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A b s t r a c t 

The knowledge e n g i n e e r p r a c t i c e s t h e a r t o f 
b r i n g i n g the p r i n c i p l e s and t o o l s o f A I r e s e a r c h 
t o bear o n d i f f i c u l t a p p l i c a t i o n s p rob lems 
r e q u i r i n g e x p e r t s ' knowledge f o r t h e i r s o l u t i o n . 
The t e c h n i c a l i s s u e s o f a c q u i r i n g t h i s k n o w l e d g e , 
r e p r e s e n t i n g i t , and u s i n g i t a p p r o p r i a t e l y t o 
c o n s t r u c t and e x p l a i n l i n e s - o f - r e a s o n i n g , a r e 
i m p o r t a n t p rob lems i n t h e d e s i g n o f k n o w l e d g e -
based s y s t e m s . V a r i o u s sys tems t h a t have a c h i e v e d 
e x p e r t l e v e l p e r f o r m a n c e i n s c i e n t i f i c and m e d i c a l 
i n f e r e n c e i l l u m i n a t e t h e a r t o f knowledge 
e n g i n e e r i n g and i t s p a r e n t s c i e n c e , A r t i f i c i a l 
I n t e l l i g e n c e . 

1 INTRODUCTION: AN EXAMPLE 

T h i s i s t h e f i r s t o f a p a i r o f pape rs t h a t 
w i l l examine emerg ing themes o f knowledge 
e n g i n e e r i n g , i l l u s t r a t e them w i t h case s t u d i e s 
drawn f r o m the work o f t h e S t a n f o r d H e u r i s t i c 
Programming P r o j e c t , and d i s c u s s g e n e r a l i ssues o f 
know ledge e n g i n e e r i n g a r t and p r a c t i c e . 

L e t me b e g i n w i t h an example new to our 
w o r k b e n c h : a sys tem c a l l e d PUFF, t h e e a r l y f r u i t 
o f a c o l l a b o r a t i o n be tween ou r p r o j e c t and a g roup 
a t t h e P a c i f i c M e d i c a l Cen te r (PMC) i n San 
F r a n c i s c o . 

A p h y s i c i a n r e f e r s a p a t i e n t to PMC's 
pu lmonary f u n c t i o n t e s t i n g l a b f o r d i a g n o s i s o f 
p o s s i b l e pu lmonary f u n c t i o n d i s o r d e r . For one o f 
t h e t e s t s , t h e p a t i e n t i n h a l e s and e x h a l e s a few 
t i m e s i n a t u b e c o n n e c t e d to an 
i n s t r u m e n t / c o m p u t e r c o m b i n a t i o n . The i n s t r u m e n t 
a c q u i r e s d a t a o n f l o w r a t e s and v o l u m e s , t h e s o -
c a l l e d f l o w - v o l u m e l o o p o f t h e p a t i e n t ' s l u n g s and 
a i r w a y s . The compute r measures c e r t a i n p a r a m e t e r s 
o f t h e c u r v e and p r e s e n t s them t o t h e 
d i a g n o s t i c i a n ( p h y s i c i a n o r PUFF) f o r 
i n t e r p r e t a t i o n . The d i a g n o s i s i s made a l o n g t hese 
l i n e s : n o r m a l o r d i s e a s e d ; r e s t r i c t e d l u n g d i s e a s e 
o r o b s t r u c t i v e a i r w a y s d i s e a s e o r a c o m b i n a t i o n o f 
b o t h ; t h e s e v e r i t y ; t h e l i k e l y d i s e a s e t y p e ( s ) 
( e . g . emphysema, b r o n c h i t i s , e t c . ) ; and o t h e r 
f a c t o r s i m p o r t a n t f o r d i a g n o s i s . 

PUFF i s g i v e n n o t o n l y t h e measured d a t a b u t 
a l s o c e r t a i n i t e m s o f i n f o r m a t i o n f r o m t h e p a t i e n t 
r e c o r d , e . g . s e x , a g e , number o f p a c k - y e a r s o f 
c i g a r e t t e s m o k i n g . The t a s k o f t h e PUFF sys tem i s 
t o i n f e r a d i a g n o s i s and p r i n t i t o u t i n E n g l i s h 
i n t h e n o r m a l m e d i c a l summary f o r m o f t h e 
i n t e r p r e t a t i o n e x p e c t e d b y t h e r e f e r r i n g 
p h y s i c i a n . 

E v e r y t h i n g PUFF knows abou t pu lmonary 
f u n c t i o n d i a g n o s i s i s c o n t a i n e d i n ( c u r r e n t l y ) 5 5 
r u l e s o f t h e I F . . . T H E N . . . f o r m . N o t e x t b o o k o f 
m e d i c i n e c u r r e n t l y r e c o r d s t h e s e r u l e s . They 
c o n s t i t u t e t h e p a r t l y - p u b l i c , p a r t l y - p r i v a t e 
knowledge o f a n e x p e r t pu lmonary p h y s i o l o g i s t a t 
PMC, and were e x t r a c t e d and p o l i s h e d by p r o j e c t 
e n g i n e e r s w o r k i n g i n t e n s i v e l y w i t h t h e e x p e r t o v e r 
a p e r i o d of t i m e . Here is an example of a PUFF 
r u l e ( t h e u n e x p l a i n e d acronyms r e f e r t o v a r i o u s 
d a t a measu remen ts ) : 

RULE 31 

I F : 
1 ) The s e v e r i t y o f o b s t r u c t i v e a i r w a y s 
d i s e a s e o f t h e p a t i e n t i s g r e a t e r t h a n o r 
e q u a l t o m i l d , and 
2 ) The degree o f d i f f u s i o n d e f e c t o f t h e 
p a t i e n t i s g r e a t e r t h a n o r e q u a l t o m i l d , 
and 
3 ) The t l c ( b o d y b o x ) o b s e r v e d / p r e d i c t e d o f 
t h e p a t i e n t i s g r e a t e r t h a n o r e q u a l t o 110 
and 
4 ) The o b s e r v e d - p r e d i c t e d d i f f e r e n c e i n 
r v / t l c o f t h e p a t i e n t i s g r e a t e r t h a n o r 
e q u a l to 10 

THEN: 
1 ) T h e r e i s s t r o n g l y s u g g e s t i v e e v i d e n c e 
( . 9 ) t h a t t h e s u b t y p e o f o b s t r u c t i v e a i r w a y s 
d i s e a s e i s emphysema, and 
2 ) I t i s d e f i n i t e ( 1 . 0 ) t h a t "OAD, 
D i f f u s i o n D e f e c t , e l e v a t e d TLC, and e l e v a t e d 
RV t o g e t h e r i n d i c a t e emphysema." i s one o f 
t h e f i n d i n g s . 
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One hundred c a s e s , c a r e f u l l y chosen to span 
t h e v a r i e t y o f d i s e a s e s t a t e s w i t h s u f f i c i e n t 
exemp la r y i n f o r m a t i o n f o r e a c h , were used t o 
e x t r a c t t h e 5 5 r u l e s . A s t h e knowledge emerged, i t 
was r e p r e s e n t e d i n r u l e f o r m , added t o the sys tem 
and t e s t e d b y r u n n i n g a d d i t i o n a l c a s e s . The 
e x p e r t was somet imes s u r p r i s e d , somet imes 
f r u s t r a t e d , by t he o c c a s i o n a l gaps and 
i n c o n s i s t e n c i e s i n t he k n o w l e d g e , and the 
i n c o r r e c t d i a g n o s e s t h a t were l o g i c a l consequences 
o f t h e e x i s t i n g r u l e s e t . The i n t e r p l a y between 
knowledge e n g i n e e r and e x p e r t g r a d u a l l y expanded 
t h e s e t o f r u l e s t o remove most o f t hese p r o b l e m s . 

A s c u m u l a t i o n o f t e c h n i q u e s i n t h e a r t 
demands and a l l o w s , a new t o o l was n o t i n v e n t e d 
when an o l d one wou ld d o . The knowledge e n g i n e e r s 
p u l l e d o u t o f t h e i r t o o l k i t a v e r s i o n o f t h e MYCIN 
sys tem ( t o b e d i s c u s s e d l a t e r ) , w i t h t he r u l e s 
abou t i n f e c t i o u s d i s e a s e s removed, and used i t as 
t h e i n f e r e n c e eng ine f o r t he PUFF d i a g n o s e s . Thus 
PUFF, l i k e MYCIN, i s a r e l a t i v e l y s i m p l e b a c k w a r d -
c h a i n i n g i n f e r e n c e s y s t e m . I t seeks a v a l i d l i n e -
o f - r e a s o n i n g based o n i t s r u l e s and r o o t e d i n t he 
i n s t r u m e n t and p a t i e n t d a t a . W i t h a l i t t l e more 
work a t f i t t i n g some e x i s t i n g t o o l s t o g e t h e r , PUFF 
w i l l b e a b l e t o e x p l a i n t h i s l i n e - o f - r e a s o n i n g , 
j u s t as MYCIN d o e s . 

A s i t i s , PUFF o n l y p r i n t s o u t t h e f i n a l 
i n t e r p r e t a t i o n , o f w h i c h t he f o l l o w i n g i s a n 
examp le : 

PATIENT DATA: 
The degree of dyspnea : MODERATELY-SEVERE 
The s e v e r i t y o f c o u g h i n g : MILD 
Sputum p r o d u c t i o n MODERATELY-SEVERE 
The number of p a c k - y e a r s of s m o k i n g : 48 
r e f e r r a l d i a g n o s i s : BRONCHITIS 
I V C / I V C - p r e d i c t e d : 80 
R V / R V - p r e d i c t e d : 191 
F V C / F V C - p r e d i c t e d : 87 
TLC(body b o x ) o b s e r v e d / p r e d i c t e d : 127 
P r e d i c t e d FEV1/FVC: 83 
T L C ( D L C O ) o b s e r v e d / p r e d i c t e d : 83 
FEV1/FVC r a t i o : 50 
RV/TLC O b s e r v e d - P r e d i c t e d : 21 
MMF/MMF-p red ic ted : 19 
t h e DLCO/DLCO-p red i c ted : 48 
The s l o p e (F50_obs-F25_obs) /FVC_obs: 19 

DEGREE OF OBSTRUCTIVE AIRWAYS DISEASE: 

OAD degree by SLOPE: (MODERATELY-SEVERE 
700) 
OAD deg ree by MMF: (SEVERE 900) 
OAD degree by FEV1: (MODERATELY-SEVERE 
700) 

FINAL OAD DEGREE: (MODERATELY-SEVERE 
910) (SEVERE 900) 
N o c o n f l i c t . F i n a l d e g r e e : 
(MODERATELY-SEVERE 910) 

INTERPRETATION: 

O b s t r u c t i o n i s i n d i c a t e d b y c u r v a t u r e o f 
the f l o w - v o l u m e l o o p . 
Forced V i t a l C a p a c i t y i s no rma l and peak 
f l o w r a t e s a r e r e d u c e d , s u g g e s t i n g 
a i r w a y o b s t r u c t i o n . 
Flow r a t e f r o m 25-75 o f e x p i r e d volume i s 
r e d u c e d , i n d i c a t i n g seve re a i r w a y 
o b s t r u c t i o n . 
OAD, D i f f u s i o n D e f e c t , e l e v a t e d TLC, and 
e l e v a t e d RV t o g e t h e r i n d i c a t e emphysema. 
OAD, D i f f u s i o n D e f e c t , and e l e v a t e d RV 
i n d i c a t e emphysema. 
Change i n e x p i r e d f l o w r a t e s f o l l o w i n g 
b r o n c h o d i l a t i o n shows t h a t t h e r e i s 
r e v e r s i b i l i t y o f a i r w a y o b s t r u c t i o n . 
The p resence o f a p r o d u c t i v e cough is an 
i n d i c a t i o n t h a t t h e OAD i s o f t h e 
b r o n c h i t i c t y p e . 
E l e v a t e d l u n g vo lumes i n d i c a t e 
o v e r i n f l a t i o n . 
A i r t r a p p i n g i s i n d i c a t e d b y t he e l e v a t e d 
d i f f e r e n c e between obse rved and p r e d i c t e d 
RV/TLC r a t i o s . 
Improvement i n a i r w a y r e s i s t a n c e i n d i c a t e s 
some r e v e r s i b i l i t y o f a i r w a y 
A i rway o b s t r u c t i o n i s c o n s i s t e n t w i t h t h e 
p a t i e n t ' s smok ing h i s t o r y . 
The a i r w a y o b s t r u c t i o n accoun ts f o r t he 
p a t i e n t ' s d y s p n e a . 
A l t h o u g h b r o n c h o d i l a t o r s were n o t 
u s e f u l i n t h i s one c a s e , p r o l o n g e d use may 
p r ov e t o b e b e n e f i c i a l t o t h e p a t i e n t . 
The reduced d i f f u s i o n c a p a c i t y i n d i c a t e s 
a i r w a y o b s t r u c t i o n o f t h e mixed 
b r o n c h i t i c and emphysematous t y p e s . 
Low d i f f u s i n g c a p a c i t y i n d i c a t e s l o s s o f 
a l v e o l a r c a p i l l a r y s u r f a c e . 
O b s t r u c t i v e A i r w a y s D i sease o f mixed t ypes 

150 cases n o t s t u d i e d d u r i n g t he knowledge 
a c q u i s i t i o n p r o c e s s were used f o r a t e s t and 
v a l i d a t i o n o f t h e r u l e s e t . PUFF i n f e r r e d a 
d i a g n o s i s f o r e a c h . PUFF-produced and e x p e r t -
p roduced i n t e r p r e t a t i o n s were coded f o r 
s t a t i s t i c a l a n a l y s i s t o d i s c o v e r the deg ree o f 
ag reemen t . Over v a r i o u s t y p e s o f d i s e a s e s t a t e s , 
and f o r two c o n d i t i o n s o f match between human and 
computer d i a g n o s e s ("same degree o f s e v e r i t y " and 
" w i t h i n one degree o f s e v e r i t y " ) , agreement r a n g e d 
between a p p r o x i m a t e l y 90Z and 100X. 

