
PROGRESS ON A COMPUTER BASED CONSULTANT 

Computer based c o n s u l t a n t s are systems t h a t 
i n c o r p o r a t e s p e c i a l i z e d bodies of knowledge and 
make t h i s knowledge c o n v e n i e n t l y a v a i l a b l e t o users 
who are not computer e x p e r t s . T h i s paper summa
r i z e s i n i t i a l p r o g r e s s on a computer based c o n s u l 
t a n t p r o j e c t aimed at h e l p i n g a novice mechanic 
work w i t h e l e c t r o m e c h a n i c a l equipment. We d e s c r i b e 
some p r o p e r t i e s and a b i l i t i e s o f c o n s u l t a n t s , and 
present r e s u l t s to date on the problem s o l v i n g , 
v i s i o n , and n a t u r a l language components of our 
e v o l v i n g system. 

Keywords in t h i s paper are: computer based 
c o n s u l t a n t , a d v i c e - g i v i n g , problem s o l v i n g , 
t r o u b l e - s h o o t i n g , scene a n a l y s i s , n a t u r a l language 
understanding. 

I n t r o d u c t i o n 

One of the I n c r e a s i n g l y prominent t r e n d s in 
computer science research has been the emphasis on 
i n c o r p o r a t i n g s p e c i a l i z e d bodies o f knowledge i n 
computer programs and making t h i s knowledge conve
n i e n t l y a v a i l a b l e to users who are not computer ex
p e r t s . Such p r o g r a m s — w h i c h we might c a l l computer 
based c o n s u l t a n t s - - c a n be viewed as stemming from 
the confluence of two l i n e s of research. One l i n e 
of research has centered on f o r m u l a t i n g and en
coding a g r e a t d e a l of knowledge about a chosen 
problem domain in o r d e r to produce a program whose 
performance r i v a l s e x p e r t humans. Often c i t e d ex
amples of t h i s research i n c l u d e programs t h a t ana
l y z e chemical s t r u c t u r e , 1 , 2 p e r f o r m symbolic i n t e 
g r a t i o n , 3 or p l a y board games w e l l . S 5 , 6 

The second l i n e of research has focussed on 
metnods f o r c o n s t r u c t i n g a program t h a t can c a r r y 
on a d i a l o g w i t h a user. I m p o r t a n t c o n t r i b u t i o n s 
to t h i s research have come from work i n computer 
aided i n s t r u c t i o n , and from work in understanding 
typed and spoken n a t u r a l language. Representative 
examples of t h i s work i n c l u d e programs to c a r r y out 
a "mixed i n i t i a t i v e " t u t o r i a l d i a l o g , 7 * 8 to engage 
in a d i a l o g about a t o y b l o c k w o r l d 9 and to under
stand spoken E n g l i s h sentences about such d i v e r s e 
t o p i c s as pl u m b i n g , 1 0 news s t o r i e s , 1 1 moon r o c k s , 1 2 

or submarines. 1 3 
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Perhaps one of the best examples to date of a 
complete computer based c o n s u l t a n t Is the MYCIN 
system. 1 4 This system p r o v i d e s advice to p h y s i 
cians on the d i a g n o s i s and therapy of c e r t a i n 
classes o f b a c t e r i a l diseases. I t s o l i c i t s v a r i o u s 
k i n d s of medical data from a p h y s i c i a n user, can 
answer h i s questions (expressed i n a r e s t r i c t e d 
n a t u r a l E n g l i s h f o r m a t ) , and can accept advice from 
him r e g a r d i n g g e n e r a l l y u s e f u l r u l e s f o r d i a g n o s i s 
and therapy. 

I n t h i s paper we d e s c r i b e i n i t i a l progress on 
another computer based c o n s u l t a n t . This new con
s u l t a n t is aimed at h e l p i n g an i n e x p e r i e n c e d me
chanic work w i t h mechanical equipment. Before de
s c r i b i n g the f u n c t i o n a l components o f the system, 
l e t us f i r s t consider some o f the c h a r a c t e r i s t i c s 
of the problem domain. 

The Problem Domain 

Imagine a mechanic (whom we w i l l assume t o be 
r e l a t i v e l y i n e x p e r i e n c e d ) working on a piece of 
equipment in a "work s t a t i o n " l i k e the one sketched 
i n F i g u r e 1 . H e i s t y p i c a l l y r e s p o n s i b l e f o r a 
v a r i e t y of Jobs, such as t r o u b l e s h o o t i n g , r e p a i r i n g , 
or m o d i f y i n g equipment. In order to do these j o b s , 
he needs c e r t a i n k i n d s of s p e c i a l i z e d knowledge; he 
must know about the use of v a r i o u s t o o l s , about 
p r i n c i p l e s o f t r o u b l e s h o o t i n g , and about p r i n c i p l e s 
of assembly and disassembly, and he must a l s o know 
a c e r t a i n amount of d e t a i l about the c o n s t r u c t i o n 
and o p e r a t i o n of the s p e c i f i c equipment on hand. 

A t r a d i t i o n a l way of conveying t h i s knowledge 
to a mechanic has been through the use of manuals. 
A more n e a r l y i d e a l , though u s u a l l y i m p r a c t i c a l , 
way would be to make an e x p e r t mechanic c o n t i n u 
o u s l y a v a i l a b l e as a c o n s u l t a n t . The e x p e r t c o u l d 
i d e n t i f y v a r i o u s components, answer s p e c i f i c ques
t i o n s about equipment d e t a i l s , suggest t r o u b l e 
s h o o t i n g sequences, h y p o t h e s i z e causes o f f a i l u r e , 
warn of hazards, and so f o r t h . 

In o r d e r to e x p l o r e what would be i n v o l v e d in 
r e p l a c i n g the human e x p e r t by a computer based ex
p e r t , we recorded a number of d i a l o g s between ex
p e r t human mechanics and n o v i c e mechanics. The d i 
alogs concern the a i r compressor shown in F i g u r e 2. 
(We s h a l l use. t h i s compressor throughout the paper 
f o r i l l u s t r a t i v e purposes.) Two e x c e r p t s from 
these d i a l o g s are presented below. At the time t h e 
d i a l o g s were recorded, the expert and n o v i c e were 
in d i f f e r e n t rooms and the e x p e r t viewed the scene 
o n l y by means o f s t i l l p i c t u r e s taken through a 
t e l e v i s i o n camera. (We d i d t h i s t o s i m u l a t e the 
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T h i s fragment i l l u s t r a t e s s e v e r a l i m p o r t a n t 
a b i l i t i e s o f c o n s u l t a n t s t h a t c o n t r a s t s h a r p l y w i t h 
a s t a t i c i n f o r m a t i o n source l i k e a manual. F i r s t , 
n o t i c e t h a t a q u e s t i o n from the n o v i c e is answered 
d i r e c t l y and i n h i s terms. There i s n o need f o r 
him to search through a mass of i n f o r m a t i o n , or to 
convert i n f o r m a t i o n from an a b s t r a c t or " s t a n d a r d " 
form i n t o a d i r e c t l y usable form. N o t i c e t h a t the 
e x p e r t is checking on progress by o f f e r i n g warnings 
and reminders about c r i t i c a l steps. T h i s has the 
f u n c t i o n not o n l y o f m i n i m i z i n g e r r o r s , but a l s o o f 
a l l o w i n g the e x p e r t to keep t r a c k of the progress 
o f the work. The l a t t e r f u n c t i o n i s the b a s i s f o r 
the e x p e r t 1 s a b i l i t y t o present r e l e v a n t a d v i c e , 
and t o present i t I n a c o n t e x t t h a t i s f a m i l i a r t o 
the novice. 

