
Reports of panel 

on 

APPLICATIONS OF ARTIFICIAL INTELLIGENCE 

Saul Amarel (Session Chairman), Rutgers Un i ve rs i t y 
John Seely Brown, BBN 

Bruce Buchanan, Stanford Un ive rs i t y 
Peter Har t , SRI 

Casimir Ku l i kowsk i , Rutgers Un ive rs i t y 
Wi l l iam M a r t i n , MIT 

Harry Pople, Un i ve rs i t y of P i t tsburgh 

INTRODUCTORY REMARKS. SUMMARY OF ISSUES AND OPEN 
PROBLEMS IN AI APPLICATIONS (S. Amarel) 

In recent years there has been a growing 
amount of app l i ca t i ons -o r i en ted AI work. The 
d i s t i n c t i o n between an appl ied AI p ro jec t and a 
' b a s i c ' p ro j ec t is mainly determined by the p r i n 
c i p a l ob jec t i ves o f the e f f o r t . I f the ob jec t i ve 
is to develop a h igh performance, exper t , system 
f o r so lv ing c e r t a i n problems in a given domain, in 
a manner which is acceptable (and hope fu l l y use
f u l ) to users in the domain, then the p ro jec t is 
in the appl ied category. What charac te r i zes , in 
a d d i t i o n , work in several recent appl ied AI p ro 
j e c t s is the focus on na tu ra l domains, where the 
tasks invo lve reasoning w i th empi r ica l data in the 
context of bodies of empi r ica l knowledge. Prob
lems in medic ine, b iochemistry and s igna l process
ing are o f t h i s type. I t i s c e r t a i n l y poss ib le to 
apply AI methods and too ls to the development of 
expert systems in the context of formal task 
environments such as mathematics. Indeed, one of 
the most successful ear ly app l i ca t ions of AI has 
been in t h i s area - s p e c i f i c a l l y , the MACSYMA 
p ro jec t at MIT (Moses, 1971). I t is a f a c t how
ever tha t most of the e f f o r t s in AI app l i ca t ions 
over the l a s t 5-10 years have concentrated on 
systems whose knowledge bases conta in r e l a t i v e l y 
large amounts of empi r ica l in fo rmat ion about 
pieces of the r e a l wor ld . 

An important reason f o r t h i s is the high 
p o t e n t i a l usefulness (soc ia l value) of AI systems 
tha t could prov ide help to s c i e n t i s t s and p ro fes 
s ionals in problems tha t invo lve the understanding 
and con t ro l of na tu ra l phenomena - espec ia l l y in 
s i t u a t i o n s where ava i l ab le knowledge is complex, 
i l l s t r u c t u r e d , and changing. Another essen t ia l 
reason is the expectat ion tha t work in r e a l world 
problems w i l l b r ing new challenges to AI and i t 
w i l l con t r i bu te s i g n i f i c a n t l y t o the s c i e n t i f i c 
development o f the f i e l d . 

At present , there are several appl ied AI p ro 
j e c t s in the country t ha t have produced systems 
at an impressive l eve l o f exper t ise in l i m i t e d 
rea l wor ld task environments. 

In a n a l y t i c a l chemist ry , the h e u r i s t i c 
DENDRAL p ro j ec t at Stanford has been the pioneer 
e f f o r t i n the a r e a o f c o m p u t e r - b a s e d e x p e r t 
ass is tan ts f o r problems in a s c i e n t i f i c domain. 
The DENDRAL program can i n t e r p r e t mass spectra of 
organic molecules at a l eve l of performance which 

equals, and in some cases surpasses, experts in 
the f i e l d (Buchanan et a l , 1969; Smith and 
Carhar t , 1976). 

In medic ine, the CASNET/GLAUCOMA system at 
Rutgers, which provides consu l ta t i on in diagnosis 
and therapy of glaucomas (Kul ikowski and Weiss, 
1971; Weisss 1974), and the MYCIN system at 
Stanford which ass is ts in the treatment of i n f e c 
t i ous diseases ( S h o r t l i f f e et a l , 1975) have now 
reached expert s t a tus . The INTERNIST system at 
the Un i ve rs i t y o f P i t t sbu rgh , which provides 
c l i n i c a l consu l ta t i on i n problems o f i n t e r n a l 
medic ine, (Pople et a l , 1975; Pople 1975, 1977) 
i s nearing expert s tatus f o r d iagnost ic tasks in 
par ts of i t s domain. Several other expert* systems 
are now being developed in medic ine, b iochemis t ry , 
gene t i cs , psychology, i n s t r u c t i o n , minera l exp lor 
a t i o n , business management, language and speech 
process ing, and computer programming. 

Much experience has been accumulating in the 
course of developing these expert systems. 
Workers in the f i e l d found tha t many of the methods 
and techniques tha t grew from previous basic work 
in AI could be success fu l l y adapted to the b u i l d 
ing of knowledge-based expert systems. A lso , in 
t h e i r attempts to r a i se the leve ls o f exper t ise 
and performance of systems in s p e c i f i c task 
environments, they i d e n t i f i e d several important 
AI problems on which more basic work is needed. 