The PUFF s t o r y i s j u s t b e g i n n i n g and w i l l b e 
t o l d perhaps a t t h e n e x t I J C A I . The s u r p r i s i n g 
p u n c h l i n e t o m y s y n o p s i s i s t h a t t h e c u r r e n t s t a t e 
of t h e PUFF sys tem as d e s c r i b e d above was a c h i e v e d 
i n l e s s t h a n 5 0 hou rs o f i n t e r a c t i o n w i t h t h e 
e x p e r t and l e s s t h a n 10 man-weeks o f e f f o r t by t h e 
knowledge e n g i n e e r s . We have l e a r n e d much in t h e 
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past decade of the a r t of engineer ing knowledge-
based i n t e l l i g e n t agents! 

In the remainder of t h i s essay, I would l i k e 
to discuss the route that one research group, the 
Stanford Heur i s t i c Programming P r o j e c t , has taken, 
i l l u s t r a t i n g progress w i th case s tud ies , and 
d iscuss ing themes of the work. 

2 ARTIFICIAL INTELLIGENCE & KNOWLEDGE ENGINEERING 

The dichotomy that was used to c l a s s i f y the 
co l l ec ted papers in the volume 
Computers and Thought s t i l l character izes w e l l the 
mot iva t ions and research e f f o r t s of the Al 
community. F i r s t , there are some who work toward 
the cons t ruc t ion of i n t e l l i g e n t a r t i f a c t s , or seek 
to uncover p r i n c i p l e s , methods, and techniques 
use fu l in such cons t ruc t i on . Second, there are 
those who view a r t i f i c i a l i n t e l l i g e n c e as ( to use 
Newel l 's phrase) " t h e o r e t i c a l psychology," seeking 
e x p l i c i t and v a l i d in fo rmat ion processing models 
of human thought. 

For purposes of t h i s essay, I wish to focus 
on the mot ivat ions of the f i r s t group, these days 
by f a r the la rger of the two. I l abe l these 
mot ivat ions " the i n t e l l i g e n t agent v iewpo in t " and 
here is my understanding of tha t v iewpo in t : 

"The p o t e n t i a l uses of computers by 
people to accomplish tasks can be 'one-
d imens iona l ized ' i n t o a spectrum 
represent ing the nature of I n s t r u c t i o n 
that must be given the computer to do i t s 
Job. Ca l l i t the WHAT-TO-HOW spectrum. 
At one extreme of the spectrum, the user 
suppl ies h i s I n t e l l i g e n c e to i ns t ruc t the 
machine w i th p rec is ion exac t l y HOW to do 
h is j o b , s tep -by -s tep . Progress in 
Computer Science can be seen as steps away 
from the extreme 'HOW' po in t on the 
spectrum: the f a m i l i a r panoply of assembly 
languages, subrout ine l i b r a r i e s , 
compi le rs , ex tens ib le languages, e t c . At 
the other extreme of the spectrum is the 
user w i t h h is r e a l problem (WHAT he wishes 
the computer, as h i s ins t rument , to do fo r 
him)• He aspi res to communicate WHAT he 
wants done in a language tha t Is 
comfortable to him (perhaps Eng l i sh ) ; v i a 
communication modes tha t are convenient 
f o r him ( i nc l ud ing perhaps, speech or 
p i c t u r e s ) ; w i t h some g e n e r a l i t y , some 
vagueness, imprec i s ion , even e r r o r ; 
w i thout having to lay out in d e t a i l a l l 
necessary subgoals f o r adequate 
performance - w i t h reasonable assurance 
that he Is addressing an i n t e l l i g e n t agent 
tha t is using knowledge of h is wor ld to 
understand h is i n t e n t , t o f i l l i n h is 
vagueness, to make s p e c i f i c h is 
abs t r ac t i ons , t o cor rec t h i s e r r o r s , t o 
discover appropr ia te subgoals, and 

u l t i m a t e l y to t r ans la te WHAT he r e a l l y 
wants done i n t o processing steps that 
de f ine HOW it s h a l l be done by a rea l 
computer. The research a c t i v i t y aimed at 
c rea t ing computer programs tha t act as 
" i n t e l l i g e n t agents" near the WHAT end of 
the WHAT-To-HOW spectrum can be viewed as 
the long-range goal of AI research . " 
(Feigenbaum, 1974) 

Our young science is s t i l l more a r t than 
sc ience. A r t : " the p r i n c i p l e s or methods governing 
any c r a f t or branch of l e a r n i n g . " A r t : " s k i l l e d 
workmanship,execution, or agency." These the 
d i c t i o n a r y teaches us. Knuth t e l l s us that the 
endeavor of computer programming is an a r t , in 
j u s t these ways. The a r t of cons t ruc t ing 
i n t e l l i g e n t agents is both par t of and an 
extension o f the programming a r t . I t i s the a r t o f 
b u i l d i n g complex computer programs tha t represent 
and reason w i t h knowledge of the wor ld . Our a r t 
there fo re l i v e s in symbiosis w i t h the other 
wo r l d l y a r t s , whose p r a c t i t i o n e r s — experts of 
t h e i r a r t — hold the knowledge we need to 
const ruct i n t e l l i g e n t agents. In most " c r a f t s or 
branches of l e a r n i n g " what we c a l l " expe r t i se " is 
the essence of the a r t . And fo r the domains of 
knowledge that we touch w i t h our a r t , i t is the 
" r u l e s of e x p e r t i s e " or the ru les of "good 
judgment" of the expert p r a c t i t i o n e r s of that 
domain that we seek to t r ans fe r to our programs. 

2,1 Lessons of the Past 

Two i n s i g h t s from previous work are 
pe r t i nen t to t h i s essay. 

The f i r s t concerns the quest f o r gene ra l i t y 
and power of the in ference engine used in the 
performance of i n t e l l i g e n t acts (what Minsky and 
Papert (see Goldste in and Papert , 1977) have 
labeled " the power s t r a t e g y " ) . We must hypothesize 
from our experience to date tha t the problem 
so lv ing power exh ib i t ed in an i n t e l l i g e n t agent 's 
performance is p r i m a r i l y a consequence of the 
s p e c i a l i s t ' s knowledge employed by the agent, and 
only very secondar i ly re la ted to the gene ra l i t y 
and power of the inference method employed. Our 
agents must be knowledge-r ich, even if they are 
methods-poor. In 1970, repo r t i ng the f i r s t major 
summary-of-resul ts of the DENDRAL program ( to be 
discussed l a t e r ) , we addressed t h i s issue as 
f o l l o w s : 

" . . . g e n e r a l problem-solvers are too 
weak to be used as the basis f o r b u i l d i n g 
high-performance systems. The behavior of 
the best general problem-solvers we know, 
human problem-solvers, is observed to be 
weak and shal low, except in the areas in 
which the human problem-solver is a 
s p e c i a l i s t . And i t i s observed tha t the 
t rans fe r of exper t i se between spec ia l t y 
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a r e a s i s s l i g h t . A chess master i s 
u n l i k e l y t o b e a n e x p e r t a l g e b r a i s t o r a n 
e x p e r t mass spec t rum a n a l y s t , e t c . I n 
t h i s v i e w , t h e e x p e r t i s t he s p e c i a l i s t , 
w i t h a s p e c i a l i s t ' s knowledge o f h i s area 
and a s p e c i a l i s t ' s methods and 
h e u r i s t i c s . " (Fe igenbaum, Buchanan and 
L e d e r b e r g , 1 9 7 1 , p . 187) 

Subsequent e v i d e n c e f r o m our l a b o r a t o r y and 
a l l o t h e r s has o n l y c o n f i r m e d t h i s b e l i e f . 

A I r e s e a r c h e r s have d r a m a t i c a l l y s h i f t e d 
t h e i r v i e w on g e n e r a l i t y and power i n t h e pas t 
decade . I n 1967, t he c a n o n i c a l q u e s t i o n about t he 
DENDRAL p rog ram was: " I t sounds l i k e good 
c h e m i s t r y , b u t what does i t have t o d o w i t h A I ? " I n 
1977, G o l d s t e i n and Paper t w r i t e o f a pa rad igm 
s h i f t i n A I : 

"Today t h e r e has been a s h i f t i n 
p a r a d i g m . The f undamen ta l p rob lem o f 
u n d e r s t a n d i n g i n t e l l i g e n c e i s no t t h e 
i d e n t i f i c a t i o n o f a few p o w e r f u l 
t e c h n i q u e s , b u t r a t h e r the q u e s t i o n o f how 
t o r e p r e s e n t l a r g e amounts o f knowledge i n 
a f a s h i o n t h a t p e r m i t s t h e i r e f f e c t i v e use 
and i n t e r a c t i o n . " ( G o l d s t e i n and P a p e r t , 
1977) 

The second i n s i g h t f r o m pas t work conce rns 
t h e n a t u r e o f t h e knowledge t h a t a n e x p e r t b r i n g s 
to t h e pe r f o rmance o f a t a s k . Expe r i ence has 
shown u s t h a t t h i s knowledge i s l a r g e l y h e u r i s t i c 
k n o w l e d g e , e x p e r i e n t i a l , u n c e r t a i n — m o s t l y "good 
g u e s s e s " and "good p r a c t i c e , " i n l i e u o f f a c t s and 
r i g o r . E x p e r i e n c e has a l s o t a u g h t us t h a t much o f 
t h i s knowledge i s p r i v a t e t o t he e x p e r t , n o t 
because he i s u n w i l l i n g to sha re p u b l i c l y how he 
p e r f o r m s , b u t because he is u n a b l e . He knows more 
t h a n he i s aware o f k n o w i n g . (Why e l s e i s t h e 
P h . D . o r t h e I n t e r n s h i p a g u i l d - l i k e 
a p p r e n t i c e s h i p to a presumed "mas te r o f t h e 
c r a f t ? " What t h e mas te r s r e a l l y know i s n o t 
w r i t t e n i n t h e t e x t b o o k s o f t he m a s t e r s . ) But w e 
have l e a r n e d a l s o t h a t t h i s p r i v a t e knowledge can 
b e uncove red b y t h e c a r e f u l , p a i n s t a k i n g a n a l y s i s 
o f a second p a r t y , o r sometimes by t h e e x p e r t 
h i m s e l f , o p e r a t i n g i n t he c o n t e x t o f a l a r g e 
number o f h i g h l y s p e c i f i c pe r fo rmance p r o b l e m s . 
F i n a l l y , w e have l e a r n e d t h a t e x p e r t i s e i s m u l t i -
f a c e t e d , t h a t t h e e x p e r t b r i n g s t o bear many and 
v a r i e d sou rces o f knowledge i n p e r f o r m a n c e . The 
app roach t o c a p t u r i n g h i s e x p e r t i s e must p roceed 
on many f r o n t s s i m u l t a n e o u s l y . 