The second d i a l o g expert concerns t h e same 
subtask, but was c a r r i e d out w i t h d i f f e r e n t p a r t i c 
i p a n t s . I t o f f e r s a n i n t e r e s t i n g comparison o f the 
d i f f e r e n t demands imposed by d i f f e r e n t s k i l l 
l e v e l s : 

Excerpt 2 

Expert: I n s t a l l the p u l l e y o n the s h a f t . 
Novice: What i s the f i r s t t h i n g t o do i n i n 

s t a l l i n g the p u l l e y ? 
Expert: Rotate the s h a f t so t h a t the s l o t 

(keyway) is on the top. 
Novice: OK .. . now what? 
Expert: Place the key i n the s l o t . 

T h i s s h o r t fragment d r a m a t i c a l l y I l l u s t r a t e s 
the a b i l i t y o f the e x p e r t t o descend i n t o d e t a i l e d 
i n s t r u c t i o n s i n o r d e r t o h e l p a v e r y n a i v e user. 
This n o v i c e needs much more h e l p than the f i r s t 
one d i d , a s i t u a t i o n foreshadowed by h i s i n i t i a l 
q u e s t i o n about a r e l a t i v e l y simple o p e r a t i o n . 

The s h o r t d i a l o g e x c e r p t s e x e m p l i f y some o f 
the a b i l i t i e s t h a t a c o n s u l t a n t needs i n o r d e r t o 
b e h e l p f u l t o the n o v i c e mechanic. Both i n t r o 
s p e c t i o n and p r o t o c o l experiments p o i n t out a num
ber o f o t h e r r e q u i r e d a b i l i t i e s , among which a r e 
the a b i l i t y t o p r o v i d e advice about t r o u b l e 
s h o o t i n g ; t o d e s c r i b e the use o f t o o l s ; t o de
s c r i b e the appearance o f t o o l s ( o r t o b e a b l e t o 
p o i n t them o u t ) ; and, o f course, the a b i l i t y t o 
use language. 

The a b i l i t i e s r e q u i r e d of a mechanic's con
s u l t a n t impose a number of t e c h n i c a l requirements 
on a computer system designed t o f i l l t h a t r o l e . 
I t i s w o r t h m e n t i o n i n g j u s t a few o f these r e 
quirements to i l l u s t r a t e the research problems we 
are addressing. 

The set of problems t h a t is perhaps the most 
c h a r a c t e r i s t i c o f our p r o j e c t c e n t e r s o n p r o v i d i n g 
a d v i c e about a t a s k at any of s e v e r a l l e v e l s of 
d e t a i l , and o f i n t e r a c t i n g w i t h the novice a s h e 
uses t h i s advice. I n p a r t i c u l a r , m u l t i l e v e l p l a n s 
must be c r e a t e d and r e p r e s e n t e d , the n o v i c e must 
be modeled in o r d e r to determine the l e v e l of de
t a i l he needs, h i s performance must be m o n i t o r e d 
as he executes the t a s k , and i n t e r n a l models must 
b e m a i n t a i n e d t o r e f l e c t the c u r r e n t s t a t e o f the 
task environment. T h i s , In t u r n , Imposes a need 
f o r semantic r e p r e s e n t a t i o n s t h a t can accumulate 
a s t r u c t u r e d d i s c o u r s e h i s t o r y t h a t evolves as t h e 
t a s k proceeds, and t h a t can p r o v i d e l i n g u i s t i c 
c o n t e x t s and c l u e s to the n o v i c e ' s competence. 
Also, because so much i n f o r m a t i o n is communicated 
v i s u a l l y , we must be prepared to use v i s i o n to 
answer q u e s t i o n s from the n o v i c e ; b u t , because t h e 
w o r l d o f machinery i s e x c e e d i n g l y c o m p l i c a t e d v i 
s u a l l y , we must e x p l o i t geometric models and se
mantic c o n s t r a i n s e x t e n s i v e l y i f w e expect t o b e 
a b l e to answer a reasonable range of " v i s u a l ques
t i o n s . " 

I t i s i n t e r e s t i n g t o note t h a t most o f t h e 
f o r e g o i n g t e c h n i c a l requirements are not p e c u l i a r 
to a mechanic's c o n s u l t a n t ; they are l i k e l y to un
d e r l i e any computer baaed c o n s u l t a n t system. In 
the next s e c t i o n s , w e w i l l o u t l i n e the p r o g r e s s w e 
have made on these research problems. 
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system i n t e r f a c e s w i t h the p h y s i c a l domain of the 
work s t a t i o n through s e v e r a l devices. A headset 
enables the novice mechanic to t a l k to the system 
and t o r e c e i v e spoken r e p l i e s ; i t r e p r e s e n t s a 
n a t u r a l language component of the system. A v i 
sual component is represented by a c o l o r t e l e v i 
s i o n camera and a l a s e r r a n g e f i n d e r . The l a s e r 
r a n g e f i n d e r is a mechanically scanned i n s t r u m e n t , 
developed f o r t h i s p r o j e c t , t h a t generates a n a r 
ray o f range values supplementing the c o l o r t e l e 
v i s i o n p i c t u r e . The range a r r a y and p i c t u r e a r 
rays (one f o r each p r i m a r y c o l o r ) can be placed in 
r e g i s t r a t i o n , p r o v i d i n g a m u l t i s e n s o r y image t h a t 
s p e c i f i e s the c o l o r o f , and d i s t a n c e t o , each 
p o i n t in the scene. The r a n g e f i n d e r can a l s o be 
operated as a v i s u a l p o i n t e r , so t h a t the system 
can answer q u e s t i o n s l i k e "show me the pressure 
s w i t c h " b y p o i n t i n g a t i t - - t h a t i s , b y i l l u m i 
n a t i n g the p r e s s u r e s w i t c h w i t h the l a s e r beam. 

The raw sensory data p r o v i d e d by the t r a n s 
ducers are t r a n s l a t e d i n t o i n t e r n a l r e p r e s e n t a 
t i o n s by the n a t u r a l language and v i s u a l func
t i o n a l components of the system. These i n t e r n a l 
r e p r e s e n t a t i o n s t r i g g e r subsequent a c t i o n . For ex
ample, a q u e s t i o n about an assembly step might be 
answered e i t h e r by r e f e r r i n g to an assembly se
quence a l r e a d y s t o r e d in a model, or by u s i n g the 
p l a n n i n g c a p a b i l i t y t o compose a sequency i f the 
model does not c o n t a i n an a p p r o p r i a t e one. Simi
l a r l y , a q u e s t i o n about the l o c a t i o n of a p a r t 
might be answered e i t h e r by r e f e r r i n g to a geomet
r i c model o r b y l o c a t i n g the p a r t u s i n g new v i 
s u a l data. Of course, the n a t u r a l language and 
v i s u a l components themselves need v a r i o u s k i n d s 
o f model i n f o r m a t i o n i n o r d e r t o t r a n s l a t e raw 
data i n t o i n t e r n a l r e p r e s e n t a t i o n s . For example, 
i n order t o understand a g i v e n sentence, i t i s 
necessary to access a d i s c o u r s e model in order to 
e s t a b l i s h the r e f e r e n t s f o r pronouns o r d e t e r 
mined nouns. 

With t h i s system overview as a background, we 
can review the c u r r e n t s t o c k of ideas and programs 
f o r each of the f u n c t i o n a l components. 

P l a n n i n g f o r Assembly 

The system component t h a t has r e c e i v e d the 
most a t t e n t i o n to date has been the planner and 
a s s o c i a t e d model, f o r composing assembly and d i s 
assembly sequences- We have emphasized t h i s be
cause assembly and disassembly are subtasks of 
v i r t u a l l y a l l t y p i c a l work s t a t i o n tasks. For ex
ample, many t r o u b l e s h o o t i n g jobs and almost a l l 
r e p a i r jobs r e q u i r e some amount o f disassembly 
and reassembly of the machine. 

