond considerat ion o f  image con t i nu i t i es  and 
d i scon t i nu i t i es  because o f  occu l t a t i on  o f  some ob jec ts  by others, camouflage, 
shadows or spurious jux tapos i t ions .  A L L  t h i s  suggests considerable modularity: 
various sub-systems produce information, perhaps p a r t l y  dupl icated by other 
sub-systems, and Less precise in format ion  may s u f f i c e  i f  the  i d e a l  i s  not 
avai lable.  This modular i ty could a l l o u  a component uhich i d e a l l y  should be 
dr iven by the data, t o  be dr iven instead by p r i o r  knowledge ac t iva ted by other 
data. This might exp la in  both our f a c i l i t y  u i t h  impoverished p i c tu res  and the 
occurrence o f  misperceptions even i n  exce l len t  condi t ions (uell-knoun examples 
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How can we f u n c t i o n  so +jet: when so much d e t a i l  i s  l o s t ?  Recogn i t i on  o f  sketchy 
drawings can be r a p i d  and e f f o r t l e s s  CHochberg 1978, page 193, c i t i n g  Ryan and 
Schuartz l .  Perhaps, when we look  a t  p i c tu res ,  i n t e r m e d i a t e  r e s u l t s  o f  t h e  
i n t e r p r e t a t i o n  process are s i m i l a r  t o  some i n t e r m e d i a t e  (sketchy)  r e s u l t s  o f  t h e  
processes o f  normal p e r c e p t i o n ?  Perhaps normal p e r c e p t i o n  uses mechanisms w i t h  
b u i l t - i n  c h a r a c t e r i s t i c s  designed t o  cope w i t h  abnormal, s p e c i a l l y  d i f f i c u l t ,  
s i t u a t i o n s ?  Our c e n t r a l  i dea  i s  t h a t  v i s u a l  systems process many d i f f e r e n t  
domains o f  s t r u c t u r e  i n  p a r a l l e l .  So a n a l y s i s  o f  r e l a t i v e l y  "high-level", 
abstract ,  incomplete, representat ions,  sometimes occurs & p a r a l l e l  w i t h  
d e t a i l e d  analyses o f  v i s u a l  data. C*31 Higher  Level  processes would then  be 
d r i v e n  i n  p a r t  by p r i o r  knowledge o f  s p e c i f i c  s o r t s  o f  o b j e c t s  (e.g. g e n e r a i i s e d  
cy l inders,  humanoid f igures) ,  l o w e r s  ma in ly  by ve ry  genera l  ( i m p l i c i t )  
knowledge about 3-D surfaces, L ight ing,  motion, etc. O c c a s i o n a l l y  such h igh-  
l e v e l  processes would reash conc lus ions  which a r e  over tu rned  by more d e t a i l e d  
analys is ,  e.g. t h e  "double take". However the  d i f f e r e n t  processes would 
norma l l y  produce compat ib le r e s u l t s ,  making p o s s i b l e  t h e  m o d u l a r i t y  r e f e r r e d  t o  
above. How? 

A b a s i c  assumption i s  t h a t  t h e  v i s u a l  system has evo lved  t o  work i n  a 
" C o g n i t i v e l y  F r i e n d l y  World", a CFW, (which may be very  u n f r i e n d l y  i n  o t h e r  
respects) .  Here a r e  examples o f  c o g n i t i v e  f r i e n d l i n e s s :  
(A) The o p t i c  a r r a y  i s  r i c h  i n  u s e f u l  i n f o r m a t i o n  about t h e  environment -- as 

noted above. T h i s  i s  due i n  p a r t  t o  t h e  s o r t s  o f  su r faces  o b j e c t s  have, i n  
p a r t  t o  a p l e n t i f u l  supply o f  s h o r t  wave-length r a d i a t i o n  and a t ransparen t  
atmosphere. (N.B. t h e  Last two c o n d i t i o n s  a re  ve ry  va r iab le . )  

(0) The space o f  p h y s i c a l l y  p o s s i b l e  o b j e c t s  and processes i s  sparse ly  
i n s t a n t i a t e d  i n  t h e  a c t u a l  wor ld  ( u n l i k e  sc ience f i c t i o n ) ,  i.e. t h e r e  i s  
L im i ted  independent v a r i a t i o n  o f  f e a t u r e s  and r e l a t i o n s :  t h i s  makes images 
redundant. Th is  i s  i l l u s t r a t e d  by p l a n a r i t y ,  c o n t i n u i t y ,  r i g i d i t y ,  etc. 
(Marr C19791) and the  f a r t  t h a t  no animal  has t h e  ear o f  a zebra and t h e  
body o f  a g i r a f f e .  

( C )  Confdsing coinc idences (e.g a c c i d e n t a l  a l ignments and j u x t a p o s i t i o n s )  a r e  
rare.  Th is  depends bo th  on t h e  k i n d  o f  environment and on t h e  Low 
p r o b a b i l i t y  o f  such v iewpo in ts  f o r  any g iven  scene. 