In genera l , we are s t i l l at the stage of 
learn ing how to b u i l d high-performance knowledge-
based systems. With the poss ib le except ion of 
DENDRAL, the expert systems t ha t have been b u i l t 
to date f o r s p e c i f i c na tu ra l domains have not had 
as yet a s i g n i f i c a n t impact on the users in these 
domains. The main value of these developments 
has been to demonstrate t ha t expert systems of 
c e r t a i n types are f e a s i b l e w i t h i n the present 
s ta te of AI knowledge. A lso , the exp lo ra to ry work 
on r e a l i s t i c expert systems has forced us to look 
more c lose l y i n to many aspects of knowledge 
handl ing t ha t are of fundamental importance w i t h 
in A I . Other basic top ics whose study has been 
s t imula ted by these system development e f f o r t s 
inc lude methods of p l a u s i b l e reasoning, s t ra teg ies 
of p lanning under unce r ta in t y and approaches to 
problems of i n t e r p r e t a t i o n and theory fo rmat ion . 

From the v iewpoin t of AI as a s c i e n t i f i c 
d i s c i p l i n e , work on AI app l i ca t i ons is p rov id ing 
a va luab le t e s t i n g ground f o r e x i s t i n g AI schemes 
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and t o o l s , i t i s he lp ing to i d e n t i f y t h e i r scope 
and l i m i t a t i o n s , and i t i s s t imu la t i ng the 
development of new methodologies f o r the design 
and cons t ruc t ion of AI systems. Furthermore, i t 
is f o r c i n g us to d i r e c t more a t t e n t i o n to 
s c i e n t i f i c communications - both w i t h i n the f i e l d 
and w i th experts in other f i e l d s . I expect that 
t h i s w i l l b r i ng about a be t te r understanding of 
the present s ta te of knowledge in A I , and a be t te r 
perspect ive of how t h i s knowledge is re la ted to 
other pa r ts of computer science and to knowledge 
i n other d i s c i p l i n e s . 

From the viewpoint of a d i s c i p l i n e such as med
i c i n e in whose domain AI systems are being developed, 
the e f f o r t to s t r uc tu re knowledge in the domain -
which is an essent ia l p re requ i s i t e f o r achieving an 
expert system - may be of a much more fundamental 
s i gn i f i cance than was i n i t i a l l y r ea l i zed . The c l a r 
i f i c a t i o n o f basic concepts in the d i s c i p l i n e , the 
i d e n t i f i c a t i o n of r e l a t i onsh ips between various 
pieces of knowledge, the assessment of the nature 
and status of under ly ing empir ica l knowledge, of 
theor ies and of b e l i e f s , the recogn i t ion of gaps, 
and - most important - the prov id ing of a conven
i en t computer-based environment which st imulates and 
supports these a c t i v i t i e s , are o f great s c i e n t i f i c 
va lue. In the long r un , t h i s may have a much s t rong
er p r a c t i c a l impact on the d i s c i p l i n e than the im
pact produced by the add i t i on of a resource or a 
techno log ica l t o o l to ass is t users in a spec i f i c 
task area w i t h i n the d i s c i p l i n e . 

Emphasis of pane l . Relat ionship to AIM Workshop 

The main emphasis of our panel w i l l be on 
app l i ca t i ons of AI to the development of knowledge-
based systems in medicine. In a d d i t i o n , a p p l i 
cat ions in other domains (mineral exp lo ra t i on , 
education) w i l l be considered, and ce r t a i n method
o l o g i c a l / t e c h n i c a l problems tha t are shared by a l l 
these p ro jec ts w i l l be examined. 

In p a r t i c u l a r , the panel is intended to pro
v ide a forum f o r an assessment of work being done 
in the AIM ( A r t i f i c i a l I n t e l l i g e n c e in Medicine) 
community. The AIM p ro jec t is a na t iona l resource 
sharing a c t i v i t y which is supported by the Bio
technology Resources Program (BRP) of DRR, NIH, 
and whose p r i n c i p a l ob jec t i ve is to promote a p p l i 
ca t ions of AI to b i o l o g i c a l and medical problems. 
The main focus of AIM a c t i v i t y is at the Stanford 
SUMEX-AIM p r o j e c t , which provides computer shared 
resources to the AIM community v i a na t iona l ne t 
works. The Rutgers Research Resource on Computers 
in Biomedicine (Amarel, 1975) is one of the (BRP-
supported) p ro jec ts in the AIM community; included 
among i t s func t ions is the organ iza t ion of annual 
AIM Workshops. The ob jec t i ve of the Workshops is 
to strengthen s c i e n t i f i c i n te rac t i ons w i t h i n the 
na t i ona l AIM community, and to disseminate AI-based 
methodologies, t o o l s , and spec i f i c systems tha t are 
re levan t to AIM. The 3rd AIM Workshop w i l l be held 
at Rutgers on Ju ly 6 to 8, 1977. A l l the panel 
p a r t i c i p a n t s (except f o r Peter Hart who w i l l be 
represented by Dick Duda) are expected to at tend 
the Rutgers Workshop. Points of view and con
c lus ions developed at the AIM Workshop w i l l be 
presented at the panel as pa r t of the d iscussion 
o f issues t ha t are ou t l i ned in the present r e p o r t . 