Let us use the t a s k of assembling the a i r 
compressor to i l l u s t r a t e In a s i m p l i f i e d way how 
assembly plans are produced.* Three d i f f e r e n t 
types of knowledge are used- a model of the spe
c i f i c a i r compressor, a p r o c e d u r a l model t h a t en
codes more general i n f o r m a t i o n about how p a r t s a r e 
fastened t o g e t h e r ( i . e . , assembled), and a p l a n n e r 
t h a t has a b s t r a c t knowledge about how plans can be 
represented and about how the steps of a p l a n can 
i n t e r a c t . 

The compressor assembly model is e s s e n t i a l l y 
a graph whose nodes correspond to the p a r t s of the 
compressor ( t h e motor, pump, p u l l e y s , and so o n ) , 
and whose arcs correspond to the mechanical con
n e c t i o n between p a r t s . A c o n s i d e r a b l e amount of 
i n f o r m a t i o n i s u s u a l l y a s s o c i a t e d w i t h each a r c . 
For example, the arc r e p r e s e n t i n g the c o n n e c t i o n 
between a p u l l e y and i t s s h a f t may i n c l u d e i n f o r 
mation about the set screws and key. (The key 
prevents r e l a t i v e r o t a t i o n between p u l l e y and 
s h a f t . ) S i m i l a r l y , the arc c o n n e c t i n g the b e l t 
cover and i t s support may c o n t a i n i n f o r m a t i o n 
about the number and s i z e of the sheet metal 
screws. This e q u i p m e n t - s p e c i f i c model a l s o con
t a i n s c e r t a i n a u x i l i a r y i n f o r m a t i o n p e c u l i a r t o 
the compressor, l i k e the f a c t t h a t the pump cannot 
be i n s t a l l e d i f i t s p u l l e y i s a l r e a d y on the pump 
s h a f t . 

Each generic type of connection has a s s o c i 
ated w i t h i t a set o f procedures t h a t c o n t a i n i n 
s t r u c t i o n s about how t h a t connection i s p h y s i c a l l y 
accomplished. For example, a procedure a s s o c i a t e d 
w i t h i n s t a l l i n g a p u l l e y on a keyed s h a f t might 
i n c l u d e s p e c i f i c i n s t r u c t i o n s about i n s e r t i n g t h e 
key and t i g h t e n i n g the set screws. Note t h a t t h i s 
procedure i s independent o f any s p e c i f i c p i e c e o f 
equipment; i t o f f e r s g e n e r a l l y u s e f u l knowledge 
about how a c e r t a i n j o b in the domain of mechani
c a l equipment i s done, and i t would b e invoked 
whenever t h a t Job was necessary. In a d d i t i o n to 
the s p e c i f i c i n s t r u c t i o n s , procedures o f t h i s s o r t 
c o n t a i n c a l l s t o o t h e r procedures t h a t e l a b o r a t e 
i n more d e t a i l how the g i v e n j o b is done. In our 
p u l l e y and s h a f t example, we might want to c a l l 
more d e t a i l e d procedures f o r , say, d e s c r i b i n g how 

* 
Disassembly plans are e s s e n t i a l l y s i m i l a r , and 
w i l l not b e discussed e x p l i c i t l y . 
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t o a l i g n p u l l e y and s h a f t o r f o r d e a l i n g w i t h 
r u s t y p a r t s . T h i s h i e r a r c h i c a l s t r u c t u r i n g o f p r o 
c e d u r a l knowledge forms the b a s i s f o r p r o d u c i n g 
plans t h a t can be s t a t e d to a n o v i c e at any of sev
e r a l l e v e l s o f d e t a i l . 

The p r o c e d u r a l model of assembly o p e r a t i o n s 
a l l o w s the p l a n n e r t o generate I n s t r u c t i o n s about 
how t o connect two s p e c i f i c p a r t s , but I t does not 
s e l e c t the o r d e r In which p a r t s a r e to- be con
nected. This i s the j o b o f the g e n e r a l p l a n n i n g 
program. The planner adopts the view t h a t i f t h e r e 
are n connections t o be made between p a i r s o f 
p a r t s , a l l connections are e q u a l l y i m p o r t a n t and 
t h a t t h e r e i s n o p r i o r reason t o p r e f e r any p a r t i c 
u l a r order. That i s , i t i n i t i a l l y assumes t h a t a l l 
n assembly steps w i l l be made i n p a r a l l e l s - l o g i 
c a l l y , a s a c o n j u n c t i o n . However, i t then expands 
the steps i n g r e a t e r d e t a i l , and examines the p r e 
c o n d i t i o n s and e f f e c t s o f these steps t o see i f 
t h e r e is any i n t e r f e r e n c e among them. To c o n t i n u e 
our example, i t would d i s c o v e r t h a t t he pump can 
b e i n s t a l l e d o n l y i f t h e r e i s n o p u l l e y o n i t s 
s h a f t . This would i n t e r f e r e w i t h a d i f f e r e n t as
sembly s t e p ; namely, i n s t a l l i n g t h e pump p u l l e y on 
the pump s h a f t . The planner recognizes t h i s poten
t i a l c o n f l i c t , and imposes an o r d e r so t h a t the 
pump w i l l be i n s t a l l e d b e f o r e i t s p u l l e y i s p l a c e d 
on i t s s h a f t . When a l l c o n f l i c t s o f t h i s n a t u r e 
are r e s o l v e d , the remaining steps can indeed be 
l o g i c a l l y performed in any order. 

This a b i l i t y t o recognise a l t e r n a t i v e o r -
d e r l n g s of steps has major I m p l i c a t i o n s f o r any 
computer based c o n s u l t a n t : A human p e r f o r m i n g a 
task may w e l l take the i n i t i a t i v e on occasion and 
choose a n o r d e r i n g f o r c e r t a i n stepa, and i t i a im
p o r t a n t f o r the c o n s u l t a n t t o know whether t h i s 
choice i s v a l i d . E q u a l l y , the a v a i l a b i l i t y o f a l 
t e r n a t i v e o r d e r l n g s a f f o r d s a n o p p o r t u n i t y t o ap
p e a l t o o t h e r o r d e r i n g c r i t e r i a l i k e ease o f p h y s i 
c a l o p e r a t i o n s . 

A p l a n is repreaented as a p r o c e d u r a l n e t , a 
fragment o f which i s shown I n s i m p l i f i e d form i n 
F i g u r e 4. Each node corresponds to an assembly 
step a t some l e v e l o f d e t a i l . The net r e p r e s e n t s 

a h i e r a r c h y o f p l a n a , a l l a c c o m p l i s h i n g the same 
t a s k but s t a t e d a t v a r y i n g l e v e l s o f d e t a i l . The 
i t h row of the n e t r e p r e s e n t s one complete p l a n at 
the 1 t h l e v e l o f d e t a i l , and the d o t t e d l i n e s i n 
d i c a t e the expansion of a step i n t o a more de
t a i l e d subplan. N o t i c e t h a t the Level 2 p l a n 
s p l i t s i n t o two p a r a l l e l paths a t A and merges t o 
gether a t B i n o r d e r t o r e p r e s e n t the f a c t t h a t 
the two subplans can be performed in e i t h e r o r d e r . 

Procedural nets have proven u s e f u l I n s e v e r a l 
ways. Perhaps the moat obvious i s t h a t i t a l l o w s 
us to a p e c l f y a p l a n to the n o v i c e mechanic at 
v a r y i n g l e v e l s o f d e t a i l . T y p i c a l l y , the n o v i c e 
w i l l understand some atepa a t a h i g h l e v e l and 
need l i t t l e o r no a d d i t i o n a l e l a b o r a t i o n , whereas 
he w i l l be m y s t i f i e d a t o t h e r steps and need t o 
have them expanded i n t o more complete i n s t r u c 
t i o n s . By keeping t r a c k of an e x e c u t i o n p a t h 
through the n e t , we can l i n k steps at the v a r i o u s 
l e v e l s o f d e t a i l . The more general problem here 
i s t o l e a r n how t o m o n i t o r the mechanic's p e r f o r 
mance as he executes a task. We would, f o r exam
p l e , expect the system to ask o c c a s i o n a l q u e s t i o n s 
of the n o v i c e ( J u s t as the human e x p e r t d i d in the 
d i a l o g ) i n o r d e r t o m o n i t o r h i s progress a s h e 
proceeds through the n e t . Thus f a r , our system is 
not t h a t f l e x i b l e and m o n i t o r s progress by ad
h e r i n g to a more l i m i t e d d i a l o g format. 