To make dse o f  (A) a v i s u a l  system needs good d e t e c t o r s  f o r  f e a t u r e s  o f  t h e  
o p t i c  array. Since these depend on Laws o f  phys ics  they  don ' t  va ry  much from 
one p a r t  o f  the  wor ld  t o  another and t a n  be u s e f u l l y  compiled i n t o  hardware. I f  
we have evolved mechanisms t o  t a k e  advantage o f  (A), might  we no t  a l s o  have 
evolved mechanisms t o  take  advantage o f  (B) and (C)? Us ing  ( 6 )  r e q u i r e s  u s i n g  
knowledge o f  what s o r t s  o f  o b j e c t s  a c t u a l l y  occur, e.g. knowing about cy l inders ,  
about r i g i d i t y ,  and about zebras and t h e i r  ears. Some o f  t h i s  (e.g. many 
o b j e c t s  a re  L o c a l l y  r i g i d )  i s  u s e f u l  i n  n e a r l y  a l l  environments, and might  be 
b u i l t  i n t o  g e n e t i c a l l y  determined mechanisms, w h i l s t  some (e.g. uhat  s o r t s  o f  
p lants,  animals, o r  bu i ld ings ,  a re  common) w i l l  va ry  cons iderab ly  and must be 
Le f t  t o  i n d i v i d u a l  learn ing.  Making use o f  (C) i n v o l v e s  hav ing  good process 
o rgan isa t ion ,  t o  f i n d  t h e  ' b e s t '  pe rcep ts  [H in ton  19771. 

A consequence o f  (0) and ( C )  i s  t h a t  u s u a l l y  any good i n t e r p r e t a t i o n  o f  a v i s u a l  
image w i  11 be unique, and t h e r e f o r e  t h e  b e s t o n e .  (0) and ( C )  c o u l d  a l s o  
j u s t i f y  h igher  l e v e l  processes jumping t o  knowledge-guided conc lus ions  on t h e  
b a s i s  o f  p a r t i a l  r e s u l t s  from Lower l e v e l s .  T h i s  c o u l d  enab le  good d e c i s i o n s  t o  
be made i n  poor v iew ing  condi t ions,  and i n  good c o n d i t i o n s  would enable 
d e c i s i o n s  t o  be made f a s t e r .  ( A l l  o f  t h i s  i s  demonstrated i n  a ve ry  s imp le  
world, by t h e  Popeye program C*21.) So, assumption (A) i s  o f  use i n  good v iew ing  
c o n d i t i o n s  where o b j e c t s  are un fami l i a r ,  whi 1 s t  (B) and ( C )  a r e  o f  use where 



condi t ions are bad but objects are f am i l i a r .  A system designed w i th  t h i s  
f l e x i b i l i t y  might acquire a  speed advantage where a l l  o f  (A)  ( 0 )  and (C)  are 
sa t is f ied ,  i f  d i f f e r e n t  sub-systems work i n  p a r a l l e l .  I t  would s t i l l  have t o  be 
bas i ca l l y  data-driven (bottom-up) i f  serious mistakes are t o  be avoided, but i t  
need not be pass-oriented, w i t h  each layer  wa i t ing  f o r  lower l eve l s  t o  
"complete" t h e i r  ana lys is  ( i f  completion has any meaning). 

I f  higher Level systems can operate thus on impoverished data ava i lab le  i n  
adverse conditions, and on incomplete, pa r t i a l ,  r e s u l t s  o f  lower leve ls  i n  good 
condit ions, they should also be able t o  i n t e r p r e t  some h igh l y  impoverished 
a r t i f i c i a l  data, such as we f i n d  i n  pictures.  I f  so, the  i n t e r p r e t a t i o n  of 
p i c tu res  i s  not merely a  c u l t u r a l l y  speci f ic ,  learned, process. I f  ord inary  
percept ion of ob jec ts  and re la t i onsh ips  requires learning, then i n t e r p r e t a t i o n  
o f  p ic tures  o f  the same objects w i l l  not normally requ i re  add i t i ona l  learning, 
on t h i s  view: todd lers  we have observed respond n a t u r a l l y  t o  cartoon drawings of 
f a m i l i a r  s i tuat ions,  without anything Like the s t rugg le  which character ises 
learning t o  read. C C f .  Hochberg and Brooks 1962.1 This i s  not the theory 
c r i t i c i s e d  by Gombrich C19601 and Goodman C19691 t h a t  r e a l i s t i c  pa in t i ngs  and 
drawings produce the same v i sua l  st imulus as the th ings depicted. 

2. Unarticulated, semi-art iculated, a r t i c u l a t e d  representations. 
We have claimed that  v i s i o n  requires f a r  more than e f f i c i e n t  de tec t ion  o f  
features of the op t i c  array, and that  several  d i f f e r e n t  domains o f  s t ruc ture  are 
processed. To exp la in  why, we must ask: what i s  v i s i o n  needed fo r?  An animal, 
o r  robot, uses percept ion t o  make decis ions i n  pu rsu i t  o f  i t s  goals and t o  t e l l  
whether they have been achieved. I t  a lso  needs t o  detect  unexpected dangers and 
opportuni t ies.  A l l  t h i s  requires construct ion o f  representat ions which 
a r t i c u l a t e  the environment i n t o  ob jec ts  w i th  proper t ies  and re la t ionsh ips  o f  
varying sizes and degrees o f  abstractness. Rarely w i l l  the detec t ion  o f  a  
p a r t i c u l a r  fea ture  i n  a  p a r t i c u l a r  Location on the r e t i n a  be very s i gn i f i can t .  
Simi lar ly,  huge data-bases of unar t icu la ted information, l i k e  depth-maps, 
surface colour or t ex tu re  maps, surface o r i en ta t i on  maps, pr imal  sketches CMarr 
19761, can be o f  L i t t l e  use without considerable f u r t he r  processing. They are 
e f f e c t i v e l y  new, enhanced, images, even though they may contain 3-D information. 
Though important f o r  f u r t he r  processing, these una r t i cu la ted  databases are not 
d i r e c t l y  use fu l  f o r  dec is ion  and action: on l y  genera l isa t ions  re la ted  t o  g loba l  
image s t a t i s t i c s  can be learned or  invoked e.g. ' l o t s  o f  green', but not 'plum 
on tree', might be recognised. 