The panel w i l l prov ide an oppor tun i ty to summarize 
f o r a wide AI audience the h i g h l i g h t s of c e r t a i n 
key issues in the development of appl ied AI systems 
tha t w i l l be discussed at the AIM Workshop. 

Comments based on recent experience w i t h AI 
app l i ca t ions 

Experience w i th work in AI app l i ca t i ons to 
date shows the f o l l o w i n g : 
(a) The problem of acqu i r ing spec i f i c knowledge in 
a domain, managing i t in a AI system, modi fy ing i t , 
and using i t appropr ia te ly is fundamental. The 
approach to most designs is incremental and r e 
sponsive to the f a c t t ha t the knowledge base in a 
domain is not s t a t i o n a r y . I n i t i a l l y , a r e l a t i v e l y 
low-performance AI system is created to prov ide 
the basis f o r subsequent stages of knowledge 

a c q u i s i t i o n and improvement, which eventua l ly 
leads to a high-performance, exper t , system. 
(b) Work on app l i ca t ions requ i res very close 
co l l abo ra t i on between AI experts and experts in 
the problem domain. Furthermore, spec ia l 
techn ica l support f a c i l i t i e s ( e . g . , computer ne t 
works) can p lay a s i g n i f i c a n t r o l e in e s t a b l i s h 
ing these co l labora t ions and in susta in ing t h e i r 
e f fec t i veness . This is a key po in t which has 
important imp l i ca t ions on organ iza t iona l and 
shared resource aspects of appl ied AI p r o j e c t s . 
(c) The development of an expert system w i t h i n 
a reasonable t ime span requ i res more powerful 
technologies than those in use today - expec ia l l y 
when the knowledge bases w i l l grow from the p re 
sent 102-103 ' f a c t s ' to more r e a l i s t i c s i t ua t i ons 
w i th 104 - 105 ' f a c t s ' . So far ,system development 
times (from conception to expert l eve l in a r e 
search environment) have been 4-8 years. To r e 
duce t h i s t ime span, or to keep i t from growing 
too much as knowledge bases grow, we need more 
e f f e c t i v e methods of knowledge acqu i s i t i on and 
organ iza t ion and more powerful program design 
environments. Related to t h i s , we need be t te r 
techniques f o r i n t e r f a c i n g AI programs w i th 
experts and users . At a more basic l e v e l , we need 
be t te r schemes f o r coord inat ing m u l t i p l e knowledge 
bases and f o r handl ing in format ion which is i n 
cons is tent and/or unce r ta i n . 

Main issues and open problems in AI app l i ca t ions 

There has been considerable progress in the 
development of schemes f o r represent ing knowledge 
in AI systems. Product ion systems, semantic nets 
and frame systems are among the major schemes used 
in the p ro j ec t s discussed in t h i s panel . 
Experience is accumulating s tead i l y w i th types of 
representa t ions tha t are appropr iate in d i f f e r e n t 
s i t u a t i o n s . Much more work is needed, however, on 
how to represent knowledge of d i f f e r e n t types 
( form, completeness, v a l i d i t y ) f o r var ious problem 
so lv ing tasks , and how to s h i f t representa t ions in 
a manner t ha t f a c i l i t a t e s problem so l v i ng . At 
present the choice of representa t iona l framework 
f o r a task ( the set of basic concepts and t h e i r 
r e l a t i o n s h i p s , the g ra i n of knowledge and the form 
of knowledge to be associated w i th s p e c i f i c types 
of processes) is the key decis ion made by the 
bu i l de r of a AI system. The success of a system 
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depends c r i t i c a l l y on th is decision. This funda
mental problem of problem representation (or of 
conceptualization, as Buchanan puts it in his 
remarks later on in th is report) has been with us 
for almost a decade (Amarel, 1970); it is now 
gaining added significance in the context of 
knowledge-based system design. Br ie f ly , in a 
dynamically evolving system where the i n i t i a l de
sign is based on a given choice of problem 
representation (conceptualization), i t is possible 
that no increase in performance - via accretion 
of the knowledge base - can be achieved beyond a 
certain point unless a change in representation 
(a re-conceptualization) can take place. This has 
strong implications on methods of system design, 
and it may determine the l im i ts of performance of 
specif ic applied AI system. Experience with th is 
problem already exists in the MYCIN and CASNET 
projects - where knowledge-based consultation 
systems ot high levels ot expertise have been 
achieved in l imited domains of medicine. Unt i l 
more is known about how to choose appropriate re
presentations and how to handle shi f ts among re
presentations, it would be reasonable to start new 
AI application projects only in domains with f a i r l y 
well established conceptual frameworks. 