I n a d d i t i o n t o the s e v e r a l uses o f p r o c e d u r a l 
nets a t p l a n e x e c u t i o n t i m e , they are a l s o used 
d u r i n g p l a n n i n g t o r e p r e s e n t p a r t i a l l y formed 
p l a n s . This a l l o w s u s t o r e s t a r t the p l a n n e r t o 
modify a n e x i s t i n g p l a n d u r i n g the course o f i t s 
e x e c u t i o n , which i n t u r n p e r m i t s u s t o respond t o 
i n f o r m a t i o n d i s c o v e r e d as the assembly p h y s i c a l l y 
proceeds. F u r t h e r d i s c u s s i o n o f p r o c e d u r a l n e t s 
and a r b i t r a r y o r d e r l n g s o f p l a n steps w i l l b e 
found in a f o r t h c o m i n g paper. 1 5 

Before l e a v i n g the s u b j e c t o f assembly p l a n 
n i n g we should mention a second type of h i e r a r c h y 
which i s d i s t i n c t from the h i e r a r c h y o f p l a n de
t a i l s t h a t we have been d i s c u s s i n g . This second 
h i e r a r c h y deals w i t h l e v e l s of equipment, and is 
m o t i v a t e d b y the f a c t t h a t o f t e n the major p a r t a 
of a mechanical d e v i c e are themselves components 
t h a t can be assembled and disassembled. For exam
p l e , t h e pump o f t h e a i r compressor has a p i s t o n , 
c r a n k s h a f t , and v a l v e s and i s i n f a c t s i m i l a r i n 
some ways t o a simple one c y l i n d e r g a s o l i n e en
gine. We thus expect t h a t the general scheme f o r 
assembly p l a n n i n g d e s c r i b e d above would be r e p l i 
cated h i e r a r c h i c a l l y t o d e a l w i t h s e v e r a l l e v e l s 
of components of the equipment. I d e a l l y , then, we 
hope e v e n t u a l l y t o b e a b l e t o p r o v i d e c o n s u l t a t i o n 
a t a e v e r a l l e v e l s o f d e t a i l about any o f s e v e r a l 
l e v e l s of equipment components. We have o n l y r e 
c e n t l y begun c o n s i d e r i n g t h i s second h i e r a r c h y , 
but i t appears t o e n t a i l a r e l a t i v e l y s t r a i g h t f o r 
ward e x t e n s i o n of the ideas d i s c u s s e d a l r e a d y . 
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P l a n n i n g f o r T r o u b l e s h o o t i n g V i s i o n 

T r o u b l e s h o o t i n g Is a key element of a mechan
i c ' s j o b , and o f t e n r e p r e s e n t s the t a s k r e q u i r i n g 
the h i g h e s t l e v e l s o f s k i l l and experience. I n 
s p i t e o f i t s obvious importance, w e have given i t 
r e l a t i v e l y l i t t l e a t t e n t i o n thus f a r because o f 
our d e c i s i o n t o f i r s t reach a reasonable l e v e l o f 
competence at assembly p l a n n i n g . A c c o r d i n g l y , we 
can o f f e r here o n l y t e n t a t i v e remarks about t r o u 
b l e s h o o t i n g , and d e s c r i b e the two main approaches 
t h a t we are c u r r e n t l y p u r s u i n g . 

The two approaches of i n t e r e s t might be 
termed the "engineer's approach" and the " t e c h n i 
c i a n ' s approach." The engineer's approach r e s t s 
on a d e t a i l e d t r a c i n g of cause and e f f e c t in o r d e r 
to f i n d where the c a u s a l i t y c h a i n breaks down. 
The t e c h n i c i a n ' s approach eschews t h i s time-
consuming e f f o r t ( e x c e p t a s a l a s t r e s o r t ) and i n 
stead r e l i e s o n experience t o suggest l i k e l y c a n d i 
date f a u l t s t o b e i n v e s t i g a t e d d i r e c t l y . 

Let us use the example of the a i r compressor 
to c o n t r a s t these two approaches. Suppose the 
s t a t e d problem is t h a t the compressor can no 
longer power s e v e r a l a i r t o o l s t h a t i t n o r m a l l y 
can d r i v e . The e n g i n e e r i n g approach might begin 
b y t r a c i n g the e l e c t r i c a l c i r c u i t s t o ensure t h a t 
the motor is r e c e i v i n g the c o r r e c t v o l t a g e and cur
r e n t . Assuming t h a t i t i s (and t h a t the b e l t con
n e c t i n g the motor and pump i s i n p l a c e ) , the next 
step might e n t a i l checking the volume and pressure 
o f a i r o u t p u t from the pump u n i t . An inadequate 
o u t p u t would p i n p o i n t the pump as a l i k e l y suspect, 
and a n i n v e s t i g a t i o n o f I t would c o n t i n u e i n the 
same v e i n . I n c o n t r a s t t o t h i s approach, a 
s k i l l e d maintenance mechanic f a m i l i a r w i t h the a i r 
compressor knows t h a t the r e p o r t e d symptoms are 
o f t e n caused s i m p l y b y a l a c k o f l u b r i c a t i n g o i l 
i n the crankcase o f the pump. He would f i l l the 
crankcase immediately, and i f the a i r compressor 
was then a b l e to power the usual a i r t o o l s he 
would assume t h a t h i s s u s p i c i o n s were c o r r e c t and 
t h a t the problem was now c o r r e c t e d . 

It seems c l e a r t h a t a computer based c o n s u l 
t a n t needs to be a b l e to employ b o t h of these ap
proaches, and be a b l e to s w i t c h between them when 
a p p r o p r i a t e . An i m p l e m e n t a t i o n of the e n g i n e e r i n g 
approach has begun in a simple way; it r e l i e s on a 
s i m u l a t i o n model of the equipment to suggest a se
quence of t e s t s or o b s e r v a t i o n s corresponding to a 
sequence of causes and e f f e c t s . An i n d i c a t i o n of 
a m a l f u n c t i o n i n g component is o b t a i n e d whenever an 
observed e f f e c t d i f f e r s from t h e e f f e c t p r e d i c t e d 
b y the s i m u l a t i o n . A n a l t e r n a t i v e t o t h i s imple
m e n t a t i o n I s suggested b y S h o r t l l f f e ' s 1 4 r u l e -
d r i v e n system, in which each r u l e corresponds to a 
s i m p l y s t a t e d f a c t or r u l e of thumb. We are cur
r e n t l y i n v e s t i g a t i n g t h e e x t e n t t o which some s o r t 
of r u l e - d r i v e system can be adapted to mechanical 
t r o u b l e s h o o t i n g . 