To some extent groupings o f  fragments o f  informat ion i n t o  la rger  wholes can be 
achieved by p a r a l l e l  " local"  computations, e.g. r e l axa t i on  techniques l i n k i n g  
items subject t o  const ra in ts  CHinton 1977, Radig 1978, Fr isby  and Mayhew t h i s  
conference]. I f  the l i n k s  e x i s t  without e x p l i c i t  desc r i p t i on  o f  the proper t ies  
and re la t i ons  o f  the Linked groups, the database i s  semi-articulated. The 
process of grouing such Links may enable some use fu l  gCobal s t a t i s t i c s  t o  be 
collected, but represents objects on l y  i m p l i c i t l y .  Though prov id ing a  use fu l  
intermediate stage, a semi-art iculated database does not e x p l i c i t l y  represent 
one object  as above, inside, between, or  able t o  f i t  into, others. Such 
in format ion  i s  then not ava i lab le  f o r  deciding, planning and learning. (Compare 
Marr's ' p r i n c i p l e  o f  e x p l i c i t  naming' CMarr 19761. The same po in t  was made i n  
Minsky C19611.) 

Further study o f  v i sua l  a r t i c u l a t e d  representat ions requires ana lys is  o f  types 
of act ions performed by d i f f e r e n t  animals. (Some b i r d s  can Learn t o  use a  foo t  
t o  depress one end o f  a  lever, exposing food behind the other end. This 
probably involves a r t i c u l a t i n g  the lever i n t o  parts, e.g. ends, capable o f  
d i f f e r e n t  though causal ly l inked motions.) I t  seems u n l i k e l y  t h a t  a  smal l  number 
o f  mathematically simple s t ruc tures  (e.g. general ised cy l inders)  w i t h  a  small 



number o f  mathemat ica l l y  s imple r e l a t i o n s h i p s  (e.g. equa t ions  l i n k i n g  co- 
o r d i n a t e s )  w i l l  s u f f i c e  f o r  human percept ion.  Besides crumpled newspapers 
(despaired o f  b y  Marr C19791) we see f i e l d s  and f o r e s t s .  S i m i l a r l y ,  c l u t t e r e d  
scenes made even o f  "clean" c y l i n d e r s  w i l l  have messy s t r u c t u r e  a t  Larger 
scales, l i k e  Large s e t s  o f  axioms i n  a  theorem-prover's database. To d i s c e r n  
s i g n i f ' i c a n t  o b j e c t s  and r e l a t i o n s  i n  Large and messy c o l l e c t i o n s  o f  image and 
scene f e a t u r e s  we need a  much r i c h e r  d e s c r i p t i v e  vocabulary than  A 1  v i s i o n  
programs have h i t h e r t o  incorporated.  T h i s  i s  why m u l t i p l e  domains a r e  
important .  

3. M u l t i p l e  domains 
c l o u ~ , ~ n d  Stanton [ I9701 s t ressed  t h a t  v i s u a l  p e r c e p t i o n  and 
p i c t u r e  i n t e r p r e t a t i o n  do not  s imp ly  i n v o l v e  d e s c r i p t i o n  o f  image s t r u c t u r e s .  
They descr ibed "mapping r u l e s "  l i n k i n g  d i f f e r e n t  non-isomorphic domains. A 
domain i s  a  c lass  o f  s t r u c t u r e s  d e f i n e d  by a  "grammar" o r  s e t  o f  axioms (e.g. 
3-D Eucl idean geometry). Scenes have q u i t e  d i f f e r e n t  "grammars" from images. 
Th is  needs t o  be genera l i sed  (as i n  Hearsay and Popeye) t o  a l l o w  many domains, 
w i t h  d i f f e r e n t  though p o s s i b l y  over lapp ing  grammars. Very b r i e f l y ,  t h i s  i s  
because u s i n g  many d i f f e r e n t  domains a l lows:  (a) ' s t r u c t u r e  shar ing '  betueen 
processes o f  recogn is ing  d i f f e r e n t  s o r t s  o f  objects,  (b) i n t e r m e d i a t e  r e s u l t s  o f  
p rocess ing  t o  be r e l a t i v e l y  secure even i f  back- t rack ing  i s  r e q u i r e d  a t  h i g h e r  
levels ,  (c)  h igher  Levels t o  recognise impor tan t  scene f e a t u r e s  b e f o r e  lower 
Level processing i s  complete (see below) (d) h i g h  l e v e l  r e c o g n i t i o n  d e s p i t e  poor  
Low-Level d e t a i l ,  ( e l  da ta  d e r i v e d  from an image t o  be u s e f u l l y  s t r u c t u r e d  
(compare ' S c r i p t s '  and 'Frames'), ( f )  goa l -d i rec ted  a c t i v a t i o n  o r  d e - a c t i v a t i o n  
o f  l a r g e  chunks o f  knowledge (e.g. 'menta l  set ' ) ,  and (g) communication between 
d i f f e r e n t  sensory m o d a l i t i e s .  