2 .2 The Knowledge Eng inee r 

The knowledge e n g i n e e r i s t h a t second p a r t y 
j u s t d i s c u s s e d . [An h i s t o r i c a l no te about t h e 
t e r m . I n t h e m i d - 6 0 s , John M c C a r t h y , f o r r easons 
o b v i o u s f r o m h i s w o r k , had been d e s c r i b i n g 
A r t i f i c i a l I n t e l l i g e n c e a s " A p p l i e d E p i s t e m o l o g y . " 
When 1 f i r s t d e s c r i b e d t h e DENDRAL program to 
Dona ld M i c h i e i n 1968, h e remarked t h a t i t was 
" e p i s t e m o l o g i c a l e n g i n e e r i n g , " a c l e v e r b u t 
ponderous and unp ronounceab le t u r n - o f - p h r a s e t h a t 
I s i m p l i f i e d i n t o " know ledge e n g i n e e r i n g . " ] She 
( i n d e f e r e n c e t o m y f a v o r i t e knowledge e n g i n e e r ) 
works i n t e n s i v e l y w i t h a n e x p e r t t o a c q u i r e 
d o m a i n - s p e c i f i c knowledge and o r g a n i z e i t f o r use 
by a p rog ram. S i m u l t a n e o u s l y she is m a t c h i n g the 
t o o l s o f t h e A I workbench to t h e t a s k a t hand — 

program o r g a n i z a t i o n s , methods o f s y m b o l i c 
i n f e r e n c e , t e c h n i q u e s f o r t he s t r u c t u r i n g o f 
s ymbo l i c i n f o r m a t i o n , and the l i k e . I f t h e t o o l 
f i t s , o r n e a r l y f i t s , she uses i t . I f n o t , 
n e c e s s i t y mothers A I I n v e n t i o n , and a new t o o l 
g e t s c r e a t e d . She b u i l d s t he e a r l y v e r s i o n s o f t h e 
i n t e l l i g e n t a g e n t , g u i d e d a lways b y her i n t e n t 
t h a t t h e p rogram e v e n t u a l l y a c h i e v e e x p e r t l e v e l s 
o f pe r fo rmance i n t h e t a s k . She r e f i n e s o r 
r e c o n c e p t u a l i z e s t h e sys tem a s the i n c r e a s i n g 
amount o f a c q u i r e d knowledge causes t h e A I t o o l t o 
" b r e a k " o r s l ow down i n t o l e r a b l y . She a l s o r e f i n e s 
the human i n t e r f a c e t o t h e i n t e l l i g e n t agent w i t h 
s e v e r a l a i m s : to make t h e sys tem appear 
" c o m f o r t a b l e " t o t h e human user i n h i s l i n g u i s t i c 
t r a n s a c t i o n s w i t h i t ; t o make t h e s y s t e m ' s 
i n f e r e n c e p r o c e s s e s u n d e r s t a n d a b l e t o the u s e r ; 
and to make the a s s i s t a n c e c o n t r o l l a b l e by t he 
user when, i n t h e c o n t e x t o f a r e a l p r o b l e m , he 
has a n i n s i g h t t h a t p r e v i o u s l y was no t e l i c i t e d 
and t h e r e f o r e n o t i n c o r p o r a t e d . 

I n t h e n e x t s e c t i o n , 1 w i s h t o e x p l o r e ( i n 
summary f o r m ) some case s t u d i e s o f t he knowledge 
e n g i n e e r ' s a r t . 

3 CASES FROM THE KNOWLEDGE ENGINEER'S WORKSHOP 

I w i l l draw m a t e r i a l f o r t h i s s e c t i o n f r o m 
t h e work o f my g r o u p a t S t a n f o r d . Much e x c i t i n g 
work i n knowledge e n g i n e e r i n g i s g o i n g o n 
e l s e w h e r e . S i n c e m y i n t e n t i s no t t o s u r v e y 
l i t e r a t u r e b u t t o i l l u s t r a t e themes, a t t h e r i s k 
o f a p p e a r i n g p a r o c h i a l I have used as case s t u d i e s 
t h e work I know b e s t . 

My c o l l a b o r a t o r s ( P r o f e s s o r s L e d e r b e r g and 
Buchanan) and I began a s e r i e s of p r o j e c t s , 
i n i t i a l l y t h e deve lopment o f t he DENDRAL p r o g r a m , 
i n 1965. W e had d u a l m o t i v e s : f i r s t , t o s t u d y 
s c i e n t i f i c p r o b l e m s o l v i n g and d i s c o v e r y , 
p a r t i c u l a r l y t h e p rocesses s c i e n t i s t s d o use o r 
s h o u l d use i n i n f e r r i n g hypotheses and t h e o r i e s 
f r o m e m p i r i c a l e v i d e n c e ; and second , t o c o n d u c t 
t h i s s t u d y i n such a way t h a t ou r e x p e r i m e n t a l 
programs wou ld one day be o f use to w o r k i n g 
s c i e n t i s t s , p r o v i d i n g i n t e l l i g e n t a s s i s t a n c e o n 
i m p o r t a n t and d i f f i c u l t p r o b l e m s . By 1970, we and 
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our c o - w o r k e r s had g a i n e d enough e x p e r i e n c e t h a t 
we f e l t c o m f o r t a b l e i n l a y i n g ou t a program o f 
r e s e a r c h encompass ing work on t h e o r y f o r m a t i o n , 
knowledge u t i l i z a t i o n , knowledge a c q u i s i t i o n , 
e x p l a n a t i o n , and knowledge e n g i n e e r i n g t e c h n i q u e s . 
A l t h o u g h t h e r e were some s u r p r i s e s a l o n g the way 
( l i k e the AM p r o g r a m ) , t h e g e n e r a l l i n e s o f the 
r e s e a r c h a r e p r o c e e d i n g a s e n v i s i o n e d . 

THEMES 

As a road map to these case s t u d i e s , i t i s 
u s e f u l t o keep i n mind c e r t a i n ma jor themes: 

G e n e r a t l o n - a n d - t e s t : Omnipresent i n our 
e x p e r i m e n t s i s the " c l a s s i c a l " g e n e r a t i o n - a n d -
t e s t f ramework t h a t has been the h a l l m a r k o f A I 
programs f o r two decades . T h i s i s n o t a 
consequence o f a d o c t r i n a i r e a t t i t u d e on our p a r t 
about h e u r i s t i c s e a r c h , b u t r a t h e r o f t he 
u s e f u l n e s s and s u f f i c i e n c y o f t h e c o n c e p t . 

S i t u a t i o n => A c t i o n R u l e s : We have chosen to 
r e p r e s e n t t he knowledge o f e x p e r t s i n t h i s f o r m . 
Making n o d o c t r i n a i r e c l a i m s f o r the u n i v e r s a l 
a p p l i c a b i l i t y o f t h i s r e p r e s e n t a t i o n , w e 
n o n e t h e l e s s p o i n t t o the demons t ra ted u t i l i t y o f 
the r u l e - b a s e d r e p r e s e n t a t i o n . From t h i s 
r e p r e s e n t a t i o n f l o w r a t h e r d i r e c t l y many o f the 
c h a r a c t e r i s t i c s o f our p rog rams : f o r examp le , 
ease o f m o d i f i c a t i o n o f t h e know ledge , ease o f 
e x p l a n a t i o n . The essence o f our approach i s t h a t 
a r u l e must c a p t u r e a " c h u n k " of domain knowledge 
t h a t i s m e a n i n g f u l , i n and o f i t s e l f , t o t he 
domain s p e c i a l i s t . Thus our r u l e s bear o n l y a 
h i s t o r i c a l r e l a t i o n s h i p t o the p r o d u c t i o n r u l e s 
used by N e w e l l and Simon (1972) w h i c h we v i e w as 
" m a c h i n e - l a n g u a g e p rogramming" of a 
r e c o g n i z e • > a c t mach ine . 

The D o m a i n - S p e c i f i c Knowledge: I t p l a y s a c r i t i c a l 
r o l e i n o r g a n i z i n g and c o n s t r a i n i n g s e a r c h . The 
theme i s t h a t i n the knowledge i s the power . The 
I n t e r e s t i n g a c t i o n a r i s e s f r o m the knowledge 
b a s e , no t t he i n f e r e n c e e n g i n e . We use knowledge 
i n r u l e f o r m ( d i s c u s s e d a b o v e ) , i n t h e f o r m o f 
i n f e r e n t i a l l y - r i c h models based o n t h e o r y , and i n 
t h e f o r m o f t a b l e a u s o f s y m b o l i c d a t a and 
r e l a t i o n s h i p s ( i . e . f r a m e - l i k e s t r u c t u r e s ) . 
System p r6cesses a r e made to c o n f o r m to n a t u r a l 
and c o n v e n i e n t r e p r e s e n t a t i o n s o f t h e d o m a i n -
s p e c i f i c k n o w l e d g e . 

F l e x i b i l i t y t o m o d i f y t he knowledge b a s e : I f t h e 
s o - c a l l e d " g r a i n s i z e " o f t h e knowledge 
r e p r e s e n t a t i o n i s chosen p r o p e r l y ( i . e . s m a l l 
enough t o b e c o m p r e h e n s i b l e b u t l a r g e enough t o 
b e m e a n i n g f u l t o t h e domain s p e c i a l i s t ) , t h e n t h e 
r u l e - b a s e d app roach a l l o w s g r e a t f l e x i b i l i t y f o r 
a d d i n g , r e m o v i n g , o r c h a n g i n g knowledge i n t h e 
s y s t e m . 

L i n e - o f - r e a s o n l n g : A c e n t r a l o r g a n i z i n g p r i n c i p l e 
i n t h e d e s i g n o f know ledge -based i n t e l l i g e n t 
a g e n t s i s t h e ma in tenance o f a l i n e - o f - r e a s o n i n g 
t h a t i s c o m p r e h e n s i b l e t o t he domain s p e c i a l i s t . 

T h i s p r i n c i p l e i s , o f c o u r s e , n o t a l o g i c a l 
n e c e s s i t y , b u t seems to us to be an e n g i n e e r i n g 
p r i n c i p l e o f ma jo r i m p o r t a n c e . 

M u l t i p l e Sources o f Knowledge: The f o r m a t i o n and 
ma in tenance ( s u p p o r t ) o f t h e l i n e - o f - r e a s o n i n g 
u s u a l l y r e q u i r e t he i n t e g r a t i o n o f many d i s p a r a t e 
sou rces o f know ledge . The r e p r e s e n t a t i o n a l and 
i n f e r e n t i a l p rob lems in a c h i e v i n g a smooth and 
e f f e c t i v e i n t e g r a t i o n a re f o r m i d a b l e e n g i n e e r i n g 
p r o b l e m s . 

E x p l a n a t i o n : The a b i l i t y t o e x p l a i n t h e l i n e - o f -
r e a s o n i n g i n a language c o n v e n i e n t t o t he user i s 
necessa ry f o r a p p l i c a t i o n and f o r sys tem 
deve lopment ( e . g . f o r debugg ing and f o r e x t e n d i n g 
t h e knowledge b a s e ) . Once a g a i n , t h i s i s a n 
e n g i n e e r i n g p r i n c i p l e , b u t v e r y i m p o r t a n t . What 
c o n s t i t u t e s " a n e x p l a n a t i o n " i s n o t a s i m p l e 
c o n c e p t , and c o n s i d e r a b l e t h o u g h t needs to be 
g i v e n , i n each c a s e , t o the s t r u c t u r i n g o f 
e x p l a n a t i o n s . 

CAS1 STUDIES 

I n t h i s s e c t i o n I w i l l t r y t o i l l u s t r a t e 
these themes w i t h v a r i o u s case s t u d i e s . 

3 .1 DENDRAL: I n f e r r i n g Chemica l S t r u c t u r e s 

3 . 1 . 1 H i s t o r i c a l No te 

Begun i n 1965, t h i s c o l l a b o r a t i v e p r o j e c t 
w i t h t h e S t a n f o r d Mass S p e c t r o m e t r y L a b o r a t o r y has 
become one o f t h e l o n g e s t - l i v e d c o n t i n u o u s e f f o r t s 
i n the h i s t o r y o f A I ( a f a c t t h a t i n n o s m a l l way 
has c o n t r i b u t e d t o i t s s u c c e s s ) . The b a s i c 
f ramework o f g e n e r a t i o n - a n d - t e s t and r u l e - b a s e d 
r e p r e s e n t a t i o n has p roved rugged and e x t e n d a b l e . 
For us t he DENDRAL sys tem has been a f o u n t a i n of 
i d e a s , many o f w h i c h have found t h e i r way, h i g h l y 
metamorphosed, i n t o ou r o t h e r p r o j e c t s . For 
examp le , ou r l o n g - s t a n d i n g commitment t o r u l e -
based r e p r e s e n t a t i o n s a r o s e o u t o f ou r 
( s u c c e s s f u l ) a t t e m p t t o head o f f t h e imminen t 
o s s i f i c a t i o n o f DENDRAL caused by t h e r a p i d 
a c c u m u l a t i o n o f new knowledge i n t h e sys tem around 
1967. 