The domain of e l e c t r o m e c h a n i c a l machinery is 
a n e x t r a o r d i n a r i l y d i f f i c u l t one I n which t o d o 
a utomatic scene a n a l y s i s . Equipment and compo
nents u s u a l l y have o n l y a l i m i t e d range of hue 
and s a t u r a t i o n values. V i s u a l t e x t u r e s i m i l a r l y 
i s v e r y l i m i t e d ; specular h i g h l i g h t s are o f t e n 
complex, and can v a r y depending on such v a g a r i e s 
as " o i l - c a n n i n g " of sheet metal p a r t s ; shadow p a t 
t e r n s can be v e r y complex and depend in c o m p l i 
cated ways on t h e p a r t i c u l a r stage of assembly; 
and, f i n a l l y , machines and components assume a 
ve r y wide v a r i e t y of shapes. Indeed, scene a n a l 
y s i s I n the domain o f machinery i s l i k e l y t o b e 
more d i f f i c u l t than, say, i n the domain o f o f f i c e s 
or even landscapes, because in the l a t t e r two do
mains t h e r e i s a much r i c h e r v a r i e t y o f p e r c e p t u a l 
c l u e s . For these reasons, we have e l e c t e d to ap
proach the v i s i o n problem b y c a p i t a l i s i n g o n p r i o r 
knowledge of v i s u a l appearances and geometric r e 
l a t i o n s , and b y l i m i t i n g our a s p i r a t i o n s a t the 
o u t s e t to a s e t of subproblems t h a t are both Im
p o r t a n t and t r a c t a b l e . 

We have implemented thus f a r s e v e r a l modular 
v i s i o n packages t o p e r f o r m s p e c i f i c tasks. One 
i n t e r e s t i n g module i s a t o o l r e c o g n i z e r t h a t can 
accept l i m i t e d semantic d e s c r i p t i o n s o f t o o l s , 
b u i l d a model o f the t o o l from the d e s c r i p t i o n , 
and aubsequently use t h i s model to d i s c r i m i n a t e 
an I s o l a t e d hand t o o l from a set of a l t e r n a t i v e s . 
Let u s o u t l i n e b r i e f l y how t h i s i s done. 

Consider t h e open-end wrench shown in F i g u r e 
5. This wrench is a member of a l a r g e c l a s s of 

FIGURE 6 AN OPEN END WRENCH 

hand t o o l s c h a r a c t e r i z e d by one or more connected 
s h a f t s o r handles, w i t h a n o p t i o n a l "business end" 
t h a t i s a p p l i e d t o a f a s t e n i n g ; s c r e w d r i v e r s , n u t -
d r i v e r s , hammers, and many v a r i e t i e s o f wrenches 
f a l l i n thi,s c l a s s . The b a s i c o p e r a t i o n o f the 
t o o l r e c o g n i z e r i s f i r s t t o f i n d a s h a f t , o r han
d l e , based o n t y p i c a l aspect r a t i o s f o r t o o l s , and 
then to c o n c e n t r a t e a t t e n t i o n on the end of the 
s h a f t i n o r d e r t o determine the t o o l type. Model 
i n f o r m a t i o n about the endplece i s p r o v i d e d i n ad
vance by an o p e r a t o r , who may use a c i r c u m s c r i b e d 
r e c t a n g l e (as shown In the f i g u r e ) as a r e f e r e n c e 
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f o r h i s d e s c r i p t i o n . I n the case o f the open-end 
wrench, the o p e r a t o r c o u l d s p e c i f y t h a t the end-
p i e c e has a convex curved o u t l i n e between its up
per l e f t (UL) and lower l e f t (LL) e n d p o i n t s , i s 
again curved convex between the upper r i g h t and 
lower r i g h t , and i s U-shaped between the upper 
l e f t and upper r i g h t endpoints. R e l a t i v e acale i n 
f o r m a t i o n would t y p i c a l l y a l s o b e added t o ensure 
t h a t v a r i o u s p a r t s were reasonably p r o p o r t i o n e d . 

I n o p e r a t i o n , a f t e r f i n d i n g a t o o l s h a f t o r 
handle, the t o o l r e c o g n i z e r module c o n s t r u c t a a 
loose bounding r e c t a n g l e i n o r d e r t o determine 
whether: 

1) an endpiece is a t t a c h e d to the end of 
the s h a f t / h a n d l e ; 

2) the end of the s h a f t / h a n d l e is connected 
t o another s h a f t / h a n d l e ; o r 

3 ) n o t h i n g i s a t t a c h e d t o the end o f the 
s h a f t / h a u d l e ( e . g . , t h e ends of an. a l i e n 
wrench, the f r e e end of a t o o l h a n d l e ) . 

Coarse s i z e and shape t e s t s are performed to e l i m i 
nate broad classes o f t o o l s . For example, hammer-
l i k e t o o l s are e a s i l y d i s t i n g u i s h e d from s c r e w d r i v 
ers and wrenches on the b a s i s of aspect r a t i o . In 
the case of an endpiece, the l o o s e r e c t a n g l e a l s o 
g i v e s gross upper, lower, l e f t , and r i g h t l i m i t s , 
which are then r e f i n e d b y s h r i n k i n g the r e c t a n g l e 
t o a minimum e n c l o s i n g s i z e . F i g u r e 6 ( a ) i l l u s 
t r a t e s an i n t e r m e d i a t e p r o c e s s i n g s t e p u s i n g a 
combination wrench as an example; the program has 
l o c a t e d the t o o l s h a f t , and has c i r c u m s c r i b e d a 
t i g h t bounding r e c t a n g l e around one o f i t s ends. 
On the b a s i s of t h i s i n f o r m a t i o n , the t o o l may be 
an open-end wrench, a box-end wrench, or a n u t -
d r i v e r . I n c l u d e d i n the model i n f o r m a t i o n f o r 
these t o o l s are t e s t s f o r d i s t i n g u i s h i n g f e a t u r e s 
possessed by the t o o l s . For example, the open-end 
and box-end wrenches have an opening in the c e n t e r 
o f the endpiece, whereas the n u t d r l v e r i s s o l i d i n 
the center. The program generates a square g r i d 
o f p o i n t s w i t h i n the bounding r e c t a n g l e and d e t e r 
mines whether any o f these p o i n t s i s w i t h i n the 
b r i g h t n e s s range o f the background r e g i o n ( F i g u r e 
6a). Since some o f the p o i n t s pass the t e s t , t h e 
n u t d r l v e r i s r u l e d out a s a p o s s i b i l i t y and the 
program looka f o r a t e s t which w i l l d i s t i n g u i s h 
the open-end wrench from the box-end wrench. 
Using the t e s t "Open-at-top," the program attempts 
t o scan a n u n i n t e r r u p t e d s t r a i g h t l i n e from the 
center of the bounding r e c t a n g l e to a p o i n t on the 
top segment of t h e r e c t a n g l e , as shown in F i g u r e 
6b. 

Using the d i s t i n g u i s h i n g f e a t u r e s t e s t s , the 
program has r e f i n e d i t s h y p o t h e s i s about the i d e n 
t i t y o f the t o o l t o a s i n g l e c a n d i d a t e , the open-
end wrench. I t now a t t e m p t s t o v e r i f y t h i s hypoth
e s i s u s i n g model i n f o r m a t i o n which d e s c r i b e s the 
shape of the endplece, in t h i s case by f i n d i n g the 
curved convex sides and the U-shaped opening 

between the upper r i g h t and upper l e f t endpoints 
o f those s i d e s . 

I t i s i n t e r e s t i n g t o c o n t r a s t t h i s approach 
t o t o o l r e c o g n i t i o n w i t h a b r u t e f o r c e template 
matching approach. On pragmatic grounds, tem
p l a t e matching i s not v e r y a t t r a c t i v e s i m p l y be
cause o f the v a r i e t y o f t o o l s (and o f s i z e s o f 
t o o l s ) , the l a r g e number o f t r a n s l a t i o n s and r o t a 
t i o n s t h a t a t o o l can assume, and the inadequacy 
o f template matching i f a t o o l i s p a r t i a l l y oc
cluded. On conceptual grounds, the approach o u t 
l i n e d above i s i n t e r e s t i n g c h i e f l y because o f the 
ease w i t h which new t o o l s can be d e s c r i b e d by 
t h e i r f u n c t i o n a l c h a r a c t e r i s t i c s . I n the wrench 
example, the d e s c r i p t i o n i s a p r i m i t i v e a t t e m p t 
to say t h a t " a n y t h i n g t h a t can be used as a 
wrench Is in f a c t a wrench." Tools are a p a r t i c u 
l a r l y good domain i n which t o pursue t h i s p h i l o s o 
phy because they are a r t i f a c t s w i t h c l e a r f u n c 
t i o n a l purposes. 