A.I. v i s i o n  work has so f a r  focussed on a  sma l l  number o f  mathemat ica l l y  
t r a c t a b l e  s p e c i a l  cases. A  good survey o f  t h e  d i f f e r e n t  domains o f  s t r u c t u r e s  
u s e f u l  i n  v i s u a l  p e r c e p t i o n  i s  s t i l l  Lacking. L i k e l y  r e l e v a n t  domains i n c l u d e  
2-D a r rays  o f  changing c o l o u r  and i n t e n s i t y ,  2-D c o n f i g u r a t i o n s  o f  l i n e s  and 
reg ions  and o f  tex tu re ,  domains i n v o l v i n g  p a t t e r n s  o f  mot ion  i n  b o t h  2-D and 
3-D, over lapp ing  2-D s i l h o u e t t e  shapes [Paul 19761, curved and f l a t  3-D 
surfaces, bo th  2-D and 3-D s t i c k  f i g u r e s  [Palmer, 19751, v a r i o u s  domains 
i n v o l v i n g  fo rces  and a  v a r i e t y  o f  cause-ef fect  r e l a t i o n s ,  i n t e n t i o n a l  a c t i o n s  
etc., p r o p e r t i e s  L i k e  f l e x i b i l i t y ,  r i g i d i t y ,  e l a s t i c i t y ,  hardness, etc .  Besides 
p lane surfaces, edges, v e r t i c e s  and genera l i sed  c y l i n d e r s  f o r  r e p r e s e n t i n g  
shapes, we p robab ly  need genera l i sed  spheres, hemispheres, bags, tubes, s t r i n g s ,  
etc. I n  a d d i t i o n  we need models f o r  s i g n i f i c a n t  p a r t s  o f  such o b j e c t s  and t h e i r  
surfaces, l i k e :  hol lons,  grooves, holes, Lumps, r idges,  openings, rims, etc., 
and models f o r  r e l a t i n g  one t o  another  ( the  groove runs across t h e  hol low).  
Features and r e l a t i o n s  i n v a r i a n t  under n o n - r i g i d  t rans fo rmat  i o n s  a r e  
p a r t i c u l a r l y  impor tan t  i n  our  world. We a l s o  need a  l a r g e  c o l l e c t i o n  o f  schemas 
f o r  types o f  mot ion and ac t ion :  moving towards, moving away from, moving in to,  
f l a t t e n i n g ,  t w i s t i n g ,  f o l d i n g .  Compare Hayes on ' n a i v e  p h y s i c s '  C19791. 
S tud ies  o f  p i c t u r e s  and car toon movies can y i e l d  u s e f u l  i n s i g h t s  i n t o  t h e  
s t r u c t u r e s  deployed i n  p e r c e p t i o n  [Draper 19601. Of course, i t  i s  hard  t o  
s p e c i f y  how such models may be represented, invoked, etc. i n  a  working, system. 
I s  a l l  t h i s  " c o g n i t i o n "  r e l e v a n t  t o  v i s i o n ?  A major f e a t u r e  o f  v i s u a l  l e a r n i n g  
i s  l i n k i n g  new domains i n t o  t h e  v i s u a l  system - e.g. Learning t o  see t h e  
muscular s t r u c t u r e  o f  human bodies, f o r  a r t i s t i c  o r  medicai  purposes, l e a r n i n g  
t o  see when i t  i s  sa fe  t o  cross t h e  road. There i s  no sharp boundary between 
p r a c t i c a l l y  u s e f u l  v i s i o n  and cogn i t i on .  



4. The domain o f  images 
The s t ruc ture  o f  the 2-D image domain i s  important f o r  both p i c t u r e  
i n t e r p r e t a t i o n  and normal v is ion :  uhy? Goodman C1969 p.381, re jec t i ng  the idea 
tha t  p i c tu res  and ob jec ts  produce s im i l a r  v i s u a l  input, accounts f o r  the 
"realism" of some p i c tu res  i n  terms o f  f a m i l i a r i t y .  But t h i s  f a i l s  t o  exp la in  
why even a  two year o l d  c h i l d  can learn  some p i c t o r i a l  styles, wh i l s t  others, 
though mathematically equa l ly  adequate, seem much harder. The human v i s u a l  
system does not work w i t h  a r b i t r a r y  combinations o f  image elements, but, as the 
Gestal t  psychologists noted, i s  Largely constrained t o  use cont inui ty,  
proximity, smoothness, concurrency, symmetry, containment, and other geometric 
and topo log ica l  re lat ionships,  f o r  l i n k i n g  Low-Level features i n t o  cues which 
invoke more abstract  or g loba l  representations, which may themselves be 
s i m i l a r l y  t reated. A grasp o f  such re la t ionsh ips  i s  required f o r  i n t e r p r e t i n g  
p ic tures  also. However, much r i che r  image desc r i p t i on  languages are required 
than ex i s t i ng  A 1  programs can handle: many can on ly  describe the topology, and a  
feu  met r ica l  propert ies,  o f  networks o f  s t ra igh t  l i nes  or  p i c t u r e  regions. 
Others provide a  simple semi-art iculated desc r i p t i on  w i th  no grasp o f  the 
impl ied s t ruc ture  Ce.g. Radig 19781. 

Further, a r t i c u l a t e d  3-D i n te rpre ta t ions ,  required f o r  planning actions, can be 
Linked t o  imase s t ruc tures  t o  f a c i l i t a t e  ~ rocess ing .  For instance, t o  answer the 
question "what i s  Y going t o  hi t?",  " w i l l  I pass near A i f  I go s t ra igh t  towards 
B?" one can " t raverse" the relevant pa r t  o f  the image t o  f i n d  the relevant b i t  
o f  the 3-D i n te rp re ta t i on .  Moreover, our theory impl ies  tha t  i n  v i sua l  
percept ion and i n  p i c t u r e  in terpre ta t ion ,  descr ip t ions  o f  par ts  o f  a  complex 3-D 
scene are b u i l t  up i n  pa ra l l e l .  The l i n k i n g  of incomplete descr ip t ions  o f  
d i f f e r e n t  par ts  of the scene t o  form la rger  structures, w i l l  be f a c i l i t a t e d  i f  
the 3-D s t ruc tures  are c lose ly  re la ted  t o  the network o f  descr ip t ions  o f  2-D 
image s t ruc ture  - the l a t t e r  p rov id ing indexing or addressing routes. C*41. 
This appl ies t o  both r e a l  v i s i on  and i n t e r p r e t a t i o n  o f  p ic tures .  (More on t h i s  
below. 