Knowledge bases are bu i l t through processes 
of knowledge acquisit ion and assimilat ion. There 
has been some progress to date in the development 
of system aids for knowledge acquisit ion from 
experts. In his remarks in th is report, Pople 
raises important conceptual issues in th is area. 
He points out that the process of acquisit ion of 
an expert's knowledge in a given domain is a theory 
formation process. This is an in te l lec tua l ly 
demanding ac t i v i t y which involves the formation of 
hypotheses about the expert's knowledge structure, 
and the representation of these hypotheses in a 
computer with the help of available AI methods and 
tools. A key role of the computer scient ist who 
is working with the domain expert in the develop
ment of an AI system is to perform this empirical 
theory formation process. The question arises 
whether AI methods can be used to assist the 
computer scient ist in th is task. Some work in this 
area is underway at Rutgers; it involves the 
development of the AIMDS representational frame
work which is intended to f a c i l i t a t e the formula
t ion and testing of a psychologist's theories in 
the domain-of bel ief systems (Schmidt et a l , 1976). 
Much more work is needed in th is area - both in 
problems of theory formation and in related issues 
of representation. Also, methods of automatic 
knowledge acquisit ion and assimilation - from a 
system's operating experience or from direct 
observation of empirical data - must await further 
progress in theory formation strategies. Thus, 
more work in formation problems is needed to 
strengthen the processes of incremental construc
t ion and improvement of complex knowledge-based 
systems. 

Many applied AI projects face the problems 
of how to represent and use mult iple knowledge 
sources. Each source may represent knowledge of 
d i f ferent grain (level of resolution) or of 
d i f ferent form. For example one body of knowledge 
in a medical consultation system may represent a 

qual i tat ive model of pathophysiological re la t ion
ships in a disease process, another may represent 
a detailed anatomical model underlying (parts of) 
the qual i tat ive model of disease, and a th i rd may 
express normative rules of action for treatment 
decisions. Approaches to the use of mult iple 
knowledge sources are discussed in th is report by 
Kulikowski and by Brown in the context of medical 
and instruct ional tasks respectively. 

One of the key processes in medical reason
ing and in sc ien t i f i c inquiry is the interpreta
t ion of empirical data in the light of a given body 
of theoretical knowledge. Much of the work dis
cussed in this panel is concerned with these pro
cesses. Typical ly, a problem of interpretat ion 
involves reasoning about an individual case. Given 
evidence (data) about the case and a theory within 
which the evidence is to be understood/explained, 
f ind a hypothesis which explains the case on the 
basis of the theory. There has been considerable 
progress in the development of strategies for sol
ving interpretat ion problems. However, there remain 
several open problems: under what conditions the 
interpretat ion process should be controlled by the 
specif ic 'low leve l ' features of the case under 
consideration, or by possible 'high leve l ' hypo
theses and by expectations derived from these hy
potheses; how to best represent and keep track of 
information about a special case, of general know
ledge in terms of which the case is interpreted, 
and of alternative interpretations of the case as 
the process evolves with time. These issues are 
discussed further in this report by Buchanan, Mar
t i n and Hart. 

Hart is also stressing the importance of me
thods of plausible reasoning in diagnostic prob
lem solving. In addition to work reported by Hart 
in the context of a system for mineral exploration, 
considerable work on plausible reasoning was done 
in recent years in the context of the medical AI 
projects. Also, work by LeFaivre at Rutgers (Le 
Faivre, 1976) has been focusing on systems for re
presenting, and experimenting with approximate 
reasoning methods. More controlled experimentation, 
as well as theoretical consolidation of existing 
methods, are needed in th is area. 

An important feature of current AI applica
tions is the emphasis on explanation f a c i l i t i e s . 
Explanation of the reasoning done by a knowledge-
based system in special cases is needed both for 
system development/debugging purposes and for i n 
teraction between system and user. This point is 
stressed below by Buchanan, as well as by other 
panelists. The methodologies and techniques of 
explanation developed for applied AI systems are 
expected to have a broader impact on the problem 
of sc ien t i f i c communication in AI . We are s t i l l 
faced with a major problem of how to communicate 
ef fect ively what is known in the AI f i e l d . This 
involves the d i f f i c u l t issue of communicating com
plex programs, principles underlying the i r designs, 
accounts of thei r behavior, and the i r properties. 
The problem is general for computer science, but 
it can be seen most forcefu l ly in the context of 
AI work. There is reason to hope that current work 
on explanation f a c i l i t i e s in applied AI system wi l l 

Inv i ted Panel-10: Amarel 
996 



r e s u l t in the development of general AI methods 
f o r e f f e c t i v e s c i e n t i f i c communication o f complex 
programs. 

Experience shows tha t we need powerful design 
methods and system too ls f o r bu i l d i ng knowledge-
based systems and f o r evo lv ing them from the con
cept stage to a user ' s environment. This is br ing
ing most AI app l i ca t i ons -o r i en ted e f f o r t s in c los
er contact w i th many other areas of computer s c i 
ence and technology. There is renewed concern 
w i th programming languages and other support s o f t 
ware, machine a r ch i t ec tu res , network ing, communi
cat ions and i n t e r f a c e s . This s i t u a t i o n w i l l prob
ably r e s u l t in an enrichment of system bu i l d i ng 
technologies - both w i t h i n AI and outside i t . More 
fundamental ly , i t w i l l c l a r i f y f u r t h e r the essen
t i a l concerns and s c i e n t i f i c content of AI and i t s 
many r e l a t i o n s w i th other par ts of computer s c i 
ence. 