3 . 1 . 2 Task 

T o enumerate p l a u s i b l e s t r u c t u r e s (a tom-bond 
g r a p h s ) f o r o r g a n i c m o l e c u l e s , g i v e n two k i n d s o f 
i n f o r m a t i o n : a n a l y t i c i n s t r u m e n t d a t a f r o m a mass 
s p e c t r o m e t e r and a n u c l e a r magne t i c resonance 
s p e c t r o m e t e r ; and u s e r - s u p p l i e d c o n s t r a i n t s o n t h e 
a n s w e r s , d e r i v e d f r o m any o t h e r s o u r c e o f 
knowledge ( i n s t r u m e n t a l o r c o n t e x t u a l ) a v a i l a b l e 
t o t he u s e r . 
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3.1.3 Representations 

Chemical s t ruc tures are represented as node-
l i n k graphs of atoms (nodes) and bonds ( l i n k s ) . 
Constra ints on search are represented as subgraphs 
(atomic con f igura t ions) to be denied or p re fe r red . 
The empi r i ca l theory of mass spectrometry Is 
represented by a set of ru les of the general form: 

S i t u a t i o n : Pa r t i cu la r atomic 
con f igu ra t ion 
(subgraph) 

P r o b a b i l i t y , P, 
of occurr ing 

Ac t ion : Fragmentation of the 
p a r t i c u l a r con f igura t ion 
(breaking l i n k s ) 

Rules of t h i s form are na tura l and expressive to 
mass spec t romet r l s ts . 

3.1.A Sketch of Method 

DENDRAL's inference procedure is a h e u r i s t i c 
search that takes place in three stages, wi thout 
feedback: p lan-genera te - tes t . 

"Generate" (a program ca l led CONGEN) is a 
generat ion process fo r p laus ib le s t ruc tu res . I t s 
foundat ion is a combinator ia l a lgor i thm (wi th 
mathematical ly proven proper t ies of completeness 
and non-redundant generat ion) that can produce a l l 
the t o p o l o g i c a l l y l ega l candidate s t ruc tu res . 
Constra ints suppl ied by the user or by the "P lan" 
process prune and steer the generat ion to produce 
the p laus ib le set ( i . e . those s a t i s f y i n g the 
cons t ra in ts ) and not the enormous lega l se t . 

"Tes t " re f ines the eva luat ion of 
p l a u s i b i l i t y , d iscard ing less worthy candidates 
and rank-order ing the remainder fo r examination by 
the user. "Tes t " f i r s t produces a "p red i c ted " set 
of instrument data fo r each p laus ib le candidate, 
using the ru les descr ibed, i t then evaluates the 
worth of each candidate by comparing i t s predic ted 
data w i t h the ac tua l input da ta . The eva luat ion 
is based on h e u r i s t i c c r i t e r i a of goodness -o f - f i t . 
Thus, " t e s t " se lec ts the "bes t " explanat ions of 
the data . 

"P lan " produces d i r e c t ( i . e . not chained) 
in ference about l i k e l y substructure in the 
molecule from pat terns in the data that are 
i n d i c a t i v e of the presence of the subs t ruc tu re . 
(Pat terns in the data t r i g g e r the le f t -hand-s ides 

of substructure r u l e s ) . Though composed of many 
atoms whose interconnect ions are g iven , the 
substructure can be manipulated as a tom- l ike by 
"generate . " Aggregating many un i t s enter ing i n t o a 
combinator ia l process i n t o fewer h igher - l eve l 
un i t s reduces the size of the combinator ia l search 
space. "P lan" sets up the search space so as to be 
relevent to the input data. "Generate is the 
inference t a c t i c i a n ; "P lan" is the inference 
s t r a t e g i s t . There is a separate "P lan" package 
for each type of instrument data , but each package 
passes substructures (subgraphs) to "Generate." 
Thus, there is a uniform in te r face between "P lan" 
and "Generate." User-suppl ied cons t ra in ts enter 
t h i s i n t e r f a c e , d i r e c t l y or from user-ass is t 
packages, in the form of subst ruc tures . 

3.1.5 Sources of Knowledge 

The var ious sources of knowledge used by the 
DENDRAL system are: 

Valences ( l ega l connections of atoms); 
s tab le and unstable conf igura t ions of atoms; ru les 
fo r mass spectrometry f ragmentat ions; ru les fo r 
NMR s h i f t s ; exper t ' s ru les for planning and 
eva lua t ion ; user-suppl ied cons t ra in ts 
(con tex tua l ) • 

3.1.6 Results 

DENDRAL's s t ruc tu re e luc ida t i on a b i l i t i e s 
a re , pa radox ica l l y , both very general and very 
narrow. In genera l , DENDRAL handles a l l molecules, 
c y c l i c and t r e e - l i k e . In pure s t ruc tu re 
e luc ida t i on under cons t ra in ts (without instrument 
data),CONGEN is unr iva led by human performance. In 
s t ruc tu re e l uc i da t i on w i th instrument data, 
DENDRAL's performance r i v a l s expert human 
performance only f o r a small number of molecular 
fam i l i es f o r which the program has been given 
s p e c i a l i s t ' s knowledge, namely the fami l ies of 
i n t e res t to our chemist co l l abo ra to rs . 1 w i l l 
spare t h i s computer science audience the l i s t of 
names of these f a m i l i e s . Wi th in these areas of 
knowledge-intensive s p e c i a l i z a t i o n , DENDRAL's 
performance is usua l l y not only much fas ter but 
a lso more accurate than expert human performance. 

The statement j u s t made summarizes thousands 
of runs of DENDRAL on problems of i n te res t to our 
exper ts , t h e i r co l leagues, and t h e i r s tudents. The 
resu l t s ob ta ined, along w i th the knowledge tha t 
had to be given to DENDRAL to obta in them, are 
published in major j ou rna ls of chemistry. To da te , 
25 papers have been published there , under a 
ser ies t i t l e "App l i ca t ions o f A r t i f i c i a l 
I n t e l l i g e n c e fo r Chemical In ference: <spec i f i c 
sub jec t>" (see re ferences) . 

The DENDRAL system is in everyday use by 
Stanford chemists, t h e i r co l labora to rs a t o ther 
u n i v e r s i t i e s and co l labora t ing or otherwise 
In te res ted chemists in i ndus t ry . Users ou ts ide 
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Stanford access the system over commercial 
computer/communications network. The problems 
they are so lv ing are o f ten d i f f i c u l t and nove l . 
The B r i t i s h government is cu r ren t l y support ing 
work at Edinburgh aimed at t r a n s f e r r i n g DENDRAL to 
i n d u s t r i a l user communities in the UK.. 

3.1.7 Discussion 

Representat ion and e x t e n s i b i l i t y . The 
representa t ion chosen fo r the molecules, 
c o n s t r a i n t s , and ru les of instrument data 
i n t e r p r e t a t i o n is s u f f i c i e n t l y close to that used 
by chemists in th ink ing about s t ruc tu re 
e l u c i d a t i o n that the knowledge base has been 
extended smoothly and e a s i l y , mostly by chemists 
themselves in recent years. Only one major 
reprogramming e f f o r t took place in l as t 9 years — 
when a new generator was created to deal w i th 

c y c l i c s t r u c t u r e s . 

Representation and the In teg ra t ion of 
mu l t i p l e sources of knowledge. The genera l ly 
d i f f i c u l t problem of i n t e g r a t i n g var ious sources 
of knowledge has been made easy in DENDRAL by 
ca re fu l engineering of the representat ions of 
ob jec t s , c o n s t r a i n t s , and r u l es . We ins i s ted on a 
common language of c o m p a t i b i l i t y of the 
representat ions w i th each other and w i th the 
inference processes: the language of molecular 
s t ruc tu re expressed as graphs. This leads to a 
s t ra igh t fo rward procedure for adding a new source 
of knowledge, say, f o r example, the knowledge 
associated w i th a new type of Instrument data . The 
procedure is t h i s : w r i t e ru les that describe the 
e f f e c t of the physical processes of the instrument 
on molecules using the s i t u a t i o n •> ac t ion form 
w i th molecular graphs on both s ides ; any spec ia l 
in ference process using these ru les must pass i t s 
r esu l t s to the generator o n l y ( ! ) in the common 
graph language. 

I t is today widely bel ieved in AI that the 
use of many diverse sources of knowledge in 
problem so lv ing and data i n t e r p r e t a t i o n has a 
strong e f f e c t on q u a l i t y of performance. How 
strong i s , of course, domain-dependent, but the 
impact of b r ing ing j u s t one add i t i ona l source of 
knowledge to bear on a problem can be s t a r t l i n g . 
In one d i f f i c u l t (but not unusually d i f f i c u l t ) 
mass spectrum analys is problem*, the program using 
i t s mass spectrometry knowledge alone would have 
generated an impossibly large set of p laus ib le 
candidates (over 1.25 m i l l i o n ! ) . Our engineering 
response to t h i s was to add another source of data 
and knowledge, proton NMR. The add i t ion on a 
simple i n t e r p r e t i v e theory of t h i s NMR data , from 
which the program could i n f e r a few add i t i ona l 
cons t ra in t s , reduced the set of p laus ib le 
candidates to one, the r i g h t s t r u c t u r e ! This was 
not an isolated r e s u l t but showed up dozens of 
times in subsequent analyses. 

* the analys is of an acyc l i c amine w i th formula 
C20H45N. 

DENDRAL and data . DENDRAL's robust models 
( t o p o l o g i c a l , chemical , ins t rumenta l ) permit a 
s t ra tegy of f i n d i n g so lu t ions by generat ing 
hypothet ica l "cor rec t answers" and choosing among 
these w i th c r i t i c a l t e s t s . This s t ra tegy i s 
opposite to that of p iec ing together the 
impl icat ions of each data po in t to form a 
hypothesis. We c a l l DENDRAL's s t ra tegy l a rge l y 
model-dr iven, and the other da ta -d r i ven . The 
consequence of having enough knowledge to do 
model-driven analys is is a large reduct ion in the 
amount of data that must be examined since data is 
being used mostly f o r v e r i f i c a t i o n of possib le 
answers, in a t y p i c a l DENDRAL mass spectrum 
ana lys i s , usua l ly no more than about 25 data 
points out of a t y p i c a l t o t a l of 250 points are 
processed. This important po in t about data 
reduct ion and f ocus -o f - a t t en t i on has been 
discussed before by Gregory (1968) and by the 
v i s i o n and speech research groups, but is not 
widely understood. 

Conclusion. DENDRAL was an ear ly herald of 
A I ' s s h i f t to the knowledge-based paradigm. I t 
demonstrated the point of the primacy of domain-
spec i f i c knowledge in achieving expert l eve ls of 
performance. I t s development brought to the 
surface important problems of knowledge 
represen ta t ion , a c q u i s i t i o n , and use. I t showed 
t h a t , by and l a rge , the AI too ls of the f i r s t 
decade were s u f f i c i e n t to cope w i th the demands of 
a complex s c i e n t i f i c problem-solv ing task ,or were 
read i l y extended to handle unforseen d i f f i c u l t i e s . 
I t demonstrated that A I ' s conceptual and 
programming too ls were capable of producing 
programs of app l i ca t ions i n t e r e s t , a l b e i t in 
narrow s p e c i a l t i e s . Such a demonstration of 
competence and su f f i c i ency was important fo r the 
c r e d i b i l i t y o f the AI f i e l d a t a c r i t i c a l junc tu re 
i n i t s h i s t o r y . 

3.2 META-DENDRAL: i n f e r r i n g ru les of mass 
spectrometry 

3.2.1 H i s t o r i c a l note 

The META-DENDRAL program is a case study in 
automatic a c q u i s i t i o n of domain knowledge. I t 
arose out of our DENDRAL work fo r two reasons: 
f i r s t , a dec is ion that w i th DENDRAL we had a 
s u f f i c i e n t l y f i r m foundat ion on which to pursue 
our long-standing in teres t in processes of 
s c i e n t i f i c theory fo rmat ion ; second, by a 
recogn i t ion that the a c q u i s i t i o n of domain 
knowledge was the bot t leneck problem in the 
b u i l d i n g o f app l i ca t i ons -o r i en ted i n t e l l i g e n t 
agents. 

3.2.2 Task 

META-DENDRAL's job is to i n f e r ru les of 
f ragmentat ion of molecules in a mass spectrometer 
fo r possib le l a t e r use by the DENDRAL performance 
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program. The inference is to be made from actua l 
spectra recorded from known molecular s t ruc tu res . 
The output of the system is the set of 
f ragmentat ion ru les discovered, summary of the 
evidence support ing each r u l e , and a summary of 
c o n t r a - i n d i c a t i n g evidence. User-supplied 
cons t ra in ts can also be input to force the form of 
ru les along desired l i n e s . 