Two o t h e r i n t e r e s t i n g v i s i o n modules e n t a i l 
the a b i l i t y t o p o i n t t o s p e c i f i c components o f 
machinery. Both r e l y on an u n d e r l y i n g geometric 
model o f the equipment a t hand. The f i r s t module 
enables the c o n s u l t a n t to answer requests of the 
form "Show me the X" by p o i n t i n g a t X w i t h t h e 
l a s e r r a n g e f i n d e r . T h i s i s accomplished u s i n g a 
hidden s u r f a c e a l g o r i t h m o f a v e r y simple v a r i e t y 
t o l o c a t e the o u t l i n e o f a v i s i b l e s u r f a c e o f the 
d e s i r e d component. Once the s u r f a c e has been de
termined, a l i t t l e care i s needed t o guard a g a l n a t 
the p o s s i b i l i t y o f p o i n t i n g a t the component b y 
p o i n t i n g through a h o l e or a c o n c a v i t y . (For ex
ample, we would not want to p o i n t at a doughnut-
shaped p a r t by p o i n t i n g at the h o l e . ) A s i m p l i 
f i e d form o f the medial a x i s t r a n s f o r m a t i o n i s 
used t o f i n d a t h i c k r e g i o n o f the p a r t t h a t can 
serve as a t a r g e t . 

The second p o i n t i n g a b i l i t y i s i n t e n d e d t o 
a l l o w the n o v i c e t e c h n i c i a n t o ask q u e s t i o n s o f 
the form "What p a r t i s th i s ? * ' by p o i n t i n g a t the 
unknown p a r t h i m s e l f . We c u r r e n t l y uae a wand 
w i t h a s m a l l l i g h t a t the t i p t o s i m p l i f y p r o 
c e s s i n g , y e t r e t a i n a n a t u r a l form o f p o i n t i n g 
f o r the n o v i c e . A r a y i n space i s d e f i n e d b y t h e 
wand t i p and the camera l e n s ; i n t e r s e c t i n g t h i s 
r a y w i t h a geometric model of the equipment p r o 
v i d e s the I n f o r m a t i o n needed to answer the ques
t i o n . 

The modules d e s c r i b e d above have some d i r e c t 
e x t e n s i o n s t h a t w e expect t o pursue i n the near 
f u t u r e . For example, the p o i n t i n g modules r e l y 
h e a v i l y o n t h e use o f g e o m e t r i c a l models o f e q u i p 
ment. Using these models, we expect to develop 
means f o r f i n d i n g and d e t e r m i n i n g t h e o r i e n t a t i o n 
o f a machine or component of I n t e r e s t to t h e nov
i c e . An open q u e s t i o n c e n t e r s on t h e e x t e n t to 
which range data w i l l s i m p l i f y t h e problem. W e 
have a l r e a d y devoted a good d e a l of a t t e n t i o n to 
a f o r m a l i s m f o r combining m u l t l s e n s o r y d a t a ; 1 6 we 
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w i l l need t o e x p l o r e the ease o f a p p l y i n g the f o r 
malism to the c o m p l i c a t e d c o l l e c t i o n of shapes 
t y p i c a l of most machinery. 

Having s a i d something about our plans f o r v i 
s i o n , we should perhaps a l s o mention t h a t we are 
not p l a n n i n g i n the near f u t u r e t o use v i s i o n t o 
answer f i n e g r a i n e d mensuration questions l i k e 
"Are the p u l l e y s a l i g n e d s u f f i c i e n t l y w e l l ? " W e 
expect t h a t most r e a l i s t i c q u e s t i o n s o f t h i s form 
w i l l t a x the r e s o l u t i o n o f our t r a n s d u c e r s and 
p r e f e r not t o devote our energy t o t h i s c l a s s o f 
problem. 

Language Communication 

We were persuaded at a v e r y e a r l y stage t h a t 
n a t u r a l language communication would have to be an 
i n t e g r a l p a r t of a mechanic's c o n s u l t a n t . Aside 
from the u n f a m i l i a r l t y a mechanic presumably has 
w i t h a computer t e r m i n a l , i t seems unreasonable t o 
ask, say, an auto mechanic to crawl out from under 
a car in o r d e r to ask how to r e p l a c e a U - j o i n t . * 
Thus, our u l t i m a t e goal i s t o a l l o w the n o v i c e t o 
use n a t u r a l E n g l i s h speech t o t a l k t o the computer 
based c o n s u l t a n t . S y m m e t r i c a l l y , a second g o a l is 
t o enable the c o n s u l t a n t t o t a l k t o the n o v i c e 
u s i n g o r d i n a r y speech. I n r e c o g n i t i o n o f the d i f 
f i c u l t y o f these u l t i m a t e g o a l s — c h i e f l y the f i r s t 
one--we have set as i n t e r m e d i a t e goals the develop
ment of more r e s t r i c t e d language components t h a t 
w i l l s t i l l a l l o w our experiments t o proceed. 

Our c u r r e n t language a b i l i t y r e s t s h e a v i l y o n 
a commercially a v a i l a b l e device known as a phrase 
r e c o g n i z e r . * The phrase r e c o g n i z e r i s a b l e t o r e c 
ognize an i s o l a t e speech fragment up to two sec
onds long, once the device has been t r a i n e d by l i s 
t e n i n g to the n o v i c e say each phrase ( o r word) 
s e v e r a l times. In our e x p e r i m e n t a l work, a t y p i 
c a l v o c a b u l a r y o f r o u g h l y 5 0 words i s evenly d i 
v i d e d between o b j e c t names and c o n t r o l words. Con
t r o l words i n c l u d e items l i k e "Why," "How," and 
"Show-me-the," w h i l e o b j e c t names are m a i n l y p a r t 
names. 

To enable the computer based c o n s u l t a n t to 
t a l k to the n o v i c e , we use a commercially 

Our i n t u i t i o n r e c e n t l y r e c e i v e d some support when 
we l e a r n e d of a simple program p r o v i d i n g diagnos
t i c a d v i c e t o auto mechanics. When f i e l d - t e s t e d 
by a major auto manufacturer, it was found to be 
"A d i s a p p o i n t m e n t , because the men wouldn't go 
near a keyboard." 

Ours, the VIP-100, is manufactured by Threshold 
Technology, I n c . Other s u p p l i e r s are a l s o en
t e r i n g the market. 

a v a i l a b l e phoneme s y n t h e s i z e r . § The s y n t h e s i z e r 
accepts a sequence of phoneme s p e c i f i c a t i o n s from 
the computer and converts these to a u d i b l e form, 
p r o d u c i n g speech o u t p u t . A programmer-defined 
o u t p u t v o c a b u l a r y is implemented by s e l e c t i n g a 
phonemic r e p r e s e n t a t i o n f o r each word; once t h i s 
has been done, t h a t word (which is reasonably un
d e r s t a n d a b l e ) may be used in any c o n t e x t . There 
i s thus n o i n t r i n s i c l i m i t t o vocabulary s i z e , 
and the system is much more convenient and com
pact than say, a d i r e c t d i g i t a l r e p r e s e n t a t i o n o f 
a c o u s t i c waveforms. 

