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1 . I n t roduc t i on 
This work is based on the b e l i e f that a comput­

a t i o n a l theory of percept ion must encompass dual 
theor ies of representa t ion and recogn i t i on . We 
propose a procedural model of recogn i t ion which 1) 
provides a mechanism fo r f l e x i b l y i n t e g r a t i n g top-
down and bottom-up con t ro l s t r uc tu res , 2) supports 
the use of a h ierarchy of model dr iven methods, and 
3) def ines a deduct ive process scheduling mechanism. 

2. The Chicken and Egg Problem 
The top-down recogn i t ion model proposed by 

Minsky(1974), championed by Kuipers(1975), and used 
by many others e x h i b i t s a number of short-comings: 
1. A frame must e x p l i c i t l y be made the current 
hypothesis before i t s exper t ise is ava i lab le to the 
recogn i t ion process. 
2. An order ing must be placed on a l t e r n a t i v e subgoals. 
The top-down paradigm forces the choice of a s i n g l e , 
hypothesis at a t ime. The mechanism fo r choosing a 
next hypothesis is completely f a i l u r e d r i ven . 
3. I d e n t i c a l subgoals must be car r ied out indepen­
den t l y . The same subgoal may be attempted and 
achieved numerous times by the system. 

To avoid t h i s thrashing behaviour, Kuipers(1975) 
has advocated the use of a s i m i l a r i t y network to 
recommend a replacement candidate frame on f a i l u r e . 
This scheme assumes f i r s t that a mapping ex i s t s 
between the f a i l i n g frame and each next candidate 
frame and secondly that the network is in some sense 
"complete". Any " su rp r i ses " cause the system to 
rever t to b l i n d automatic backt rack ing. 

These d i f f i c u l t i e s are three mani festa t ions of 
what Mackworth(1975) has ca l led " the chicken and egg 
problem". I t seems c lear that to avoid these 
problems, an i n t e g r a t i o n of both top-down and bottom-
up techniques are needed. Kaplan(1973) and more 
recen t l y Bobrow & Winograd(1977) have advocated the 
use of mul t ip rocess ing w i th p r i o r i t y queue schedul ing. 
We argue tha t in order to e f f e c t i v e l y in teg ra te t op -
down and bottom-up recogn i t ion methods more s o p h i s t i ­
cated mechanisms than p r i o r i t y queues are needed. 

3. Implementation 
We def ine a procedural recogn i t ion model which 

u t i l i z e s mul t ip rocess ing and a deductive scheduling 
mechansim to r e a l i z e an i n t e g r a t i o n of top-down and 
bottom-up search. The model operates in two 
mutual ly recurs ive modes. The f i r s t mode is ca l l ed 
matching and incorporates e s s e n t i a l l y the top-down 
recogn i t ion paradigm. The expectat ions of a frame 
are matched by d i r e c t observat ion by recurs ive use 
of matching I . e . subgoal ing, and by recurs ive c a l l s 
to the second mode described below. 

The second mode implements bottom-up search and 
consis ts of two c y c l i c a l phases ca l led expectat ion 
and complet ion. 

Each frame may have associated w i t h a number 
of processes ca l led supergoals. Instead of r e l y i n g 
e n t i r e l y on matching to recognize an ins tance, a 
frame may suspend i t s recogn i t i on by computing a 
set of cur rent expectat ions and suspending super-
goal processes to pat terns represent ing those 
expectat ions. Each such process remains suspended 
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u n t i l evidence i s discovered which s a t i s f i e s i t s 
expectat ions. The process is then resumed and the 
recogn i t i on of i t s associated frame cont inues. 

Whereas a subgoal has an e x p l i c i t c a l l e r and 
must eventua l ly r e tu rn a success or f a i l u r e to that 
c a l l e r , a supergoal has no e x p l i c i t c a l l e r . Ins tead, 
when a supergoal succeeds it begins the completion 
phase by resuming in tu rn one or more suspended 
supergoals of those higher frames of which i t s frame 
may be p a r t . This provides a mechanism fo r handl ing 
non-determinism wi thout r eso r t i ng to f a i l u r e d r iven 
methods. A p a r t i c u l a r frame instance need be recog­
nized only once. 