3.2.3 Representations 

The ru les a re , of course, of the same form 
as used by DENDRAL that was described e a r l i e r . 

3.2.A Sketch of Method 

META-DENDRAL, l i k e DENDRAL, uses the 
generat ion-and- test framework. The process is 
organized in three stages: Reinterpret the data 
and summarize evidence (INTSUM); generate 
p laus ib le candidates fo r ru les (RULEGEN); tes t and 
re f i ne the set of p laus ib le ru les (RULEMOD). 

INTSUM: gives every data point in every 
spectrum an i n t e r p r e t a t i o n as a possible (h igh ly 
s p e c i f i c ) f ragmentat ion. I t then summarizes 
s t a t i s t i c a l l y the "weight of evidence" fo r 
fragmentat ions and fo r atomic conf igura t ions that 
cause these fragmentat ions. Thus, the job of 
INTSUM is to t rans la te data to DENDRAL subgraphs 
and bond-breaks, and to summarize the evidence 
accord ing ly . 

RULEGEN: conducts a heu r i s t i c search of the 
space of a l l ru les that are lega l under the 
DENDRAL ru l e syntax and the user-suppl ied 
cons t ra i n t s . I t searches fo r p laus ib le r u l e s , i . e . 
those fo r which pos i t i ve evidence e x i s t s . A search 
path is pruned when there is no evidence for ru les 
of the class j u s t generated. The search t ree 
begins w i th the (s ing le ) most general ru le 
( loose ly pu t , "any th ing" fragments from 
"anyth ing" ) and proceeds l e v e l - b y - l e v e l toward 
more de ta i l ed spec i f i ca t i ons of the "any th i ng . " 
The h e u r i s t i c stopping c r i t e r i o n measures whether 
a r u l e being generated has become too s p e c i f i c , in 
p a r t i c u l a r whether i t is appl icable to too few 
molecules of the input se t . S i m i l a r l y there is a 
c r i t e r i o n for decid ing whether an emerging ru le is 
too genera l . Thus, the output of RULEGEN is a set 
of candidate ru les fo r which there is pos i t i ve 
evidence. 

RULEMOD: tes ts the candidate ru le set using 
more complex c r i t e r i a , inc lud ing the presence of 
negative evidence. I t removes redundancies in the 
candidate r u l e se t ; merges ru les that are 
supported by the same evidence; t r i e s f u r t he r 
s p e c i a l i z a t i o n of candidates to remove negative 
evidence; and t r i e s f u r t he r genera l i za t ion that 
preserves p o s i t i v e evidence. 

3.2.5 Results 

META-DENDRAL produces ru le sets that r i v a l 
in q u a l i t y those produced by our co l l abo ra t i ng 
exper ts . In some t e s t s , META-DENDRAL recreated 
ru le sets that we had prev iously acquired from our 
experts dur ing the DENDRAL p r o j e c t . In a more 
s t r i ngen t tes t i nvo l v ing members of a fami ly of 
complex ringed molecules fo r which the mass 
spec t ra l theory had not been completely worked out 
by chemists, META-DENDRAL discovered ru l e sets f o r 
each subfami ly . The ru les were Judged by experts 
to be exce l len t and a paper descr ib ing them was 
recent ly published in a major chemical Journal 
(Buchanan, Smith, et a l , 1976). 

In a tes t of the genera l i t y of the approach, 
a vers ion of the META-DENDRAL program is cu r ren t l y 
being appl ied to the discovery of ru les fo r the 
analysis of nuclear magnetic resonance data. 

3.3 MYCIN and TEIRESIAS: Medical Diagnosis 

3.3.1 H i s t o r i c a l note 

MYCIN o r ig ina ted in the Ph.D. thes is of E. 
S h o r t l i f f e (now S h o r t l i f f e , M.D. as w e l l ) , in 
co l l abo ra t i on w i th the In fec t i ous Disease group at 
the Stanford Medical School ( S h o r t l i f f e , 1976). 
TEIRESIAS, the Ph.D. thes is work of R. Davis, 
arose from issues and problems ind icated by the 
MYCIN p ro jec t but general ized by Davis beyond the 
bounds of medical diagnosis app l ica t ions (Davis, 
1976). Other MYCIN-related theses are in 
progress. 

3.3.2 Tasks 

The MYCIN performance task is diagnosis of 
blood i n fec t i ons and mening i t i s in fect ions and the 
recommendation of drug treatment. MYCIN conducts 
a consu l ta t ion ( i n Engl ish) w i th a physician-user 
about a pa t ien t case, const ruc t ing l l n e s - o f -
reasonlng leading to the diagnosis and treatment 
p lan . 

The TEIRESIAS knowledge acqu i s i t i on task can 
be described as f o l l o w s : 

In the context of a p a r t i c u l a r consu l t a t i on , 
confront the expert w i t h a diagnosis w i th which he 
does not agree. Lead him systemat ica l ly back 
through the l i ne -o f - reason lng that produced the 
diagnosis to the po in t at which he ind ica tes the 
analys is went awry. I n te rac t w i th the expert to 
modify o f fend ing ru les or to acquire new r u l e s . 
Rerun the consu l ta t ion to tes t the s o l u t i o n and 
gain the expe r t ' s concurrence. 

3.3.3 Representat ions: 

MYCIN'S ru les are of the form: 
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I F < C o n j u n c t i v e c l a u s e s > THEN < i m p l i c a t i o n > 3 . 3 , A S k e t c h o f method 

Here i s an example o f a MYCIN r u l e f o r b l o o d 
i n f e c t i o n s . 

RULE 85 

I F : 
1 ) The s i t e o f t h e c u l t u r e i s b l o o d , 
2 ) The gram s t a i n o f t h e o r g a n i s m i s 

g ramneg, and 
3 ) The morpho logy o f t h e o r g a n i s m i s 

r o d , and 
4) The p a t i e n t i s a compromised hos t 

THEN: 
There i s s u g g e s t i v e e v i d e n c e ( . 6 ) t h a t 
t h e i d e n t i t y o f t he o r g a n i s m i s 
pseudomonas -ae rug lnosa 

and 

MYCIN employs a g e n e r a t i o n - a n d - t e s t 
p r o c e d u r e o f a f a m i l i a r s o r t . The g e n e r a t i o n o f 
s t e p s i n t h e l i n e - o f - r e a s o n i n g i s a c c o m p l i s h e d b y 
backward c h a i n i n g o f t h e r u l e s . A n I F - s i d e c l a u s e 
i s e i t h e r i m m e d i a t e l y t r u e o r f a l s e (as d e t e r m i n e d 
b y p a t i e n t o r t e s t d a t a e n t e r e d b y t h e p h y s i c i a n 
i n the c o n s u l t a t i o n ) ; o r i s t o b e d e c i d e d b y 
s u b g o a l i n g . T h u s , " t e s t " i s i n t e r l e a v e d w i t h 
' • g e n e r a t i o n " and s e r v e s t o p rune o u t i n c o r r e c t 
l i n e s - o f - r e a s o n i n g . 

Each r u l e s u p p l i e d by an e x p e r t has 
a s s o c i a t e d w i t h i t a " d e g r e e o f c e r t a i n t y " 
r e p r e s e n t i n g t h e e x p e r t ' s c o n f i d e n c e i n t h e 
v a l i d i t y o f t he r u l e ( a number f r o m I t o 1 0 ) . 
MYCIN uses a p a r t i c u l a r ad -hoc b u t s i m p l e model o f 
i n e x a c t r e a s o n i n g t o c u m u l a t e t h e degrees o f 
c e r t a i n t y o f t h e r u l e s used i n a n i n f e r e n c e c h a i n 
( S h o r t l i f f e and Buchanan, 1 9 7 5 ) . 

I t f o l l o w s t h a t t h e r e may be a number o f 
"somewhat t r u e " l i n e s - o f - r e a s o n i n g — some 
i n d i c a t i n g one d i a g n o s i s , some i n d i c a t i n g a n o t h e r . 
A l l (above a t h r e s h o l d ) a r e used by t h e sys tem as 
s o u r c e s o f knowledge i n d i c a t i n g p l a u s i b l e l i n e s -
o f - r e a s o n i n g . 

TEIRESIAS a l l o w s t h e r e p r e s e n t a t i o n o f 
M Y C I N - l i k e r u l e s g o v e r n i n g the use o f o t h e r 
r u l e s , i . e . r u l e - b a s e d s t r a t e g i e s . A n example 
f o l l o w s . 

TEIRESIAS' r u l e a c q u i s i t i o n p rocess i s based 
o n a r e c o r d o f MYCIN's s e a r c h . R u l e a c q u i s i t i o n i s 
g u i d e d b y a s e t o f r u l e models t h a t d i c t a t e t h e 
f o r m and i n d i c a t e t h e l i k e l y c o n t e n t o f new r u l e s . 
Ru le models a r e n o t g i v e n i n advance , b u t a r e 
i n f e r r e d f r o m t h e knowledge base o f e x i s t i n g 
r u l e s . 

METARULE 2 

3 . 3 . 5 Language o f I n t e r a c t i o n 

The l anguage used l o o k s l i k e i t m i g h t b e 
E n g l i s h b u t i s a c t u a l l y t h e d i a l e c t , , D o c t o r - e s e " 
used b y members o f t h e t r i b e o f h e a l i n g a r t s 
p r a c t i t i o n e r s . Reasonab ly s i m p l e l anguage 
p r o c e s s i n g methods s u f f i c e . When a m b i g u i t i e s o f 
i n t e r p r e t a t i o n a r e e n c o u n t e r e d , t h e y a r e f e d back 
t o t h e u s e r f o r d e c i s i o n s abou t mean ing . 

I F : 
1) 
2 ) 

3) 

t h e p a t i e n t i s a compromised h o s t , and 
t h e r e a r e r u l e s w h i c h m e n t i o n i n t h e i r 
p r e m i s e pseudomonas 
t h e r e a r e r u l e s w h i c h m e n t i o n i n t h e i r 
p r e m i s e k l e b s i e l l a s 

THEN: 
There i s s u g g e s t i v e e v i d e n c e ( . 4 ) t h a t t h e 
f o r m e r s h o u l d b e done b e f o r e t h e l a t t e r . 

3 . 3 . 6 Example d i a g n o s i s and t r e a t m e n t p l a n 

The f o l l o w i n g i s an example o f a d i a g n o s i s 
r e p o r t e d by MYCIN to one o f i t s u s e r s f o l l o w i n g a 
c o n s u l t a t i o n . A n example c o n s u l t a t i o n w i l l n o t b e 
shown, b u t one can b e f ound i n S h o r t l i f f e ' s book 
( S h o r t l i f f e , 1 9 7 6 ) . 

My t h e r a p y recommendat ions w i l l be d e s i g n e d 
t o t r e a t f o r o r g a n i s m s t h a t a r e e i t h e r v e r y 
l i k e l y o r , a l t h o u g h l e s s l i k e l y , w o u l d have 
a s i g n i f i c a n t e f f e c t o n t h e r a p y s e l e c t i o n 
i f t h e y were p r e s e n t . I t i s i m p o r t a n t t o 
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cover f o r the fo l l ow ing probable 
i n f e c t i o n ( s ) and associated organism(s): 

INFECTION-1 is CYSTITIS 
<ltem 1> PSEUDOMONAS-CEPACIA [ORGANISM-5] 
<ltem 2> CITROBACTER-DIVERSUS [ORGANISM-4] 
<Item 3> E.COLI [ORGANISM-3] 

INFECTION-2 is UPPER-RESPIRATORY-INFECTION 
<Itero 4> LISTERIA [ORGANISM-2] 

INFECTION-3 is BACTEREMIA 
<Item 5> ENTEROCOCCUS (ORGANISM-i] 

[REC-1] My prefer red therapy recommendation 
is as f o l l o w s : 

In order to cover f o r Items <1 2 3 A 5>: 
Give the f o l l ow ing in combinat ion: 
1) KANAMYCIN 
Dose: 750 mg (7.5 mg/kg) ql2h IM (or IV) 

fo r 28 days 
Comments: Modify dose in renal f a i l u r e 
2) PENICILLIN 
Dose: 2,500,000 un i t s (25000 un i t s / kg ) 

q4h IV f o r 28 days 

3.3.7 Results 

MYCIN is cu r ren t l y being prepared fo r 
c l i n i c a l eva lua t ion . In a pre l iminary eva lua t ion , 
done outs ide of the c l i n i c a l s e t t i n g , a panel of 
expert judges was asked to ra te MYCIN'S 
performance along a number of dimensions ( e . g . 
i n f e c t i n g organism i d e n t i f i c a t i o n , organism 
s i g n i f i c a n c e ) . In 90% of the cases submitted to 
the judges, a ma jo r i t y of the judges said that the 
program's decis ions were the-same-as or as-good-as 
the decis ions they would have made. 