The combination of phrase r e c o g n i z e r and 
phoneme s y n t h e s i z e r has been n o t a b l y u s e f u l i n a l 
l o w i n g u s t o experiment w i t h fragmentary v e r s i o n s 
of a c o n s u l t a n t system. They p e r m i t us, at t h e 
v e r y l e a s t , t o g a i n some i n t u i t i o n about the 
" l i v e " behavior of such a system. On the o t h e r 
hand, the phrase r e c o g n i z e r in no sense "under
stands" l i n g u i s t i c c o n t e n t , t h e r e i s a v e r y l i m 
i t e d a b i l i t y t o handle even simple sentences, and 
t h e r e i s n o r e p r e s e n t a t i o n o f a n u t t e r a n c e o t h e r 
than i t s r e c o g n i t i o n as one of a l i m i t e d number of 
a l t e r n a t i v e phrases. Consequently, we view the 
c u r r e n t c a p a b i l i t y a s being o n l y a n e x p e r i m e n t a l l y 
u s e f u l (and e a s i l y achieved) i n t e r i m one, and are 
d e v o t i n g our energy to d e v e l o p i n g a more adequate 
n a t u r a l language component f o r the c o n s u l t a n t . 

Our Immediate goal i n t h i s regard i s t o im
plement a language component a b l e to deal w i t h 
n a t u r a l t e x t i n p u t . S i m p l i f y i n g m a t t e r s f o r d i s 
c u ssion purposes, we need t h r e e t h i n g s in o r d e r to 
accomplish t h i s : a sentence-by-sentence t r a n s l a 
t i o n f a c i l i t y , a n i n t e r n a l r e p r e s e n t a t i o n o f i n p u t 
sentence meanings, and a d i s c o u r s e a n a l y s i s model. 
Sentence-by-sentence t r a n s l a t i o n Is d r i v e n by Pax-
ton's " b e s t - f i r s t " p a r s e r . 1 7 This p a r s e r was 
o r i g i n a l l y i n t e n d e d f o r , and indeed is used i n , a 
n a t u r a l speech u n d e r s t a n d i n g system, but I t has 
been m o d i f i e d t o accept t e x t i n p u t w h i l e work i n 
a c o u s t i c s c o n t i n u e s . A c c o r d i n g l y , l e t u s focus 
a t t e n t i o n o n the I n t e r n a l r e p r e s e n t a t i o n , which 
doubles as a t a r g e t language f o r the parser. 

We are p l a n n i n g to use a semantic net r e p r e 
s e n t a t i o n t h a t f o l l o w s roughly along the l i n e s 
suggested by Norman16 and Simmons.19 Let us use 
a few s i m p l i f i e d examples to convey both the gen
e r a l approach and i t s a p p l i c a t i o n t o our p a r t i c u 
l a r needs. 

A semantic n e t r e p r e s e n t i n g some i n f o r m a t i o n 
about s i m p l i f i e d a i r compressors i s shown i n F i g 
ure 7. Each node of t h i s p a r t i c u l a r net 

We use a V o t r a x v o i c e s y n t h e s i z e r , manufactured 
by Federal Screw Works. 

We p l a n to extend the system from t e x t to speech 
at a l a t e r date. 
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represents an o b j e c t or a set of o b j e c t s , and each 
arc a binary r e l a t i o n between nodes. The upper 
nodes i n d i c a t e that the set of a i r compressors, of 
tanks, of pumps, and of motors are each subsets 
(the S r e l a t i o n ) of the set of a l l machines. The 
set o f a i r compressors i s p a r t i a l l y defined--we 
w i l l say delineated t o i n d i c a t e the d e f i n i t i o n i s 
only p a r t i a l — b y the subnet enclosed in the box. 
This subnet represents a p r o t o t y p i c a l member C of 
the set of a i r compressors; we use ed to show that 
C is the d e l i n e a t i n g element of the parent set. 
Compressor C is shown as having three parts (HAP 
means has-as-part): T, P, and M. The e 
(element-of) arcs emanating from these nodes i n d i 
cate that they are r e s p e c t i v e l y elements of the 
set of tanks, pumps, and motors. Thus, the por
t i o n of the net we have discussed so f a r repre
sents the f a c t that a t y p i c a l a i r compressor is 
composed of a tank, a pump, and a motor, and that 
a l l of these objects are machines. The remaining 
p o r t i o n of the net represents the f a c t that there 
i s a p a r t i c u l a r compressor c a l l e d C0MPI ( i t i s an 
element of the set of a l l compressors), and that 
i t has as p a r t s a p a r t i c u l a r tank T l , a pump PI, 
and a motor Ml. 

Nodes can also represent abstract e n t i t l e s 
l i k e r e l a t i o n s . The net in Figure 8 is a repre
sentation o f the " d r i v e " r e l a t i o n ( d r i v e i n the 
sense of " t o power") between two pieces of machin
ery. It shows that d r i v e r e l a t i o n s are a subset 
o f the family o f a l l r e l a t i o n s , and i t delineates 
d r i v e by d i s p l a y i n g a subnet of a t y p i c a l d r i v e 
r e l a t i o n D. The d e l i n e a t i o n shows t h a t d r i v e re
lates two objects, a d r i v i n g object M' and a 
driven object P'. By f o l l o w i n g the e arcs out 
from these nodes, we see that M' must be a motor, 
and t h a t ?' must be a component t h a t can be 
driven. The net also shows that pumps are among 

We are s i m p l i f y i n g some bookkeeping d e t a i l s 
needed i n p r a c t i c e t o a s s o c i a t e T 1 w i t h a l l 
tanks, P1 w i t h a l l pumps, and so f o r t h . Concep
t u a l l y , t he reader can t h i n k o f C0MP1 and C as 
h a v i n g matched subgraphs. 

Che set of components t h a t can be d r i v e n , whereas 
motors are n o t . 

If we are now g i v e n the q u e s t i o n "What 
d r i v e s the pump?" the net of F i g u r e 8 p r o v i d e s 
the semantics t h a t enable us to parse the ques
t i o n s a t i s f a c t o r i l y . In p a r t i c u l a r , i t shows 
t h a t d r i v e is a b i n a r y r e l a t i o n , and t h a t "pump" 
i s something t h a t can b e d r i v e n . ( I n c o n t r a s t , 
the q u e s t i o n "What d r i v e s the motor?" would be r e 
j e c t e d because motors are not shown by the net as 
b e i n g d r i v a b l e . ) The " s c r a t c h n e t " a t the bottom 
of F i g u r e 8, which is e s s e n t i a l l y a copy of the 
d e l i n e a t i o n subnet, r e p r e s e n t s the parsed ques
t i o n "What d r i v e s the pump?". 

Although the net in F i g u r e 8 enables us to 
parse the q u e s t i o n , i t does not c o n t a i n enough i n 
f o r m a t i o n f o r us to c o n s t r u c t an answer. For 
t h i s , w e need the a d d i t i o n a l i n f o r m a t i o n r e p r e 
sented in F i g u r e 9. F i g u r e 9 shows fragments of 

the p r e v i o u s two n e t s , but we have augmented t h e 
d e l i n e a t i o n of the t y p i c a l compressor C. The new 
d e l i n e a t i o n uses the r e l a t i o n D' (an element of 
the set o f d r i v e r e l a t i o n s ) t o i n c l u d e the i n f o r 
m ation t h a t motor M d r i v e s pump P. Using t h i s i n 
f o r m a t i o n , i t i s p o s s i b l e t o match the s c r a t c h 
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net i n F i g u r e 8 w i t h the net p a r t i a l l y shown i n 
Figure 9 and thus to c o n s t r u c t the c o r r e c t answer. 
F u r t h e r d e t a i l s are a v a i l a b l e i n a f o r t h c o m i n g pa
per by H e n d r i x . 2 0 

The p r e c e d i n g d i s c u s s i o n sketches our c u r r e n t 
design f o r semantic r e p r e s e n t a t i o n . The t h i r d 
p a r t of the language component has to do w i t h the 
use of a d i s c o u r s e h i s t o r y to p r o v i d e the c o n t e x t 
in which to understand a s e n t e n c e - - f o r example, to 
r e s o l v e r e f e r e n c e s . In the p r e c e d i n g example, we 
passed over the issue of how " t h e pump1' is a s s o c i 
ated w i t h the p a r t i c u l a r pump a t hand (say pump PI 
of F i g u r e 7 ) . We expect to r e l y on an accumula
t i o n ( o r a summary) o f p r e v i o u s s c r a t c h n e t s , w i t h 
l i n k s t o p r o c e d u r a l n e t s , f o r t h i s purpose, but d o 
not y e t have a d e t a i l e d design f o r t h i s aspect o f 
the system. 