Completion also provides a deduct ive process 
scheduling mechanism. Processes are ac t i va ted when 
the expectat ions tha t they are bound to have been 
s a t i s f i e d . The model, as w e l l , supports the use of 
a h ierarchy of model dr iven methods to guide the 
recogn i t i on process. A frame's method computes a set 
of expecta t ions, binds supergoals to those expect­
a t i o n s , and may re l i nqu i sh cont ro l to a higher 
method. A l t e r n a t i v e l y , the method may r e t a i n c o n t r o l . 
This permits a frame to pre-empt a higher but less 
s p e c i f i c method and Impose i t s own more powerful 
method to encourage the discovery of evidence sa t ­
i s f y i n g i t s expectat ions and propagating i t s own 
r e c o g n i t i o n . 

This recogn i t i on model has been implemented as 
an experimental programming language, a d i a l e c t of 
LISP ca l led MAYA (Havens,1976). The language 
provides p r i m i t i v e s for cons t ruc t ing and accessing 
frames and semantic networks. MAYA provides con t ro l 
s t ruc tu re mechanisms fo r implementing the recogn i t ­
ion model descr ibed. Mu l t i p l e processes associated 
w i th p a r t i c u l a r frames may be c rea ted , suspended to 
pat terns w i t h i n frames, and resumed again by match­
ing those pa t t e rns . Spec i f ic c o n t r o l p r i m i t i v e s are 
def ined to permit subgoal and supergoal i n t e r a c t i o n 
and to support the r e a l i z a t i o n of method h ie ra rch ies . 
We are present ly experimenting w i t h the recogn i t i on 
model by apply ing MAYA to a computer v i s i o n task 
(Havens,1977). 
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Systems t h a t reason about a c t i o n s , 
whether they do p lan gene ra t i on [1] or 
p lan r e c o g n i t i o n [2] t y p i c a l l y model the 
e f f e c t s o f a c t i o n s t ha t occur in a p l a n . 
Simple d e c l a r a t i v e schemata a l l ow the 
s p e c i f i c a t i o n o f a s s e r t i o n s to be 
added/de le ted to model the p r imary 
e f f e c t s o f a c t i o n s . S i d e - e f f e c t s o f 
a c t i o n s are those t h a t are c o n d i t i o n a l 
on p r o p e r t i e s of the s t a t e in which the 
a c t i o n is t a ken . When rep resen t i ng 
ac t i ons which have s i d e - e f f e c t s , 
conven t i ona l wisdom suggests adopt ing a 
p rocedura l r e p r e s e n t a t i o n fo r they a l l ow 
d e t a i l e d s p e c i f i c a t i o n o f s i d e - e f f e c t s . 
However the p rocedura l r e p r e s e n t a t i o n 
h ides t h i s knowledge from other p a r t s o f 
the system, thereby h i n d e r i n g the system 
in reasoning about s i d e - e f f e c t s . We use 
a STRIPS l i k e d e c l a r a t i v e schema fo r 
a c t i o n s t ha t has parameters , 
p r e c o n d i t i o n s , a s s e r t i o n a l forms fo r 
goal and outcomes and i n v e s t i g a t e th ree 
methods of r ep resen t i ng knowledge about 
s i d e - e f f e c t s and d iscuss how the system 
computes s i d e - e f f e c t s w i t h o u t runn ing 
i n t o severe c o m b i n a t o r i c s . The 
f o l l o w i n g d i s c u s s i o n and examples deal 
w i t h knowledge r e p r e s e n t a t i o n as 
implemented in the AIMDS system which 
forms the AI framework fo r the BELIEVER 
p r o j e c t . 