Before concluding, l e t me st ress that any com
p le te assessmentof the s ta te of AI app l ica t ions 
must inc lude two p a r t s . The f i r s t should be con
cerned w i th the performance achievements and the 
leve ls of exper t ise a t ta ined by spec i f i c programs 
in var ious app l i ca t i on areas. The second, must f o 
cus on design issues that go across spec i f i c app l i 
ca t i ons , and on the i d e n t i f i c a t i o n of new AI prob
lems and approaches. The th rus t of t h i s panel is 
on the second p a r t , because t h i s par t is more i n 
t r i n s i c a l l y re levant to the status of main techn i 
ca l issues w i t h i n AI - and thus it is more appro
p r i a t e f o r an AI Conference. However, t h i s should 
not obscure the fac t tha t in 1977 we are at a point 
where subs tan t i a l achievements have been made in 
AI a p p l i c a t i o n s , and the prospects f o r the fu tu re 
of h igh performance AI expert systems are b r i g h t . 

Let me now summarize the areas of AI that I 
be l ieve requ i re more work in order to strengthen 
the basis f o r the design of useful knowledge-based 
systems: gu ide l ines f o r represent ing and using 
knowledge of d i f f e r e n t types; schemes fo r s h i f t i n g 
represen ta t ions ; methods fo r so lv ing format ion 
problems; f l e x i b l e s t ra teg ies o f i n t e r p r e t a t i o n ; 
methods f o r acqu i r ing and managing large bodies of 
knowledge ( HP fac ts ) f rom experts and from empir
i c a l data ; and programming techniques f o r AI sys
tem development and f o r system t rans fe r to var ious 
types of user environments. In a d d i t i o n , in order 
to increase the impact of AI on app l i ca t i ons , we 
must f i n d e f f e c t i v e ways of organiz ing what is 
known in the f i e l d and of communicating t h i s know
ledge to o thers . 

In the f o l l o w i n g sec t ions , members of the 
panel - who represent major AI app l i ca t ions ef
f o r t s - w i l l comment on several of the issues that 
I discussed above. Their comments are presented 
in the context o f s p e c i f i c app l i ca t i on p ro jec ts 
w i t h which they are associated. A l i s t of r e f e r 
ences concludes t h i s panel r epo r t . 

REPRESENTATION AND USE OF EXPERT KNOWLEDGE IN MY
CIN (B.Buchanan) 

Successful app l i ca t ions of AI to Science and 
medicine requ i re large amounts of spec i f i c know
ledge. Yet t h i s presents problems f o r the repre
s e n t a t i o n , a c q u i s i t i o n and use of the knowledge by 

an AI program, as evidenced in the MYCIN program 
developed at Stanford ( S h o r t l i f f e , 1974; Short -
l i f f e e t a l , 1975; Davis e t a l . , 1977). This t e n 
sion is not whol ly resolved in MYCIN but we believe 
tha t extensions to the methodology w i l l a l l e v i a t e 
i t . 

A major goal of the MYCIN system was to p ro 
vide a computer-based therapeut ic t o o l designed 
to be c l i n i c a l l y use fu l . This requ i res development 
of a system tha t has a medical ly sound knowledge 
base, and tha t d isp lays a h igh l eve l of c l i n i c a l 
competence i n i t s f i e l d . 

Since many c l i n i c i a n s are not l i k e l y to ac
cept the advice provided by a computer-based sys
tem unless they can understand why the recommended 
therapy has been se lec ted , the system has to do 
more than j u s t g ive advice dogmat ica l ly . I t should 
have the a b i l i t y to exp la in the reasoning behind 
i t s dec is ions , and should be able to do so in terms 
that suggest to a phys ic ian tha t the program ap
proaches the problem in much the same way tha t he 
does. This permits the user to v a l i d a t e the pro
gram's reasoning, and modify (or r e j e c t ) the ad
v ice i f he bel ieves tha t some step in the dec is ion 
process is not j u s t i f i e d . 

We have also attempted to provide the program 
w i th c a p a b i l i t i e s f o r experts i n i n fec t i ous disease 
therapy to augment or modify the knowledge base, in 
order to improve the v a l i d i t y o f f u tu re consul ta
t i o n s . The system the re fo re , includes a knowledge 
acqu i s i t i on system which enables experts to update 
MYCIN'S knowledge base, wi thout r equ i r i ng tha t they 
know how to program a computer. A p r i n c i p a l fea
tu re of MYCIN, cen t ra l to these goals , is the f o r 
mat in which i t s knowledge is encoded. Knowledge 
used by MYCIN is contained in d iagnost ic and thera
peut ic dec is ion ru les formulated dur ing exten
s ive discussions of c l i n i c a l case h i s t o r i e s . The 
MYCIN knowledge base cu r ren t l y consists of approx
imately 400 such r u l e s . Each r u l e consists of a set 
o f precondi t ions (the 'p remise ' ) which, i f t r u e , 
j u s t i f i e s the conclusion made in the " a c t i o n " par t 
of the r u l e . For example: I f 1) the gram s ta i n of 
the organism is gram negat ive , and 2) the morphol
ogy of the organism is r o d , and 3) the ae rob i c i t y 
of the organism is anaerobic, then there is sug
gest ive evidence (.6) t ha t the i d e n t i t y of the or 
ganism is bactero ides. 