A B r i e f Example 

We are s t i l l some d i s t a n c e away from h a v i n g a 
smoothly r u n n i n g c o n s u l t a n t system c o n t a i n i n g a l l 
the f u n c t i o n a l components d e s c r i b e d above. Never
t h e l e s s , we i n c l u d e the f o l l o w i n g fragmentary ex
ample, from a t r a n s c r i p t of a l i v e v o i c e experimen 
t a l run, i n o r d e r t o g i v e a l i t t l e o f the f l a v o r 
than a more n e a r l y complete system would have. 
For ease of comparison, we again have s p e c i f i e d 
the t a s k to be "Assemble the a i r compressor." 

System: Try to achieve assembled aircompres-
sor. 

Novice: How? 
System: The top l e v e l p l a n i s . .. i n s t a l l 

pump ... i n s t a l l pumpbrace ... i n 
s t a l l pumppulley ... i n s t a l l b e l t ... 
i n s t a l l b e l t h o u s i n g c o v e r ... 

System: Ready f o r q u e s t i o n s . 
Novice: Show me the pump. 

(Laser beam moves to p o i n t at pump.) 
System: Ready f o r q u e s t i o n s . 

Novice: What i s t h i s ? ( P o i n t i n g w i t h wand 
a t tank p l a t f o r m ) 

System: Tank p l a t f o r m . 
System; Ready f o r q u e s t i o n s . 
Novice: None. 
System: I n s t a l l pump. 
Novice: How? 
System: Connect pump t o p l a t f o r m . 
Novice: How? 

System: Get 4 l & 1 / 4 - i n c h #5/16 hexagonal 
b o l t s and 4 #9/16 f l a t washers and 4 
s i r e 5/16 hexagonal n u t s . 

Novice: OK. 

In t h i s example, the system has composed a 
h i e r a r c h i c a l p l a n f o r t r a n s f o r m i n g a n i n i t i a l 

s t a t e o f the compressor t o the d e s i r e d f i n a l 
s t a t e of complete assembly. The novice then exe
cutes the p l a n , w h i l e the system keeps t r a c k of 
the c u r r e n t s t a t e by u s i n g the procedural net r e p 
r e s e n t a t i o n o f the p l a n . The simple r e p l i e s o f 
"OK" and "How?" ( o r t h e i r e q u i v a l e n t s ) t e l l the 
system e i t h e r t o move t o the next step a t the c u r 
r e n t l e v e l o f d e t a i l , o r t o expand a step i n t o a 
number o f more d e t a i l e d a c t i o n s . I f the n o v i c e 
were to ask "Why?'' some step was suggested, the 
system would use the p r o c e d u r a l net to c o n s t r u c t 
a n answer t h a t might i n v o l v e e i t h e r supergoals o f 
the c u r r e n t step or subsequent steps of the c u r 
r e n t subplan. 

Future Problems 

I t i s obvious t h a t a g r e a t d e a l o f work r e * 
mains to be done to b r i n g the i n d i v i d u a l compo
nents o f the system t o a u n i f o r m l y h i g h l e v e l o f 
s o p h i s t i c a t i o n , and to i n t e g r a t e these components 
i n t o a smoothly r u n n i n g system. I t i s i n t e r e s t i n g 
t o note, however, t h a t even i n i t s present r u d i 
mentary s t a t e t h e system e x h i b i t s a s u r f a c e behav
i o r t h a t Impresses o u t s i d e observers f a v o r a b l y . 
(We w i l l f o r g o the o p p o r t u n i t y t o s p e c u l a t e o n t h e 
i m p l i c a t i o n s t h i s o b s e r v a t i o n has f o r the p r e 
sumed mechanisms o f I n t e l l i g e n c e . ) I n the r e 
maining few paragraphs, w e w i l l b r i e f l y d i s c u s s 
the o u t l o o k f o r continued progress o n the c o n s u l 
t a n t system. 

I t seems t o us t h a t the s i t u a t i o n is reason
a b l y o p t i m i s t i c , a t l e a s t a s f a r a s the i n d i v i d u a l 
components of the system are concerned. P l a n n i n g 
f o r assembly/disassembly appears to be q u i t e well 
i n hand, and the o n l y r e a l u n c e r t a i n t i e s c e n t e r o n 
how much work l a needed t o encode how much d e t a i l 
f o r machines o f I n t e r e s t i n g c o m p l e x i t y . P l a n n i n g 
f o r t r o u b l e s h o o t i n g i s l e s s advanced, but t h e r e i s 
a good stock of ideas a v a i l a b l e and at l e a s t one 
demonstration program ( S h o r t l i f f e ' s MYCIN program) 
t o encourage u s t h a t q u i t e s o p h i s t i c a t e d t r o u b l e 
s h o o t i n g a b i l i t i e s are w i t h i n reach. V i s i o n , how
ever, i s c l e a r l y d i f f i c u l t i n the domain o f r e a l 
machinery, and a g e n e r a l and p o w e r f u l c a p a b i l i t y 
here i s not l i k e l y t o b e f o r t h c o m i n g i n t h e near 
f u t u r e . However, by r e l y i n g h e a v i l y on geometric 
and o t h e r models, which we assume would t y p i c a l l y 
be a v a i l a b l e , it appears t h a t a v i s i o n component 
can be evolved t h a t , though l i m i t e d , would s t i l l 
b e v e r y u s e f u l . N a t u r a l speech u n d e r s t a n d i n g i s 
not y e t a r e a l i t y in our system, but good p r o g r e s s 
i s being made on t h a t t o p i c a t a number o f l a b o r a 
t o r i e s . 1 0 , 1 1 1 2 , 1 3 B y c a r e f u l l y matching our i n 
t e r i m language designs ( e . g . , the semantic n e t 
r e p r e s e n t a t i o n ) to t h i s body of work, we expect to 
be a b l e to make use of f o r t h c o m i n g speech under
s t a n d i n g systems w i t h minimum e f f o r t . 

I t i s l e s s easy t o assess the d i f f i c u l t y o f 
i n t e g r a t i n g a l l o f t h e f u n c t i o n a l components i n t o 
one smoothly r u n n i n g system. One obvious problem 
i s the c u r r e n t m u l t i p l i c i t y o f models; a t the 
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moment, we have at l e a s t one model each f o r assem
b l y p l a n n i n g , t r o u b l e s h o o t i n g p l a n n i n g , v i s i o n , 
snd language. Some of these models may be com
b i n e d — f o r example, the p r o c e d u r a l net may p l a y a 
r o l e i n modeling a d i s c o u r s e h i s t o r y . The funda
mental problems, however, are much deeper, and i n 
v o l v e issues o f c o o r d i n a t i n g v e r y d i v e r s e knowl
edge sources, 1 1 of t h i n k i n g versus a c t i n g , and of 
human n o v i c e e f f o r t versus " e x p e r t " computer e f 
f o r t . A l l t h i s persuades u s t h a t computer based 
c o n s u l t a n t systems are l i k e l y to c o n t i n u e to be a 
f r u i t f u l domain f o r a r t i f i c i a l i n t e l l i g e n c e r e 
search, i n a d d i t i o n t o o f f e r i n g promise as a means 
f o r d e p l o y i n g knowledge u s e f u l l y i n a n i n c r e a s 
i n g l y c o m p l i c a t e d w o r l d . 
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