Examples 

Consider a normal i npu t of the form 
"John walked from the o f f i c e to the bus 
s t a t i o n " i n t e r p r e t e d in a wor ld model 
where "John i s a t the o f f i c e " i s t r u e . 
The conc lus ions drawn i nc lude "John is 
at the bus s t a t i o n " . Th is can be 
handled using an act schema w i t h th ree 
v a r i a b l e s P, FL and TL as shown below. 
(Each WALK act has 

(agent [a PERSON [ r e f e r : P ] ] ) 
( f romloc [a LOCATION ( r e f e r : F L ] ] ) 
( t o l o c [a LOCATION [ r e f e r : T L ] ] ) 
(goal (PROPOSITION [P loc T L ] ) ) 
(precond (PROPOSITION [P l oc F L ) ) ) ) 

We have extended the i n t e r p r e t e r to deal 
w i t h some s imple cases of p a r t i a l ac t 
ins tance d e s c r i p t i o n s and incomplete 
wor ld models. The incomplete 
d e s c r i p t i o n "John walked to the bus 
s t a t i o n " can be f i l l e d in us ing the 
wor ld model , so t h a t the system now can 
conclude "John walked from the o f f i c e " . 
S i m i l a r l y , i f i n the wor ld model " John ' s 

l o c a t i o n is unknown" then from the 
normal i npu t "John walked from the 
o f f i c e to the bus s t a t i o n " the system 
concludes "John was at the o f f i c e be fore 
wa lk ing to the bus s t a t i o n " . Deal ing 
w i t h s i d e - e f f e c t s r e q u i r e s a d d i t i o n a l 
knowledge. For example, consider the 
wor ld model "John is a t the o f f i c e ; 
John is h o l d i n g a package; The package 
is a t the o f f i c e " . To update the wor ld 
model p r o p e r l y , the l o c a t i o n o f the 
package must be changed to the same 
l o c a t i o n as John. 

We e x p l a i n th ree methods in which 
t h i s knowledge about s i d e - e f f e c t s i s 
r ep resen ted . 

(a) C o n d i t i o n a l Outcomes: We assoc ia te 
w i t h the WALK schema a set of 
c o n d i t i o n a l outcomes which i nc l ude 

[P inhand 0] => [0 loc TL] 

w i t h the i n t e r p r e t a t i o n "wh 
P walks to TL and has in h 
0 , the o b j e c t O s h i f t s loca 
The i n t e r p r e t e r t h a t upda 
model then accounts 
c o n d i t i o n a l outcomes by 
l e f t s ide and e f f e c t i n g 
p resc r i bed i n the r i g h t 
user a t tempts to be as 
p o s s i b l e in w r i t i n g down 
sentences, he r i s k s the pos 
most of these would be i r r e 
p a r t i c u l a r i n s t a n t i a t i o n o f 
the p o s s i b i l i t y t h a t he 
missed some s i t u a t i o n s , 
the system is l i a b l e to wa 
t e s t i n g a c o m b i n a t o r i a l l y 
number of c o n d i t i o n a l sen 
r e l e v a n t c o n d i t i o n a l senten 
the system has no way o 
t h i s to prompt the user . 

en the person 
and an ob jec t 
t i o n t o TL " . 
tes the wor ld 

f o r these 
t e s t i n g each 

the changes 
s i d e . I f the 

complete as 
c o n d i t i o n a l 

s i b i l i t y t h a t 
l evan t to any 

an act and 
might have 

Fur thermore , 
s te e f f o r t i n 

p r o h i b i t i v e 
tences . I f a 
ce is miss ing 
f r ecogn iz ing 

(b) Consis tency c o n d i t i o n s on the wor 1 d 
model! The d i s c i p l i n e of s t a t i n g 
cons is tency c o n d i t i o n s on the wor ld 
model i n t roduced in [3] p rov ides a 
second r e p r e s e n t a t i o n . A causal 
dependency of the p h y s i c a l wor ld may be 
captured by w r i t i n g a cons is tency 
c o n d i t i o n such as , 