Such ru les form modular "chunks" of knowledge 
about the domain, represented in a form that is 
comprehensible to a c l i n i c i a n . 

The consu l ta t i on system uses i t s c o l l e c t i o n 
of ru les to make conclusions about the p a t i e n t . I f , 
f o r ins tance, i t i s at tempt ing to determine the 
i d e n t i t y of an organism responsible fo r a p a r t i c u 
l a r i n f e c t i o n , i t r e t r i e ves the en t i r e l i s t o f 
ru les which, l i k e the one above, conclude about 
i d e n t i t y . I t then attempts to asce r ta in whether 
the conclusion o f the f i r s t r u l e i s v a l i d , by e -
va lua t ing in t u rn each of the clauses of the p r e 
mise. Thus, f o r the r u l e above, the f i r s t t h i n g 
to f i n d out i s i t s gram s t a i n . I f t h i s i n fo rmat ion 
is already ava i l ab le in the data base, the program 
r e t r i e v e s i t . I f n o t , determinat ion o f gram s t a i n 
becomes a new subgoal and the program r e t r i e v e s 
a l l ru les which conclude about i t , and t r i e s to 
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use each of them to ob ta in the value of gram s t a i n . 
I f , a f t e r t r y i n g a l l the re levant r u l e s , the an
swer s t i l l has not been d iscovered, the program 
asks the user f o r the re levant c l i n i c a l informa
t i o n which w i l l permit i t t o es tab l i sh the v a l i d 
i t y o f the premise c lause. Thus, the ru les "un
wind" to produce a succession of goa ls , and i t is 
the attempt to achieve each goal t ha t d r ives the 
consu l t a t i on . 

The use of a ru le-based representa t ion of 
knowledge makes i t poss ib le f o r the system to ex
p l a i n the basis f o r i t s c l i n i c a l recommendations. 
For example, i f the c l i n i c i a n asks "How d id you 
determine the i d e n t i t y of the organism?" the p ro 
gram answers by d i sp lay ing the ru les which were 
a c t u a l l y used, and exp la i n i ng , i f requested, how 
each of the premises of the ru les was es tab l i shed. 
This is something which the c l i n i c i a n can r e a d i l y 
understand, and it provides a f a r more comprehen
s i b l e and acceptable explanat ion than would be 

poss ib le i f the program were to use a simple s t a t 
i s t i c a l approach to d iagnos is . 

As work proceeds to expand the program's know
ledge base, new "chunks" are added in much the same 
way tha t a c l i n i c i a n in t r a i n i n g learns new pieces 
of knowledge about h is f i e l d . This ru le-based r e 
presenta t ion of knowledge means tha t the expert 
h imsel f can o f f e r new "chunks" of knowledge by 
expressing them in the same ru le-based format. He 
can thus help make the program more competent, w i th 
out having to know anything about computer program
ming. In a d d i t i o n , s ince the ru les are independent 
of one another, and are used by the program as ne
cessary in order to deal w i th the p a r t i c u l a r con
s u l t a t i o n underway, the add i t i on of a new r u l e or 
mod i f i ca t i on of an e x i s t i n g r u l e does not requ i re 
a l t e r a t i o n of other items in the knowledge base, 
as is o f ten necessary w i th systems using the dec i 
s i o n - t r e e methodology. 

In order to represent the medical knowledge of 
i n f e c t i o u s disease diagnosis and therapy f o r MYCIN, 
the designer of the r u l e base (the "expe r t " ) must 
f i r s t decide on the set of concepts tha t the ru les 
w i l l r e l a t e . I n domains tha t are not f u l l y cod i 
f i e d a l ready , t h i s is a s i g n i f i c a n t problem because 
there are many ways to th ink about the wor ld and 
many ways to descr ibe the organ iza t ion of the des
c r i p t i v e terms. The whole methodology depends on 
the expe r t ' s choice of an adequate conceptua l iza t ion . 

The " g r a i n s i z e " f o r conceptua l iz ing the domain 
w i l l change as the expert gathers more experience 
w i th the performance of the system. That i s , new 
d i s t i n c t i o n s have to be made and, occas iona l l y , se
parate concepts need to be merged i n t o a s ing le one. 
The represen ta t ion of ru les can support t h i s now as 
long as the d e s c r i p t i v e terms are organized h i e r 
a r c h i c a l l y and the f i n e r g ra in terms are added to 
the lower ends of the h ierachy. Reorganizing the 
whole t ree is more d i f f i c u l t than I would l i k e . 