So, against Goodman ue claim tha t  " f a m i l i a r i t y "  o f  p i c t o r i a l  representat ions i s  
not a  matter o f  frequency, but depends i n  pa r t  on the uay 2-D re la t ionsh ips  are 
used i n  normal v is ion .  O f  course, mere s i m i l a r i t y  o f  domains does not s u f f i c e  
t o  exp la in  f a c i l i t y  w i th  pictures.  Maps a lso  make use o f  2-D s t ruc tures  and 
relat ionships,  ye t  learn ing t o  use a  map t o  f i n d  one's uay around i s  harder than 
i n t e r p r e t i n g  p ic tures .  This i s  p a r t l y  because our stored knouledge o f  ob jec ts  
i s  addressable by means o f  the k inds o f  a r t i c u l a t e d  representat ions produced by 
both r e t i n a l  images and a r t i f i c i a l  p ictures,  whereas our ' cogn i t i ve  maps' o f  
f am i l i a r  surroundings are not normal ly addressable by the  k inds o f  s t ruc tures  
created when ue look a t  maps. Things might be d i f f e r e n t  i f  ue could f l y !  

5. Reasons f o r  using impoverished a r t i c u l a t e d  representat ions 
There are add i t i ona l  reasons uhy impoverished p i c tu re  s t ruc tures  might be 
re la ted  t o  normal v is ion.  We have already given a general reason uhy a  v i sua l  
system needs t o  be able t o  cope w i th  impoverished representations: a r t i c u l a t i o n  
o f  the scene impl ies  reduct ion o f  information. Other reasons concern 
processing, the purposes o f  v i s i o n  and the environment : 

5.1. Some d e t a i l s  may i n te r fe re .  Much o f  the d e t a i l  ava i lab le  t o  the eye 
ar ises x m  v a r i a b F  conditions, inc lud ing Lighting, atmosphere, vieupoint, 
non-r ig id motion, and changing re la t ions .  The use of abstract  schemas impl ies  
less memory space, f as te r  matching, smaller searches among stored spec i f i ca t ions  
and enables recogn i t ion  o f  i nd i v i dua l s  or  types (abst rac t ing  from i n d i v i d u a l  
de ta i l s )  i n  novel circumstances. I t  a lso  provides the basis f o r  forming 
general isat ions.  



5;2. Some d e t a i l s  aren' t  needed i n  a  " cogn i t i ve l y  f r i e n d l y "  world. I t  may be 
oossible t o  d i s t i nqu i sh  ob jec ts  on the bas is  o f  on ly  a  few features. E.g. a  
;olleague once remarked that  he could recognize a  zebra w i t h  j us t  i t s  ear 
v i s i b l e .  I n  a  CFW where the space o f  poss ib le  s t ruc tures  i s  known t o  be 
sparsely i ns tan t i a ted  ( (B) above), inferences can be made from fragmentary 
evidence. 

5.3. De ta i l s  may be missing or  spurious. As already noted, poor v i s i b i l i t y ,  
na tu ra l  or a r t i f i c i a l  camouflage, eye defects, r ap id  motion, o r  the presence o f  
v i sua l  obstacles, can produce degraded images. I n j u r y  can remove stereopsis. 
Op t i ca l  f low i s  not always avai lable.  Stereopsis and o p t i c a l  f low don' t  he lp  
w i t h  d i s tan t  s ta t i ona ry  scenes. Ex t rac t i ng  g loba l  fea tures  (e.g. s i l houe t te  
descr ip t ions)  from such degraded data sometimes enables recogn i t ion  o f  use fu l  
cues t o  overcome the d i f f i c u l t i e s .  Once again, t h i s  depends on f r iend l iness :  
e.g. important objects having d i s t i n c t i v e  ou t l i nes  from most views. This 
requires assumptions (A)  and (B). 

5.4. Shared s t ruc tu re  i n  memory entr ies.  The system may share recogn i t ion  
processes between d i f f e r e n t  ob jec ts  by using a  d i sc r im ina t i on  net. As p a r t i a l  
spec i f i ca t ions  are bui  l t  up, the set o f  remaining p o s s i b i l i t i e s  narrows. [Birch 
1978 describes such an extension t o  Popeye.3 D i f f e ren t  recogn i t ion  processes 
thus share s i g n i f i c a n t  sub-processes, minimising back-tracking or  b read th - f i r s t  
searching. This uses incomplete descriptions, i.e. intermediate nodes i n  the 
d i sc r im ina t i on  net. 

5.5. The need f o r  speed. Even i n  a  CFW, un f r i end l y  circumstances may demand 
rap id  d e c i s i o n s . T h e t  sec t ion  discusses the relevance o f  incomplete data. 

6. Speed and the processing o f  incomplete representat ions 
Complex a r t i cu la ted  representx ions cannot be created instantaneously. Fast 
p a r a l l e l  processing at  low Levels depends on each processor being concerned w i t h  
a  r e l a t i v e l y  small wel l -def ined p o r t i o n  o f  the data, and being able t o  work 
independently or co-operate w i th  a  r e l a t i v e l y  small set o f  neighbours. Thus, 
even data-flow channels can be 'hard-wired'. (Such mechanisms permit ce r ta in  
non-local interact ions,  v i a  in format ion  propagated through the net.) But 
l o c a l i t y  and independence do not character ise the process o f  a r t i c u l a t i n g  a  mass 
o f  data i n t o  ob jec ts  whose cont r ibu tory  regions change from one image t o  
another. Port ions o f  images relevant t o  a  t r i a n g l e  or t i g e r  vary i n  s ize  and 
shape, and may be s p l i t  i n t o  separate regions by in terven ing objects. Hence 
data-flow cannot be pre-determined, and organis ing data from p a r t i c u l a r  images 
w i l l  therefore take a  s i g n i f i c a n t  amount o f  time, compared w i th  l oca l i sed  
p a r a l l e l  computations. Though detectors f o r  a l l  poss ib le  edges may be 'hard 
wired' i n  advance, detectors f o r  a l l  poss ib le  t r i a n g l e  or  t i g e r  shapes could not 
be s i m i l a r l y  pre-determined, p a r t l y  because o f  the explosion o f  connections, 
p a r t l y  because not a l l  environments include them. The task o f  segmenting, 
aggregating, recognising, and b u i l d i n g  use fu l  scene descr ip t ions  i s  there fore  
inherent ly  much slower than low-level  tasks. Thus there are L imi ts  t o  the  
speed-up ava i lab le  from hard-wired paral le l ism, and other mechanisms t o  speed 
th ings up could be useful :  mi l l i seconds may matter when l i f e ,  or food, i s  a t  
stake. 