3.3.8 Explanat ion 

MYCIN can expose i t s l i n e of reasoning by 
o f f e r i n g explanat ions of var ious k inds . "Why" and 
"How" questions can be asked by the user dur ing 
the c o n s u l t a t i o n . "Why" is the user 's way of 
i n q u i r i n g , "Why do you want to know tha t? " "How" 
is h is way of ask ing , "How d id you conclude 
t h a t . . . ? " In a pos t - consu l t a t i on , he can s i m i l a r l y 
i nqu i re about how the d iagnost ic conclusions were 
reached, and i nqu i re about the reasons why c e r t a i n 
other conclusions were ru led ou t . Examples of the 
MYCIN-TEIRESIAS explanat ion c a p a b i l i t i e s f o l l o w : 

MYCIN: Is the p a t i e n t ' s i l l n e s s w i t h 
ORGANISM-1 a hosp i ta l -acqu i red in fec t ion? 
USER: WHY 
TEIRESIAS: ( i . e . WHY is it important to 
determine whether or not the i n f e c t i o n w i th 
ORGANISM-l was acquired whi le the pa t ien t 
was hosp i ta l i zed?) 

[1 .0] This w i l l a id in determining the 
category of ORGANISM-1. 

I t has already been establ ished that 

[1.1] the gram s ta i n of ORGANISM-l is 
gramneg, and 
[1.21 the morphology of ORGANISM-1 is rod , 
and 
[1 .3] the ae rob i c i t y of ORGANISM-1 is 
f a c u l t a t i v e 

There fore , i f 

[1 .4] the i n f e c t i o n w i t h ORGANISM-1 was not 
acquired whi le the pa t ien t was hosp i ta l i zed 

then 

there is s t rong ly suggestive evidence ( .8) 
that the category of ORGANISM-1 is 
enterobacter iaceae 

A lso: there is weakly suggestive evidence 
( .1) that the i d e n t i t y of 
ORGANISM-1 is pseudomonas-aeruginosa 
[RULE 37] 

USER: HOW 1.3 

TEIRESIAS: [ i . e . HOW was it establ ished 
that the a e r o b i c i t y of ORGANISM-1 is 
f a c u l t a t i v e ? ] 

The f o l l ow ing were used: 

[3.1] RULE 27 ind ica ted there is s t rong ly 
suggest ive evidence ( .8) that the 
a e r o b i c i t y of ORGANISM-1 is f a c u l t a t i v e 

[3 .2 ] RULE 27 ind ica ted there is weakly 
suggest ive evidence ( .2) that the 
a e r o b i c i t y of ORGANISM-1 is anaerobic 

Since t h i s gave a cumulative CF of ( .8 ) f o r 
f a c u l t a t i v e , and ( .2) fo r anaerobic, i t has 
been estab l ished that the ae rob i c i t y of 
ORGANISM-1 is f a c u l t a t i v e . 

USER: WHY DIDN'T YOU CONSIDER 
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STREPTOCOCCUS AS A POSSIBILITY FOR 
ORGANISM-1? 

TEIRESIAS: The f o l l o w i n g r u l e c o u l d have 
been used t o d e t e r m i n e t h a t t h e i d e n t i f y o f 
ORGANISM-1 was s t r e p t o c o c c u s : RULE 33 

But c l a u s e 2 ( " t h e morpho logy o f t h e 
o r g a n i s m i s c o c c u s " ) was a l r e a d y known 
to be f a l s e f o r ORGANISM-1, so the r u l e was 
n e v e r t r i e d . 

3 . 3 . 9 D i s c u s s i o n 

A few s h o r t comments aimed at knowledge 
e n g i n e e r i n g a re i n o r d e r . 

E n g l i s h i s t h e language most n a t u r a l and 
c o m f o r t a b l e f o r our e x p e r t s and u s e r s , and was 
t h e r e f o r e t h e language chosen f o r i n t e r a c t i v e 
c o n s u l t a t i o n , e x p l a n a t i o n , and e x t e r n a l 
r e p r e s e n t a t i o n o f t h e r u l e s ( t h e i n t e r n a l f o r m a t 
i s INTERLISP) . T h i s s i t u a t i o n i s n o t p e c u l i a r t o 
d o c t o r s ; i n most a reas o f a p p l i c a t i o n o f 
i n t e l l i g e n t a g e n t s I b e l i e v e t h a t E n g l i s h ( i . e . 
n a t u r a l l anguage ) w i l l b e t h e language o f c h o i c e . 
Programming an E n g l i s h language p r o c e s s o r and 
f r o n t - e n d t o such sys tems i s n o t a s c a r y 
e n t e r p r i s e b e c a u s e : 

a ) t he domain i s s p e c i a l i z e d , s o t h a t 
p o s s i b l e i n t e r p r e t a t i o n s a re c o n s t r a i n e d . 

b ) s p e c i a l i s t - t a l k i s r e p l e t e w i t h s t a n d a r d 
j a r g o n and s t e r e o t y p e d ways o f e x p r e s s i n g 
knowledge and q u e r i e s — j u s t r i g h t f o r t e x t 
t e m p l a t e s , s i m p l e grammars and o t h e r s i m p l e 
p r o c e s s i n g schemes. 

c ) t h e a m b i g u i t y o f i n t e r p r e t a t i o n r e s u l t i n g 
f r o m s i m p l e schemes can b e d e a l t w i t h e a s i l y b y 
f e e d i n g back i n t e r p r e t a t i o n s f o r c o n f i r m a t i o n . I f 
t h i s i s done w i t h a p l e a s a n t " I d i d n ' t q u i t e 
u n d e r s t a n d y o u . . . " t o n e , i t i s n o t i r r i t a t i n g t o 
t h e u s e r . 

E n g l i s h may be e x a c t l y t h e wrong language 
f o r r e p r e s e n t a t i o n and i n t e r a c t i o n i n some 
doma ins . I t w o u l d b e awkward , t o say t h e l e a s t , t o 
r e p r e s e n t DENDRAL's c h e m i c a l s t r u c t u r e s and 
knowledge o f mass s p e c t r o m e t r y i n E n g l i s h , o r t o 
i n t e r a c t abou t t h e s e w i t h a u s e r . 

S imp le e x p l a n a t i o n schemes have been a p a r t 
o f t h e A I scene f o r a number o f y e a r s and a re n o t 
h a r d t o i m p l e m e n t . R e a l l y good models o f what 
e x p l a n a t i o n I s as a t r a n s a c t i o n be tween use r and 
a g e n t , w i t h p rograms t o implement t h e s e m o d e l s , 
w i l l b e t h e s u b j e c t ( 1 p r e d i c t ) o f much f u t u r e 
r e s e a r c h i n A I . 

W i t h o u t t h e e x p l a n a t i o n c a p a b i l i t y , I 
a s s e r t , u s e r a c c e p t a n c e o f MYCIN w o u l d have been 
n i l , and t h e r e wou ld have been a g r e a t l y 
d i m i n i s h e d e f f e c t i v e n e s s and c o n t r i b u t i o n o f ou r 
e x p e r t s . 

MYCIN was t h e f i r s t o f ou r p rograms t h a t 
f o r c e d us to d e a l w i t h what we had a lways 
u n d e r s t o o d : t h a t e x p e r t s ' knowledge i s u n c e r t a i n 
and t h a t ou r i n f e r e n c e e n g i n e s had to be made to 
r eason w i t h t h i s u n c e r t a i n t y . I t i s l e s s I m p o r t a n t 
t h a t t h e i n e x a c t r e a s o n i n g scheme b e f o r m a l , 
r i g o r o u s , and u n i f o r m than i t i s f o r t h e scheme t o 
b e n a t u r a l t o and e a s i l y u n d e r s t a n d a b l e b y t h e 
e x p e r t s and u s e r s . 

A l l o f t h e s e p o i n t s can b e summarized b y 
s a y i n g t h a t MYCIN and i t s TEIRESIAS a d j u n c t a r e 
e x p e r i m e n t s i n t h e d e s i g n o f a s e e - t h r o u g h s y s t e m , 
whose r e p r e s e n t a t i o n s and p r o c e s s e s a re a l m o s t 
t r a n s p a r e n t l y c l e a r t o t h e domain s p e c i a l i s t . 
" A l m o s t " he re i s e q u i v a l e n t t o " w i t h a few m i n u t e s 
o f i n t r o d u c t o r y d e s c r i p t i o n " . The v a r i o u s p i e c e s 
o f MYCIN — t h e backward c h a i n i n g , t h e E n g l i s h 
t r a n s a c t i o n s , t h e e x p l a n a t i o n s , e t c . — a r e each 
s i m p l e i n concep t and r e a l i z a t i o n . But t h e r e a r e 
g r e a t v i r t u e s t o s i m p l i c i t y i n sys tem d e s i g n ; and 
v i ewed a s a t o t a l i n t e l l i g e n t agen t s y s t e m , 
MYCIN/TEIRESIAS i s one o f t h e b e s t e n g i n e e r e d . 

3 . 4 SU/X: s i g n a l u n d e r s t a n d i n g 

3 . 4 . 1 H i s t o r i c a l n o t e 

SU/X i s a sys tem d e s i g n t h a t was t e s t e d i n 
a n a p p l i c a t i o n whose d e t a i l s a r e c l a s s i f i e d . 
Because o f t h i s , t h e e n s u i n g d i s c u s s i o n w i l l 
appear c o n s i d e r a b l y l e s s c o n c r e t e and t a n g i b l e 
t h a n t h e p r e c e d i n g case s t u d i e s . T h i s sys tem 
d e s i g n was done by H.P. N i l and me, and was 
s t r o n g l y i n f l u e n c e d by t h e CMU Hearsay I I sys tem 
d e s i g n . 

3 . 4 . 2 Task 

S U / X ' s t a s k i s t he f o r m a t i o n and c o n t i n u a l 
u p d a t i n g , o v e r l o n g p e r i o d s o f t i m e , o f hypo theses 
abou t t h e i d e n t i t y , l o c a t i o n , and v e l o c i t y o f 
o b j e c t s i n a p h y s i c a l s p a c e . The o u t p u t d e s i r e d i s 
a d i s p l a y o f t h e " c u r r e n t b e s t h y p o t h e s e s " w i t h 
f u l l e x p l a n a t i o n o f t h e s u p p o r t f o r e a c h . The re 
a r e two t y p e s o f i n p u t d a t a : t h e p r i m a r y s i g n a l 
( t o b e u n d e r s t o o d ) ; and a u x i l i a r y s y m b o l i c d a t a 
( t o s u p p l y c o n t e x t f o r t h e u n d e r s t a n d i n g ) . The 
p r i m a r y s i g n a l s a r e s p e c t r a , r e p r e s e n t e d a s 
d e s c r i p t i o n s o f t h e s p e c t r a l l i n e s . The v a r i o u s 
s p e c t r a c o v e r t h e p h y s i c a l space w i t h some s p a t i a l 
o v e r l a p . 
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3.4.3 Representations 

The ru les given by the expert about ob jec ts , 
t h e i r behavior , and the i n t e r p r e t a t i o n of s igna l 
data from them are a l l represented in the 
s i t u a t i o n => ac t ion form. The " s i t u a t i o n s " 
c o n s t i t u t e invok ing cond i t ions and the "ac t i ons " 
are processes that modify the current hypotheses, 
post unresolved issues, recompute eva lua t ions , 
e t c . The expe r t ' s knowledge of how to do analys is 
in the task is also represented in ru le form. 
These s t ra tegy ru les replace the normal executive 
program. 

The s i tua t ion -hypo thes is is represented as a 
node- l ink graph, t r e e - l i k e i n that i t has d i s t i n c t 
" l e v e l s , " each represent ing a degree of 
abs t rac t i on (or aggregation) that is na tura l to 
the expert in h is understanding of the domain. A 
node represents an hypothesis; a l i n k to that node 
represents support fo r that hypothesis (as in 
HEARSAY 1 1 , "support from above" or "support from 
be low" ) . "Lower" l eve ls are concerned w i th the 
s p e c i f i c s of the s igna l data. "Higher" leve ls 
represent symbolic abs t rac t i ons . 

3.4.4 Sketch of method 

The s i tua t ion -hypo thes is is formed 
inc rementa l l y . As the s i t u a t i o n unfolds over t ime, 
the t r i g g e r i n g of ru les modif ies or discards 
e x i s t i n g hypotheses, adds new ones, or changes 
support va lues. The s i tua t ion -hypo thes is is a 
common workspace ( "b lackboard , " in HEARSAY jargon) 
fo r a l l the r u l e s . 