We have found a lso tha t experts give the pro
gram ru les tha t are n ice general p r i n c i p l e s , in a 
des i re to cod i f y the domain, but t ha t these general 
ru les have so many exceptions tha t h igh performance 
is impossible to achieve u n t i l the exceptions are 
a lso c o d i f i e d . This means t ha t the expert has to 
be reminded to put in a l l the exceptions to the 

general p r i n c i p l e s , and has to spe l l out the excep
t i ons in tedious d e t a i l . Moreover, i t means tha t 
the representa t ion f o r the ru les mut t o l e r a t e many 
spec ia l case ru les and exceptions and s t i l l be ef
f i c i e n t l y i n t e r p r e t e d . 

As the amount of d e t a i l requ i red f o r good per
formance grows, the amount of t ime the system needs 
f o r ob ta in ing the in fo rmat ion w i l l a lso grow. This 
may show up e i t h e r as increased I/O t ime , to ask 
the user f o r the d e t a i l s requ i red f o r making new 
in fe rences, or as increased computation t ime f o r 
reasoning through longer in ference chains. We f i n d 
tha t we are caught between the necess i ty of asking 
users f o r more and more data and the necess i ty of 
keeping the whole consu l ta t i on short enought f o r 
users w i th l i t t l e t ime and pa t ience. 

The formalism used by MYCIN can now inc lude 
ru les tha t are t r i gge red by events ( i n p a r t i c u l a r 
by new i n f o r m a t i o n ) , but i t is not yet poss ib le to 
set up expectat ions of f u tu re events tha t w i l l con
f i r m or d isconf i rm a cur rent hypothes is . This is 
symptomatic of the d i f f i c u l t y we have in represent
ing t ime dependent r e l a t i o n s in s t a t i c r u l e s . For 
example, much of a phys ic ian ' s reasoning is of the 
form " I f you see X today then look f o r Y tomorrow, 
and take appropr ia te ac t ion i f you f a i l to observe 
Y (or i f you do) . " 

These problems, among o the rs , are top ics of 
cur rent research. Some extensions to the method
ology w i l l be necessary, but we s t i l l be l ieve in 
the basic idea of goa l -d i rec ted reasoning from an 
exper t ' s set o f r u l e s . 

ON THE KNOWLEDGE ACQUISITION PROCESS IN APPLIED 
A . I . SYSTEMS (H. Pople) 

The process of knowledge a c q u i s i t i o n , as 
t h i s concept appl ies to the development of know
ledge-based AI programs, can be considered from 
several d i f f e r e n t perspect ives. There i s , f o r ex
ample, the -knowledge a c q u i s i t i o n process employed 
by the computer s c i e n t i s t who is ca l l ed on, t y p 
i c a l l y to develop a model of the exper t ise r e 
q u i r e d t o f u n c t i o n p r o d u c t i v e l y i n some 
p r o b l e m d o m a i n . I f we t a k e such a 
model as g iven , there is then the process of know
ledge-base a c c r e t i o n , which expands the knowledge 
base in accordance w i t h the f i x e d precepts o f i n 
format ion s t r u c t u r e and process under ly ing the 
given model. I would l i k e to concentrate my r e 
marks on the former of these two modes of know
ledge a c q u i s i t i o n , then discuss b r i e f l y what im
p l i c a t i o n s t h i s ca r r i es w i th respect to the gen
e ra l concept of computer-based "knowledge engin
e e r i n g " . 

What I consider to be the pr imary mode of 
knowledge a c q u i s i t i o n f o r knowledge-based systems 
was brought i n t o focus recen t l y dur ing an exposi 
t i o n of INTERNIST. This is the system we have de
veloped a t the Un i ve rs i t y o f P i t t sburgh to p ro
v ide cogn i t i ve support in the format ion and so lu 
t i o n o f d i f f i c u l t c l i n i c a l problems i n i n t e r n a l 
medicine (Pople, et a l . 1975; Pople 1975, 1977). 
Dr. Jack Myers revealed tha t when he and I em-
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barked on the task of b u i l d i n g a computer-based 
expert consul tant f o r i n t e r n a l medicine some s i x 
or seven years ago, he knew nothing of computers 
and I knew even less of medicine. This prompted 
a noted phi losopher of science in the audience to 
wonder aloud how we ever managed to get s t a r t e d . 
How were we able to ask usefu l questions of one 
another and make use of the answers provided? 

On the basis of my experience in t h i s mode of 
knowledge a c q u i s i t i o n , I am i n c l i n e d to character
i ze the modeling of exper t ise by a naive i n q u i r e r 
i n t e r a c t i n g d i r e c t l y w i th an expert as essen t i a l l y 
an empi r ica l process. One begins by acqu i r ing a 
small number of f a c t s , on the basis of which some 
h in t s may emerge as to the exper t ' s s t r u c t u r i n g of 
knowledge. These s t ruc tu res in t u rn may provide 
cues as to the process by which t h i s knowledge is 
accessed and used in the course of reasoning and 
problem so l v i ng . Further process cues may be ob
ta ined from d i r e c t testimony of the exper t , from 
a study of p ro toco ls and the expert reasoning a-
loud , and from the i n q u i r e r ' s own in t rospec t ions 
concerning the s t r uc tu re and process of knowledge 
in other domains. 