For Person P and Object 0, 
[P inhand 0] »> [ ( l o e o f P) = ( l oeo f O)] 

which i s assoc ia ted w i t h the r e l a t i o n 
" i n h a n d " . Th is i s d e c e p t i v e l y s i m i l a r 
to the c o n d i t i o n a l sentence shown in (a) 
but an impor tan t d i f f e r e n c e is t ha t here 
i t is NOT knowledge assoc ia ted w i t h 
WALK. When "John has in hand the 
package" i s i n i t i a l l y put i n t o the wor ld 
model , the system checks t h i s 
cons is tency c o n d i t i o n and makes note of 
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I t i s w o r t h n o t i n g t h a t w i t h a 
c l e a n f a c t o r i n g o u t o f c a u s a l dependency 
k n o w l e d g e , ( i ) t h e s y s t e m p e r f o r m s 
r e d u c e d s e a r c h as a r e s u l t o f h a v i n g 
p r e c o m p u t e d t h e dependency be tween 
a s s e r t i o n s i n t h e w o r l d m o d e l ; and ( i i ) 
i f a s i d e - e f f e c t r u l e i s m i s s i n g t h e 
sys tem p r o m p t s t h e use r f o r a n 
a p p r o p r i a t e r u l e , p e r m i t t i n g know ledge 
a c q u i s i t i o n i n c o n t e x t ; and ( i i i ) t h e 
a b i l i t y t o f o l l o w c a u s a l d e p e n d e n c i e s i s 
u s e f u l [SOPHIE] i n a n s w e r i n g "What i f . . " 
q u e s t i o n s where a c o u n t e r f a c t u a l d e n i e s 
a f a c t i n t h e w o r l d mode l and i s n o t a 
r e s u l t o f any s p e c i f i c a c t i o n t h a t t h e 
s y s t e m knows a b o u t . 

( c ) Frames o f R e f e r e n c e : A l t h o u g h t h e 
method TH) r e d u c e s t h e c o m b i n a t o r i c s o f 
s i m u l a t i n g a s i n g l e a c t i o n and makes t h e 
sys tem more r o b u s t , i t r e q u i r e s a 
p a i n s t a k i n g u p d a t i n g o f t h e w o r l d model 
each t i m e a s i m i l a r a c t i o n o c c u r s . For 
e x a m p l e , i f John w a l k s t o s e v e r a l p l a c e s 
i n s u c c e s s i o n h o l d i n g t h e package w e 
want t h e s y s t e m t o save e f f o r t i n 
u p d a t i n g t h e l o c a t i o n o f t h e package f o r 
each a c t . We i n t r o d u c e t h e n o t i o n o f a 
f r ame o f r e f e r e n c e whereby a t t h e t i m e 
John i s s a i d t o have t h e package i n 
h a n d , t h e l o c a t i o n o f t h e package i s 
changed f r o m (Package l o c O f f i c e ) t o 
(Package l o c [ l o c o f J o h n ] ) where [ l o c o f 
J o h n ] r e f e r s t o J o h n ' s l o c a t i o n i n t h e 
c u r r e n t w o r l d m o d e l . The a c t u a l 
l o c a t i o n o f t h e package w i l l b e computed 
when needed f r o m i t s f rame o f r e f e r e n c e 
- t h e c u r r e n t l o c a t i o n o f J o h n . The 
WALK schema g i v e n b e f o r e can be used in 
t h e u s u a l manner t o u p d a t e o n l y J o h n ' s 
l o c a t i o n and c o m p u t a t i o n o f t h e 
s i d e - e f f e c t i s c a r r i e d o u t i m p l i c i t l y , 
and n o e f f o r t i s s p e n t o n t h i s w h i l e 
u p d a t i n g t h e w o r l d m o d e l . The 
p r o c e d u r a l a t t a c h m e n t s a v a i l a b l e i n t h e 
AIMDS s y s t e m p r o v i d e a c o n v e n i e n t 
mechanism f o r e f f e c t i n g such i m p l i c i t 
s i d e - e f f e c t s . We use one p r o c e d u r e 
a t t a c h e d t o " i n h a n d " t o s h i f t t h e 
O b j e c t ' s l o c a t i o n t o t h e f rame o f 
r e f e r e n c e o f t h e p e r s o n when " A i n h a n d 
0 " i s a s s e r t e d ; and a n o t h e r p r o c e d u r e 
a t t a c h e d t o " i n h a n d " g e t s a c t i v a t e d when 