Cues invoking prev ious ly  computed informat ion can speed th ings up. This o l d  
idea Ce.g. Roberts 19651 i s  now associated wi th  the 'frames' theory [Minsky 
19751. Compare the idea of a  'phrasal  lexicon'  CBecker 19751. But the theory 
leaves many questions unanswered: on encountering a  new scene where should one 
s t a r t  looking f o r  cues i n  the image? A t  which l e v e l  o f  analysis ( i n  which 
domain) w i l l  the most use fu l  cues be found? How can cues be recognised rap id l y?  
The las t  quest ion i s  very d i f f i c u l t ,  and w i l l  not be answered here. Our answer 



t o  the  f i r s t  two i s  t ha t  as f a r  as poss ib le  ana lys is  should proceed 
simultaneously i n  many Locations and a t  many Levels, s ince the Location or 
domain of the most use fu l  cues cannot be predicted. This should be concurrent 
w i t h  general purpose image processing. Analysis o f  h igher- level  domains cannot 
begin u n t i l  a f t e r  some f low o f  data from Lower-levels, but  i t  need not wai t  f o r  
completion. The s t ruc tu re  o f  such a network o f  processes w i l l  vary from image 
t o  image, so t ime and resources may be saved i f  i t s  growth can be constrained, 
e l im inat ing  or suppressing por t ions  which are not required, and g i v i ng  p r i o r i t y  
t o  those y ie ld ing  use fu l  r esu l t s  - e.g. ac t i va t i ng  and deact iva t ing  whole 
domains. This can be achieved i f  h igh- leve l  s t ruc tures  (where the networks are 
r e l a t i v e l y  smal l )  can be recognised wh i l s t  Lower Level networks are s t i l l  
incomplete. Thus const ruc t ion  o f  the network o f  communicating sub-processes 
uhich i n t e r p r e t  the image, may i t s e l f  be con t ro l l ed  by p a r t i a l  in terpre ta t ions .  

If, at  any Level, there i s  a l o t  o f  p a r t i a l l y  processed information, t h i ngs  may 
be speeded up by t r e a t i n g  the p a r t i a l  r e s u l t s  as a new image, i n  which gross 
features provide use fu l  h igher- level  cues: using redundancy i n  a CFW CSloman 
1978, ch 91. A spec i f i c  purpose (e.g. f i n d i n g  a t o o l )  might be achieved using 
t h i s  gross structure, without wa i t i ng  f o r  d e t a i l s  C*51. So, i n  some CFW 
environments, a l lowing many domains o f  s t ruc tu re  t o  be analysed i n  pa ra l l e l ,  
could speed up actions. Even marginal advantages may in f luence b i o l o g i c a l  
evo lu t ion  when resources are scarce, or  predators p l e n t i f u l .  There i s  a k ind  o f  
recursion i n  our argument, and poss ib l y  a lso  i n  b i o l o g i c a l  evolut ion.  Where 
speed i s  important, the pressure towards fu r the r  decomposition i n t o  p a r a l l e l  
sub-systems i s  great, provided images have s u f f i c i e n t  redundancy, i.e. provided 
i t  i s  a CFW. 

We have not claimed tha t  higher Level processes can in f luence lower levels, 
except perhaps by aborting, or re -d i rec t ing  them. But i t  may be use fu l  f o r  
p a r t i a l  r esu l t s  t o  a f f e c t  some thresholds or even the invocat ion  o f  spec i f i c  
forms of analysis, at  Low levels.  A l te rnat ive ly ,  cogn i t i ve  processes may simply 
con t ro l  the d i r e c t i o n  o f  at tent ion,  wi thout modifying the nature o f  the 
processing. Even i f  animal physiology permits no d i r e c t  downward in f luence on 
the processes uhich generate, say, a pr imal  sketch, there might s t i l l  be good 
reasons f o r  designing a r te fac t s  d i f f e r e n t l y .  I t  would be no d i f f e r e n t  i n  
p r i n c i p l e  from making h igh leve ls  in f luence d i r e c t i o n  o f  gaze, d i l a t i o n  o f  
pupils, convergence o f  two eyes, etc. a l l  o f  which a f f e c t  the low-level image. 

7. Some impl ica t ions  
I n  a m ,  mult i - layered processing can improve f l e x i b i l i t y ,  g racefu l  degradation 
and speed. This appl ies t o  any k ind  o f  a c t i v i t y  requ i r i ng  i n t e l l i g e n t  ana lys is  
and i n te rp re ta t i on  o f  a large amount o f  data, based on exper t ise  i n  the  f ie ld ,  
e.g. so lv ing  a complex mathematical problem, debugging a program, etc. One 
consequence i s  tha t  demands on sub-systems are relaxed. For "instance, i f  
processing o f  l eve l  P has t o  be completed before processing at  l eve l  Q can be 
begun, then i t  i s  important t ha t  P terminate. However, i f  Q can get s ta r ted  
early, then i t  does not matter i f  P re f i nes  i t s  analysis i n d e f i n i t e l y !  I n  
vision, input i s  continuous, so Lower l eve l s  cannot " f i n i s h v  t h e i r  analysis. 
Thus higher l eve l s  must i n  any case operate i n  p a r a l l e l  w i t h  them. 