In genera l , the incremental steps toward a 
more complete and re f ined s i tua t ion-hypo thes is can 
be viewed as a sequence of l o c a l generate-and-test 
a c t i v i t i e s . Some of the ru les are p laus ib le move 
generators, generat ing e i t he r nodes or l i n k s . 
Other ru les are eva lua to rs , t e s t i n g and modify ing 
node d e s c r i p t i o n s . 

In t y p i c a l ope ra t i on , new data is submitted 
fo r processing (say, N t ime-un i t s of new da ta ) . 
This i n i t i a t e s a f l u r r y of r u l e - t r i g g e r i n g s and 
consequently r u l e -ac t i ons (ca l l ed "even ts " ) . Some 
events are d i r e c t consequences of the data ; other 
events a r i se in a cascade- l ike fashion from the 
t r i g g e r i n g of r u l e s . A u x i l i a r y symbolic data also 
cause events, usua l ly a f f e c t i n g the higher l eve l s 
of the hypothesis . As a consequence, support -
from-above fo r the lower l eve l processes is made 
a v a i l a b l e ; and expectat ions of poss ib le lower 
l e v e l events can be formed. Eventual ly a l l the 
re levant ru les have t h e i r say and the system 
becomes quiescent , thereby t r i g g e r i n g the input of 
new data to re-energize the inference a c t i v i t y . 

The system uses the s i m p l i f y i n g s t ra tegy of 
main ta in ing only one "bes t " s i tua t ion -hypo thes is 
at any moment, modify ing it incrementa l ly as 
requi red by the changing data . This approach is 
made feas ib le by several c h a r a c t e r i s t i c s of the 

domain. F i r s t , there is the st rong c o n t i n u i t y 
over time of ob jec ts and t h e i r behaviors 
( s p e c i f i c a l l y , they do not change r a d i c a l l y over 
t ime, or behave r a d i c a l l y d i f f e r e n t l y over shor t 
pe r iods ) . Second, a s ing le problem ( i d e n t i t y , 
l oca t i on and v e l o c i t y of a p a r t i c u l a r set of 
ob jec ts) pe rs i s t s over numerous data gather ing 
per iods. (Compare t h i s to speech understanding in 
which each sentence is spoken j u s t once, and each 
presents a new and d i f f e r e n t problem.) F i n a l l y , 
the system's hypothesis is t y p i c a l l y "almost 
r i g h t , " in par t because i t gets numerous 
oppor tun i t i es to r e f i n e the so lu t i on ( i . e . the 
numerous data gather ing pe r iods ) , and in par t 
because the a v a i l a b i l i t y of many knowledge sources 
tends to over-determine the s o l u t i o n . As a r e s u l t 
of a l l of these, the current best hypothesis 
changes only s lowly w i t h t ime, and hence keeping 
only the cur rent best is a feas ib le approach. 

Of i n t e r e s t are the time-based events. These 
r u l e - l i k e expressions, created by c e r t a i n r u l e s , 
t r i g g e r upon the passage of spec i f i ed amounts of 
t ime. They implement var ious "wai t -and-see" 
s t ra teg ies of analys is that are usefu l in the 
domain. 

3.4.5 Results 

In the tes t a p p l i c a t i o n , using s igna l data 
generated by a s imu la t ion program because rea l 
data was not a v a i l a b l e , the program achieved 
expert l eve ls of performance over a span of tes t 
problems. Some problems were d i f f i c u l t because 
there was very l i t t l e primary s igna l to support 
in fe rence . Others were d i f f i c u l t because too much 
s igna l induced a p le thora of a l t e rna t i ves w i th 
much ambigui ty . 

A modi f ied SU/X design is cu r ren t l y being 
used as the basis f o r an app l i ca t i on to the 
i n t e r p r e t a t i o n of x - ray c rys ta l l og raph ic data, the 
CRYSALIS program mentioned l a t e r . 

3.4.6 Discussion 

The r o l e of the a u x i l i a r y symbolic sources 
of data is of c r i t i c a l importance. They supply a 
symbolic model of the e x i s t i n g s i t u a t i o n that is 
used to generate expectat ions of events to be 
observed in the data stream. This al lows f low of 
inferences from higher leve ls of abs t rac t i on to 
lower. Such a process, so f a m i l i a r to Al 
researchers, apparent ly is almost unrecognized 
among s igna l processing engineers. In the 
a p p l i c a t i o n task , the expecta t ion-dr iven ana lys is 
i s essen t i a l i n c o n t r o l l i n g the combina tor ia l 
processing explos ion at the lower l e v e l s , e x a c t l y 
the explos ion that forces the t r a d i t i o n a l s i gna l 
processing engineers to seek out the l a rges t 
poss ib le number-cruncher fo r t he i r work. 

The design of appropr iate explanat ions f o r 
the user takes an i n t e r e s t i n g tw is t in SU/X. The 
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s i t ua t i on -hypo thes i s unfo lds piecemeal over t ime, 
but the "app rop r i a te " explanat ion fo r the user is 
one that focuses on i n d i v i d u a l ob jects over t ime. 
Thus the appropr ia te explanat ion must be 
synthesized from a h i s t o r y of a l l the events that 
led up to the cur rent hypothesis . Contrast t h i s 
w i t h the MYCIN-TEIRESIAS repo r t i ng of r u l e 
invocat ions in the cons t ruc t ion of a reasoning 
cha in . 

Since i t s knowledge base and i t s a u x i l i a r y 
symbolic data g ive i t a mode l -o f - t he -s i t ua t i on 
that s t rong l y const ra ins i n t e r p r e t a t i o n of the 
primary data stream, SU/X is r e l a t i v e l y 
unperturbed by e r r o r f u l or missing data . These 
data cond i t ions merely cause f l u c t u a t i o n s in the 
c r e d i b i l i t y of i n d i v i d u a l hypotheses and/or the. 
c rea t ion of the "wai t -and-see" events. SU/X can be 
(but has not yet been) used to con t ro l sensors. 
Since i t s ru les speci fy what types and values of 
evidence are necessary to es tab l i sh support , and 
since i t is constant ly processing a complete 
hypothesis s t r u c t u r e , i t can request " c r i t i c a l 
readings" from the sensors. In genera l , t h i s 
al lows an e f f i c i e n t use of l i m i t e d sensor 
bandwidth and data a c q u i s i t i o n processing 
c a p a b i l i t y . 

3.5 OTHER CASE STUDIES 

Space does not a l low more than j u s t a b r i e f 
sketch of other i n t e r e s t i n g pro jec ts that have 
been completed or are in progress. 

3.5.1 AM; mathematical discovery 

AM is a knowledge-based system that 
conjectures i n t e r e s t i n g concepts in elementary 
mathematics. I t is a discoverer of i n t e r e s t i n g 
theorems to prove, not a theorem proving program. 
It was conceived and executed by D. Lenat f o r h is 
Ph.D. t h e s i s , and is reported by him in these 
proceedings ("An Overview of AM"). 

AM's knowledge is b a s i c a l l y of two types: 
ru les tha t suggest possib ly i n t e r e s t i n g new 
concepts from prev ious ly conjectured concepts; and 
ru les tha t evaluate the mathematical 
" i n t e r e s t i n g n e s s " of a con jec tu re . These ru les 
attempt to capture the exper t ise of the 
p ro fess iona l mathematician at the task of 
mathematical d iscovery . Though Lenat is not a 
p ro fess iona l mathematician, he was able 
success fu l l y to serve as h is own expert in the 
bu i l d i ng of t h i s program. 

AM conducts a h e u r i s t i c search through the 
space of concepts c reatab le from i t s r u l e s . I t s 
basic framework is genera t ion-and- tes t . The 
generat ion is p l aus i b l e move genera t ion , as 
ind ica ted by the ru les f o r format ion of new 
concepts. The tes t is the eva lua t ion of 
" i n t e r e s t i n g n e s s . " Of p a r t i c u l a r note is the 
method of test-by-example tha t lends the f l a v o r of 

s c i e n t i f i c hypothesis t e s t i n g to the en te rp r i se of 
mathematical d iscovery . 

I n i t i a l i z e d w i t h concepts of elementary set 
theory, i t conjectured concepts in elementary 
number theory, such as "add , " " m u l t i p l y " (by four 
d i s t i n c t p a t h s ! ) , "p r imes , " the unique 
f a c t o r i z a t i o n theorem, and a concept s i m i l a r to 
primes but prev ious ly not much studied ca l led 
"maximally d i v i s i b l e numbers." 

3.5.2 MOLGEN; planning experiments in molecular 
genet ics 

MOLGEN , a co l l abo ra t i on w i th the Stanford 
Genetics Department, is work in progress. 
MOLGEN's task is to provide i n t e l l i g e n t advice to 
a molecular g e n e t i c i s t on the planning of 
experiments i nvo l v i ng the manipulat ion of DNA. The 
g e n e t i c i s t has var ious kinds of labora tory 
techniques ava i l ab le fo r changing DNA mate r ia l 
( cu t s , j o i n s , i n s e r t i o n s , d e l e t i o n s , and so on) ; 
techniques fo r determining the b i o l o g i c a l 
consequences of the changes; var ious instruments 
fo r measuring e f f e c t s ; var ious chemical methods 
f o r i nduc ing , f a c i l i t a t i n g , o r i n h i b i t i n g changes; 
and many other t o o l s . 

MOLGEN w i l l o f f e r planning assistance in 
organiz ing and sequencing such too ls to accomplish 
an experimental goa l . In add i t i on MOLGEN w i l l 
check user-provided experiment plans fo r 
f e a s i b i l i t y ; and i t s knowledge base w i l l be a 
repos i to ry f o r the rap id l y expanding knowledge of 
t h i s s p e c i a l t y , ava i l ab le by i n t e r r o g a t i o n . 

Current e f f o r t s to engineer a knowledge-base 
management system fo r MOLGEN are described by 
Mar t in e t . a l . in a paper in these proceedings. 
This subsystem uses and extends the techniques of 
the TEIRESIAS system discussed e a r l i e r . 

In MOLGEN the problem of i n t e g r a t i o n of many 
d iverse sources of knowledge is cen t ra l since the 
essence of the experiment planning process is the 
successful merging of b i o l o g i c a l , gene t i c , 
chemical , t o p o l o g i c a l , and instrument knowledge. 
In MOLGEN the problem of represent ing processes is 
also brought i n t o focus since the expe r t ' s 
knowledge of experimental s t r a teg ies — p ro to -
plans — must a lso be represented and put to use. 

3.5.3 CRYSAL1S; i n f e r r i n g p ro te in s t r uc tu re from 
e lec t ron densi ty maps 

CRYSALIS, t oo , is work in progress. I t s task 
is to hypothesize the s t ruc tu re of a p ro te i n from 
a map of e lec t ron dens i ty tha t is der ived from x-
ray c r ys ta l l og raph i c data . The map is t h ree -
d imensional , and the contour in fo rmat ion is crude 
and h igh ly ambiguous. I n t e r p r e t a t i o n is guided 
and supported by a u x i l i a r y i n fo rma t i on , of which 
the amino ac id sequence of the p r o t e i n ' s backbone 
is the most impor tant . Density map i n t e r p r e t a t i o n 
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i s a p r o t e i n c h e m i s t ' s a r t . A s a l w a y s , c a p t u r i n g 
t h i s a r t i n h e u r i s t i c r u l e s and p u t t i n g i t t o use 
w i t h a n i n f e r e n c e eng ine i s t h e p r o j e c t ' s g o a l . 

The i n f e r e n c e eng ine f o r CRYSALIS is a 
m o d i f i c a t i o n o f t h e SU/X sys tem d e s i g n d e s c r i b e d 
a b o v e . The h y p o t h e s i s f o r m a t i o n p rocess must d e a l 
w i t h many l e v e l s o f p o s s i b l y u s e f u l a g g r e g a t i o n 
and a b s t r a c t i o n . For examp le , t h e map i t s e l f can 
be v iewed as c o n s i s t i n g o f " p e a k s , " o r "peaks and 
v a l l e y s , " o r " s k e l e t o n . " The p r o t e i n model has 
" a t o m s , " "amide p l a n e s , " "amino a c i d s i d e c h a i n s , " 
and even mass ive s u b s t r u c t u r e s such as " h e l i c e s . " 
P r o t e i n m o l e c u l e s a r e so complex t h a t a s y s t e m a t i c 
g e n e r a t i o n - a n d - t e s t s t r a t e g y l i k e DENDRAL's i s n o t 
f e a s i b l e . I n c r e m e n t a l p i e c i n g t o g e t h e r o f t h e 
h y p o t h e s i s u s i n g r e g i o n - g r o w i n g methods i s 
n e c e s s a r y . 