"A i n h a n d 0 " i s removed and t h e 
a c t i v a t e d p r o c e d u r e removes t h e o b j e c t 
f r o m i t s f r ame o f r e f e r e n c e and a s s e r t s 
a n e x p l i c i t l o c a t i o n f o r i t . 

Thus w h i l e u p d a t i n g t h e w o r l d mode l 
f o r any one o f a s e r i e s o f Walk a c t s 
t h e r e i s n o e x p l i c i t c o m p u t a t i o n o f 
s i d e - e f f e c t s . Y e t a f t e r t h e s e l o c a t i o n 
t r a n s f e r s , t h e s y s t e m d e t e r m i n e s t h e 
l o c a t i o n o f t h e o b j e c t w i t h e a s e . When 
John d r o p s t h e package i n t o a m a i l b o x , 
t h e second p r o c e d u r e a s s e r t s t h a t t h e 
package i s now i n t h e m a i l b o x and John 
can w a l k away f r e e l y . T h i s method i s 
s i m i l a r t o t h e f a m i l i a r t e c h n i q u e o f 
r e t a i n i n g o n l y " p r i m i t i v e " a s s e r t i o n s i n 
t h e w o r l d model and c o m p u t i n g a l l 
" d e r i v e d " a s s e r t i o n s whenever n e e d e d . 
Howeve r , t h e method p r e s e n t e d i s 
s e l e c t i v e s o t h a t d e r i v e d a s s e r t i o n s n o t 
changed by an a c t i o n a r e r e t a i n e d and 
need n o t be r e d e r i v e d . 

S i g n i f i c a n c e 
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the depdendency of t h i s a s s e r t i o n on the 
two suppor t ing a s s e r t i o n s "John is at 
the o f f i c e " and "The package is at the 
o f f i c e " . When changing John 's l o c a t i o n 
as a r e s u l t of the Walk a c t , the system 
recognizes t ha t the suppor t f o r "John 
has in hand the package" is being 
changed. At t h i s p o i n t the system 
r e t r i e v e s s i d e - e f f e c t r u l e s fo r updat ing 
" i nhand" when " l o c " is changed. Th is 
s ide e f f e c t r u l e s p e c i f i e s t h a t the 
l o c a t i o n of the package changes and t h a t 
the person s t i l l has the o b j e c t in hand. 

We have presented th ree methods 
which complement each o t h e r , each s u i t e d 
w e l l to a p a r t i c u l a r t a s k . Method (a) 
makes e x p l i c i t the s i d e - e f f e c t s , 
p e r m i t t i n g reasoninq about s i d e - e f f e c t s ; 
method (b) a l l ows ex tend ing the a c t i o n 
set and f a c i l i t a t e s the a c q u i s i t i o n o f 
s i d e - e f f e c t r u l e s ; and method (c) seems 
w e l l s u i t e d fo r a c t u a l l y s i m u l a t i n g the 
e f f e c t s of an a c t i o n . A t o p i c of 
f u r t h e r research is i n t o means f o r 
automat ic r e - r e p r e s e n t a t i o n o f 
s i d e - e f f e c t knowledge from one form i n t o 
ano the r , e s p e c i a l l y from method (b) i n t o 
method (a) and method ( c ) . 