Moreover, i n  a CFU, mistakes a t  lower Levels can be to te ra ted  without disaster.  
The system must be conservative about t r ansm i t t i ng  items t o  higher- level  
domains, i.e. on l y  sending well-supported reports. Then occasional mistaken 
repor ts  w i l l  not combine u s e f u l l y  w i t h  other repor ts  received a t  t ha t  leve l :  
(compare the r o l e  o f  ' impossible fragments' i n  B i r c h  1978). I f  a r e l a t i v e l y  
large object  i s  recognised on the basis o f  several d i f f e r e n t  fragments reaching 
a high Level, then the chances o f  i t  being a mistake w i l l  be small, assuming 
l im i t ed  independent v a r i a t i o n  o f  object  features. So the system need not 



guarantee f i nd ing  the best i n t e r p r e t a t i o n  o f  any image, as i n  Woods C19771, 
since any good one u i l l  normally be unique, as ue noted above. So i t  u i l l  o f t en  
pay t o  accept a high l eve l  decision, abandon lower Level analysis, and re-d i rec t  
a t t en t i on  t o  the next task [*51. 

A L L  t h i s  depends on knouledge enabling fragmentary evidence t o  invoke spec i f i c  
Larger structures, i.e. the p r i n c i p l e  o f  l i m i t e d  independent var ia t ion .  
General-purpose knouledge about 3-D s t ruc tures  and the p r i n c i p l e s  by which they 
map i n t o  2-D images does not constrain the space o f  poss ib le  scene s t ruc tures  so 
as t o  permit the inference that  any good i n te rp re ta t i on  o f  an image i s  probably 
the best one. E.g. i t  does not r u l e  out the existence o f  animals combining 
features i n  b i za r re  ways. Without spec i f i c  knowledge o f  the  world, de tec t ion  o f  
a zebra's ear would not r u l e  out an animal w i th  a trunk, s i x  legs and tuo t a i l s .  
The world would then not bo a CFW. (This i s  l i k e  employing f requent ly  use fu l  
theorems as u e l l  as axioms, t o  con t ro l  search f o r  proofs i n  a theorem-prover.) 
Our arguments are not relevant t o  the design o f  a machine whose v i sua l  system 
w i l l  never need t o  act quickly, uhich u i l l  always have per fec t  v ieu ing 
condi t ions and which w i l l  o f t en  be t ransfer red t o  a t o t a l l y  new environment 
where on ly  the most general and p r i m i t i v e  knouledge o f  3-D structure,  l igh t ing ,  
etc. w i l l  be o f  use t o  i t. 

O f  course, our para l le l ,  schema driven, system w i l l  sometimes make mistakes: but 
people make mistakes and sometimes learn from them. How? Decomposition i n t o  
sub-systems processing d i f f e r e n t  classes o f  s t ruc tures  provides oppor tun i t ies  
fo r  learning about neu ru les  f o r  l i n k i n g  the d i f f e r e n t  domains, and f o r  
i n h i b i t i n g  the invocat ion  of schemas, as u e l l  as de f i n i ng  new types o f  
structures i n  terms o f  p rev ious ly  knoun substructures. 

8. Problems of incompleteness 
This theory raises many unanswered questions. Frank O'Gorman has pointed out i n  
an unpublished manuscript tha t  i n  a pass-oriented system, uhere each l eve l  o f  
analysis i s  completed before the next begins, incompleteness o f  in format ion  at  a 
ce r ta in  Location and l eve l  has a d e f i n i t e  meaning: i.e. i t  represents the 
absence of something i n  the image. We have found i t  important t o  d i s t i ngu i sh  
two sorts of incompleteness. I t  i s  not too d i f f i c u l t  t o  cope w i th  a gap i n  a 
known structure, f o r  instance a hypothesised l e t t e r  "E", f o r  which the louer 
" e l l "  junc t ion  has not yet emerged from lower levels.  We c a l l  t h i s  e x p l i c i t  
incompleteness: a f i l l e r  i s  missing f o r  a s l o t  i n  a frame. Here there are on ly  
tuo candidate l e t t e r s  "EM or "F", and the word-recogniser can decide uhich i s  
correct  on the basis o f  other 1et ters .yh ich  have emerged - even i f  they too are 
ambiguous. This depends on Limited independent v a r i a t i o n  o f  l e t t e r s  i n  the  
domain of possible uords. I m p l i c i t  incompleteness occurs uhen t r y i n g  t o  l i n k  
features together t o  form cues t o  d r i v e  recogn i t ion  -- f o r  instance two 
previously unattached strokes t o  form a stroke- junct ion.  Whether such features 
should be l inked o f t en  depends on uhich other features are present nearby. From 
the absence of neighbours i t  cannot be decided uhether t h i s  i s  because there  i s  
no evidence at lower levels, o r  because processing i n  t h a t  region has not ye t  
f in ished. 