The CRYSALIS d e s i g n ( a l i a s SU/P) i s 
d e s c r i b e d in a r e c e n t paper by N i l and Feigenbaum 
( 1 9 7 7 ) . 

A SUMMARY OF CASE STUDIES 

Some of t h e themes p r e s e n t e d e a r l i e r need no 
r e c a p i t u l a t i o n , b u t I w i s h t o r e v i s i t t h r e e h e r e : 
g e n e r a t i o n - a n d - t e s t ; s i t u a t i o n = > a c t i o n r u l e s ; 
and e x p l a n a t i o n s . 

4 . 1 G e n e r a t i o n and T e s t 

A i r c r a f t come i n a w ide v a r i e t y o f s i z e s , 
s h a p e s , and f u n c t i o n a l d e s i g n s and they a r e 
a p p l i e d i n v e r y many ways . But a l m o s t a l l t h a t f l y 
d o s o because o f t h e u n i f y i n g p h y s i c a l p r i n c i p l e 
o f l i f t b y a i r f l o w ; t h e o t h e r s a r e d e s c r i b e d b y 
e x c e p t i o n . S o i t i s w i t h i n t e l l i g e n t agent 
p rograms a n d , t h e i n f o r m a t i o n p r o c e s s i n g 
p s y c h o l o g i s t s t e l l u s , w i t h p e o p l e . One u n i f y i n g 
p r i n c i p l e o f " i n t e l l i g e n c e " i s g e n e r a t i o n - a n d -
t e s t . No wonder t h a t i t has been so t h o r o u g h l y 
s t u d i e d i n A I r e s e a r c h ! 

I n t h e case s t u d i e s , g e n e r a t i o n i s 
m a n i f e s t e d i n a v a r i e t y o f f o rms and p r o c e s s i n g 
schemes. The re a r e l e g a l move g e n e r a t o r s d e f i n e d 
f o r m a l l y by a g e n e r a t i n g a l g o r i t h m (DENDRAL's 
g r a p h g e n e r a t i n g a l g o r i t h m ) ; o r b y a l o g i c a l r u l e 
o f i n f e r e n c e (MYCIN'S backward c h a i n i n g ) . When 
l e g a l move g e n e r a t i o n i s n o t p o s s i b l e o r n o t 
e f f i c i e n t , t h e r e a r e p l a u s i b l e move g e n e r a t o r s (as 
i n SU/X and AM). Sometimes g e n e r a t i o n i s 
i n t e r l e a v e d w i t h t e s t i n g (as i n MYCIN, SU/X, and 
AM). I n one c a s e , a l l g e n e r a t i o n p recedes t e s t i n g 
(DENDRAL). One case (META-DENDRAL) is m i x e d , w i t h 
some t e s t i n g t a k i n g p l a c e d u r i n g g e n e r a t i o n , some 
a f t e r . 

T e s t a l s o shows g r e a t v a r i e t y . The re a r e 
s i m p l e t e s t s (MYCIN: " I s t he o r g a n i s m a e r o b i c ? " ; 
SU/X: "Has a s p e c t r a l l i n e appeared a t p o s i t i o n 
P ? " ) Some t e s t s a r e complex h e u r i s t i c e v a l u a t i o n s 
(AM: " I s t h e new concep t ' i n t e r e s t i n g ' ? " ; MOLGEN: 

" W i l l t he r e a c t i o n a c t u a l l y t a k e p l a c e ? " ) 
Sometimes a complex t e s t can i n v o l v e f eedback to 
m o d i f y t h e o b j e c t b e i n g t e s t e d (as i n META-
DENDRAL). 

The e v i d e n c e f r o m our case s t u d i e s s u p p o r t s 
the a s s e r t i o n by N e w e l l and Simon t h a t g e n e r a t i o n -
a n d - t e s t i s a l aw o f ou r s c i e n c e ( N e w e l l and 
S imon, 1 9 7 6 ) . 

4 . 2 S i t u a t i o n ■ > A c t i o n r u l e s 

S i t u a t i o n • > A c t i o n r u l e s a r e used t o 
r e p r e s e n t e x p e r t s ' knowledge i n a l l o f t h e case 
s t u d i e s . A lways t h e s i t u a t i o n p a r t i n d i c a t e s t h e 
s p e c i f i c c o n d i t i o n s under w h i c h t h e r u l e i s 
r e l e v a n t . The a c t i o n p a r t can be s i m p l e (MYCIN: 
c o n c l u d e p resence o f p a r t i c u l a r o r g a n i s m ; DENDRAL: 
c o n c l u d e b r e a k o f p a r t i c u l a r b o n d ) . O r i t can b e 
q u i t e complex (MOLGEN: an e x p e r i e n t i a l 
p r o c e d u r e ) . The o v e r r i d i n g c o n s i d e r a t i o n i n 
mak ing d e s i g n c h o i c e s i s t h a t t h e r u l e f o rm chosen 
b e a b l e t o r e p r e s e n t c l e a r l y and d i r e c t l y what t h e 
e x p e r t w i shes to e x p r e s s abou t t h e d o m a i n . As 
i l l u s t r a t e d , t h i s may n e c e s s i t a t e a w i d e v a r i a t i o n 
i n r u l e s y n t a x and s e m a n t i c s . 

From a s t u d y o f a l l the p r o j e c t s , a 
r e g u l a r i t y emerges . A s a l i e n t f e a t u r e o f t h e 
S i t u a t i o n - > A c t i o n r u l e t e c h n i q u e f o r 
r e p r e s e n t i n g e x p e r t ' s knowledge i s t h e m o d u l a r i t y 
o f t h e knowledge b a s e , w i t h t h e c o n c o m i t a n t 
f l e x i b i l i t y t o add o r change t h e knowledge e a s i l y 
as t h e e x p e r t s ' u n d e r s t a n d i n g o f the domain 
changes . Here t o o one must be p r a g m a t i c , n o t 
d o c t r i n a i r e . A t e c h n i q u e such as t h i s can no t 
r e p r e s e n t m o d u l a r i t y o f knowledge i f t h a t 
m o d u l a r i t y does n o t e x i s t i n t he doma in . The 
v i r t u e o f t h i s t e c h n i q u e i s t h a t i t se r ves a s a 
f ramework f o r d i s c o v e r i n g what m o d u l a r i t y e x i s t s 
i n t h e d o m a i n . D i s c o v e r y may feed back to cause 
r e f o r m u l a t i o n o f t h e knowledge toward g r e a t e r 
m o d u l a r i t y . 

F i n a l l y , ou r case s t u d i e s have shown t h a t 
s t r a t e g y knowledge can b e c a p t u r e d i n r u l e f o r m . 
I n TEIRES1AS, t h e m e t a r u l e s c a p t u r e knowledge o f 
how to d e p l o y domain know ledge ; i n SU/X, t h e 
s t r a t e g y r u l e s r e p r e s e n t t h e e x p e r t s ' knowledge o f 
"how t o a n a l y z e " i n t h e doma in . 

4 . 3 E x p l a n a t i o n 

Most o f t h e p rog rams , and a l l o f t h e more 
r e c e n t o n e s , make a v a i l a b l e a n e x p l a n a t i o n 
c a p a b i l i t y f o r t he u s e r , b e h e end -use r o r s y s t e m 
d e v e l o p e r . Our f o c u s o n end -use rs i n a p p l i c a t i o n s 
domains has f o r c e d a t t e n t i o n t o human e n g i n e e r i n g 
i s s u e s , i n p a r t i c u l a r making t h e need f o r t h e 
e x p l a n a t i o n c a p a b i l i t y i m p e r a t i v e . 

The I n t e l l i g e n t Agent v i e w p o i n t seems to us 
t o demand t h a t t h e agent b e a b l e t o e x p l a i n i t s 
a c t i v i t y ; e l s e t h e q u e s t i o n a r i s e s o f who i s i n 
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c o n t r o l o f t he a g e n t ' s a c t i v i t y . The i s s u e i s n o t 
academic o r p h i l o s o p h i c a l . I t i s a n e n g i n e e r i n g 
i s s u e t h a t has a r i s e n i n m e d i c a l and m i l i t a r y 
a p p l i c a t i o n s o f i n t e l l i g e n t a g e n t s , and w i l l 
g o v e r n f u t u r e a c c e p t a n c e o f A I wo rk i n 
a p p l i c a t i o n s a r e a s . And o n t h e p h i l o s o p h i c a l l e v e l 
one m i g h t even a rgue t h a t t h e r e i s a m o r a l 
i m p e r a t i v e t o p r o v i d e a c c u r a t e e x p l a n a t i o n s t o 
e n d - u s e r s whose i n t u i t i o n s abou t our sys tems a r e 
a l m o s t n i l . 

F i n a l l y , t h e e x p l a n a t i o n c a p a b i l i t y i s 
needed as p a r t o f t h e c o n c e r t e d a t t a c k on t h e 
knowledge a c q u i s i t i o n p r o b l e m . E x p l a n a t i o n o f t h e 
r e a s o n i n g p rocess i s c e n t r a l t o t he i n t e r a c t i v e 
t r a n s f e r o f e x p e r t i s e t o t h e knowledge b a s e , and 
i t i s ou r most p o w e r f u l t o o l f o r t he debugg ing o f 
t h e knowledge b a s e . 

5 EPILOGUE 

What we have l e a r n e d abou t knowledge 
e n g i n e e r i n g goes beyond what i s d i s c e r n i b l e i n t h e 
b e h a v i o r o f ou r case s t u d y p r o g r a m s . I n t h e n e x t 
paper o f t h i s t w o - p a r t s e r i e s , I w i l l r a i s e and 
d i s c u s s many o f t he g e n e r a l c o n c e r n s o f knowledge 
e n g i n e e r s , i n c l u d i n g t h e s e : 

What c o n s t i t u t e s a n " a p p l i c a t i o n " o f A I 
t e c h n i q u e s ? 

There is a d i f f e r e n c e between a s e r i o u s 
a p p l i c a t i o n and a n a p p l i c a t i o n - f l a v o r e d t o y 
p r o b l e m . 

What a re some c r i t e r i a f o r t he j u d i c i o u s 
s e l e c t i o n o f a n a p p l i c a t i o n o f A I t e c h n i q u e s ? 

What a r e some a p p l i c a t i o n s a reas w o r t h y o f 
s e r i o u s a t t e n t i o n b y knowledge e n g i n e e r s ? 

For e x a m p l e , a p p l i c a t i o n s t o s c i e n c e , t o 
s i g n a l i n t e r p r e t a t i o n , and t o human 
i n t e r a c t i o n w i t h complex s y s t e m s . 

How to f i n d and f a s c i n a t e an E x p e r t . 

The backg round and p r i o r t r a i n i n g o f t h e 
e x p e r t . 

The l e v e l o f commitment t h a t can be 
e l i c i t e d . 

D e s i g n i n g sys tems t h a t " t h i n k t h e way I 
d o . " 

S u s t a i n i n g a t t e n t i o n b y q u i c k f eedback 
and i n c r e m e n t a l p r o g r e s s . 

F o c u s i n g a t t e n t i o n t o d a t a and s p e c i f i c 
p r o b l e m s . 

P r o v i d i n g ways t o e x p r e s s u n c e r t a i n t y o f 
e x p e r t k n o w l e d g e . 

The s i d e b e n e f i t s t o t h e e x p e r t o f h i s 
i n v e s t m e n t i n t h e knowledge e n g i n e e r i n g 
a c t i v i t y . 

G a i n i n g consensus among e x p e r t s abou t t h e 
knowledge of a d o m a i n . 

The consensus may be a more v a l u a b l e 
outcome o f t h e knowledge e n g i n e e r i n g e f f o r t 
t h a n t h e b u i l d i n g o f t h e p r o g r a m . 

Prob lems f a c e d b y knowledge e n g i n e e r s t o d a y : 

The l a c k o f adequa te and a p p r o p r i a t e 
computer h a r d w a r e . 

The d i f f i c u l t y o f e x p o r t o f sys tems t o 
e n d - u s e r s , caused b y t h e l a c k o f p r o p e r l y -
s i z e d and -packaged c o m b i n a t i o n s o f ha rdware 
and s o f t w a r e 

The c h r o n i c absence o f c u m u l a t i o n o f A I 
t e c h n i q u e s i n t h e f o r m o f s o f t w a r e packages 
t h a n can a c h i e v e w i d e u s e . 

The s h o r t a g e o f t r a i n e d knowledge 
e n g i n e e r s . 

The d i f f i c u l t y o f o b t a i n i n g and 
s u s t a i n i n g f u n d i n g f o r i n t e r e s t i n g knowledge 
e n g i n e e r i n g p r o j e c t s . 
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