I n  ear ly  versions, every leve l  o f  PopeyeC*21 simply used uhatever in format ion  
had already emerged, and then r e l i e d  on context, o r  l a t e r  bottom-up processing, 
t o  correct  mistakes. Er rors  uere reduced by delaying processing o f  any one Level 
u n t i l  a ce r ta in  amount of in format ion  had been received a t  t ha t  Level, using 
thresholds determined by image s t a t i s t i t c s .  But even t h i s  l e f t  the garbage- 
co l l ec t i on  problem of undoing mistakes and t h e i r  consequences. So higher Levels 
confronted v i t h  t h i s  incompleteness uere allowed t o  ensure t ha t  everything up t o  
tha t  Level, w i t h i n  a r e s t r i c t e d  region o f  the image, had been processed, making 

use of image-related addressing routes. This caused the focus o f  a t t e n t i o n  t o  



jump about, center ing on important image features such as junct ions between 
"bars". A better, more psycho log ica l ly  r e a l i s t i c  solution, might be t o  l e t  each 
l eve l  constant ly recompute i t s  hypotheses on the basis o f  the most recent 
informat ion from other processes. This would be a genera l isa t ion  o f  mechanisms 
using l oca l  co-operative processes, l i k e  relaxat ion.  I t  could be very expensive 
on current computers, and hard t o  control .  

9. Testing the theory exper imental ly 
The fac t  t ha t  very younq ch i ld ren learn t o  i n t e r p r e t  cartoons and other . .  - 
'impoverished' p i c tu res  so e a s i l y  seems t o  support t h i s  theory. More de ta i l ed  
studies o f  what they f i n d  easy might be he lp fu l .  There i s  some add i t i ona l  
evidence f o r  our c la im that  higher l eve l  processing begins before Lower l eve l  
analysis i s  complete. People o f t en  th ink  they've recognised a person or  object, 
then spontaneously rea l i se  tha t  a mistake has been made, even a f t e r  the object  
has passed from view. Informal experiments w i th  messy p i c tu res  o f  overlapping 
cap i t a l  l e t t e r s  forming a word suggest tha t  people o f t e n  see the word before 
seeing a l l  the Letters.  More de ta i l ed  studies could provide clues as t o  domains 
and analyses being processed i n  pa ra l l e l ,  i n  ord inary  v is ion .  Studies o f  b r a i n  
damage might i nd i ca te  uhich domains o f  s t ruc ture  (sec t ion  3) can be se lec t i ve l y  
disabled. Useful  evidence should come from a study o f  visuaL errors.  Our 
theory pred ic ts  tha t  even i n  good v i s i b i l i t y ,  humans and other animals moving 
rap id l y  w i l l  make more mistakes i n  an environment containing unfami l ia r  sor ts  o f  
objects. (Testing t h i s  could be d i f f i c u l t ,  expensive and dangerous! ) 
Experiments could t e s t  whether increasing f a m i l i a r i t y  improves performance (of 
survivors!  1. D i f f e ren t  mixtures o f  f a m i l i a r  and unfami l ia r  features could be 
used, t o  f i n d  out i f  more obvious f a m i l i a r  features lead t o  e r ro rs  concerning 
the other features. Add i t iona l  experiments uould vary Lighting, foggy 
atmosphere, etc. as wel l .  I n  poor viewing conditions, our theory uould p red i c t  
tha t  v isua l  judgements (espec ia l ly  at  speed) uould be more accurate when the 
environment contains f a m i l i a r  objects.  Comparative studies might show that  only 
some animals u i t h  v i sua l  systems possess the a b i l i t y  t o  process a va r i e t y  o f  
d i f f e ren t  domains i n  pa ra l l e l .  
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C*23 Prel iminary repor ts  on POPEYE can be found i n  Sloman and Hardy C19763, 
Sloman et. a l .  C19781, B i r ch  C19781, and chapter 9 o f  Sloman C19787. See a lso  
Owen C19801. Popeye analyses a r t i f i c i a l l y  generated dot p i c tu res  representing 
words made of overlapping cut-out cap i t a l  l e t t e r s .  I t  can recognise words 
wh i l s t  much o f  the lower l e v e l  processing i s  incomplete. De ta i l s  w i l l  be 
reported elsewhere. The 1978 conference paper discusses d i f fe rences between 
Popeye and the Hearsay system CErman and Lesser, Hayes-Roth and Lesser], which 
have much i n  common. I n  par t icu lar ,  both process d i f f e r e n t  domains o f  s t ruc ture  
i n  para l le l ,  though Popeye eschews the 'blackboard' concept. A s im i l a r  
philosophy has been used i n  the 'V is ions '  system (IJCAI-5, pp 642-6471. 

C*31 Marr makes a s i m i l a r  but d i f f e r e n t  c la im i n  j u s t i f y i n g  h i s  theory o f  the 
'pr imal sketch', Ce.g. Marr 19793. He postulates a progression, from image t o  
pr imal  sketch t o  2.5D sketch t o  3D model, uhereas we propose many more domains, 
processed i n  pa ra l l e l .  I n  Popeye, the domains mainly form a hierarchy, but 
there are two main routes from image data t o  Let ter  hypotheses and both feed the 



word recogniser. We suspect t h a t  r e a l  v i sua l  systems requ i re  a f a r  more 
elaborate network o f  routes through domains. 

C*41 I n  Popeye the need f o r  t h i s  ar ises  often, e.g. when two pa r t s  of a Let ter  
are separated because o f  occlusion. The two pa r t s  can sometimes on ly  be re la ted  
by using a combination o f  (a) geometrical r e l a t i onsh ips  and (b) p a r t i a l  
recogn i t ion  o f  the le t te r ,  since there are no image cues f o r  l inking, l i k e  
'back-to-back' tee junct ions.  So having recognised what may be, say, an E o r  an 
F, the program works out roughly where i n  the image evidence o f  a missing bottom 
stroke might be found, and t h i s  constrains searching. 

C*51 I n  Popeye, processing can be aborted when the highest l e v e l  decides i t  has 
recognised the depicted word; lower l eve l  analysis w i l l  o f t en  be incomplete. 
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