The next step is to fashion from these empir
i c a l f i nd ings a tes tab le hypothesis ; and here, f o r 
the computer s c i e n t i s t , there is a considerable ar
mamentarium inc lud ing but not l i m i t e d to the models 
and methods of AI tha t can be brought i n t o p lay in 
the cons t ruc t ion of a working model. I t should per
haps be emphasized tha t what r esu l t s from t h i s 
stage is at best a model of the i n q u i r e r ' s concept, 
which may or may not bear much resemblance to tha t 
o f the exper t . Nonetheless, i f reasonably f a i t h f u l 
to the i n q u i r e r ' s emerging concept of the domain, 
the model can serve to guide and sharpen the f u r t h 
er search f o r more subt le aspects of the exper t ' s 
in fo rmat ion s t ruc tu re and process. 

There are a number of imp l i ca t ions tha t f low 
from t h i s cha rac te r i za t i on of the knowledge model
ing process tha t I would l i k e to put f o r t h as top
i cs f o r cons iderat ion by t h i s panel . 

F i r s t , the term " a p p l i c a t i o n s " o f ten used to 
charac te r ize t h i s sor t o f i n v e s t i g a t i o n is some
t h i n g of a misnomer. I t suggests the existence of 
a general theory which is being i n s t a n t i a t e d by a 
"knowledge engineer" , whereas experience suggests 
tha t the modeling of exper t ise is p r i m a r i l y an em
p i r i c a l theory - fo rmat ion a c t i v i t y . 

A c o r o l l a r y o f t h i s p ropos i t i on is tha t the 
models and methods of A I , which o f ten prove use
f u l at var ious stages of the modeling process, 
should be regarded merely as t oo l s of the i n v e s t i 
gator - not t heo r i es . One should not set about to 
f i t a model o f exper t ise to the models o f A I . I f 
would be be t t e r to devise new methods and techniques 
even a t the r i s k o f being ca l l ed "ad hoc" i f t h i s 
is necessary in order to deal w i t h the essent ia l 
nature of the problem domain being i nves t i ga ted . 

I t a lso fo l l ows tha t one must be prepared to 
throw over any or a l l of a given model when f u r t h e r 
i n v e s t i g a t i o n reveals s u b t l e t i e s o f exper t ise tha t 
cannot be represented w i t h i n tha t framework. One 
must take whatever comfort there is in knowing tha t 
the model has served i t ' s purpose i f i t has sharp

ened the i n v e s t i g a t o r ' s awareness of the s t r uc tu res 
and processes tha t under l i e exper t ise and then move 
on to the more soph is t i ca ted models and experiments 
enabled by t h i s new leve l of understanding. 

Tt is c lear tha t there are cer ta inaspects of 
knowledge a c q u i s i t i o n c u r r e n t l y amenable to com
puter-based support . For example, at any stage of 
model development, there is t y p i c a l l y the need to 
have encoded a s izab le corpus of domain s p e c i f i c 
in format ion so tha t r e a l i s t i c experiments may be 
ca r r i ed out . Many techniques can be employed to 
f a c i l i t a t e t h i s knowledge-base accre t ion process 
through d i r e c t i n t e r a c t i o n w i th experts in the do
mains being modeled, through induc t ion on cases, 
or simply through batch en t ry of p res t ruc tu red da
t a . While these methods of knowlege accre t ion are 
impor tant , they cons t i t u t e only a small pa r t of 
the knowledge modeling process tha t we have here 
character ized as "emp i r i ca l theory fo rmat ion " . 
U n t i l we are able to model the r o l e of naive i n 
qu i re r and incorporate t h i s c r i t i c a l aspect o f 
the knowledge a c q u i s i t i o n process in a computer-
based sys tem, i t seems c lear tha t the most s i g n i f i 
cant mode of knowledge exchange in the develop
ment of knowledge based systems w i l l continue 
to be person to person. 

REPRESENTATION OF KNOWLEDGE FOR REASONING IN MED

ICAL CONSULTATION SYSTEMS (C. Kul ikowski) 

Bu i ld ing a f l e x i b l e and soph is t i ca ted knowledge 
based expert consu l ta t i on system in medicine is a 
formidable task because of the complexity and he t 
erogeneity of medical knowledge and our very l i m i 
ted understanding of c l i n i c a l reasoning processes. 
During the past f i v e years several a r t i f i c a l i n 
t e l l i g e n c e approaches have been taken in b u i l d i n g 
descr ip t ions of pa t i en ts and diseases that combine 
knowledge from a v a r i e t y of sources w i th a d i ve r 
s i t y of s t r u c t u r a l represen ta t ions , and experiments 
have been ca r r i ed out w i th an equal ly var ied array 
o f i n f e r e n t i a l problem so lv ing s t ra teg ies . ( K u l i 
kowski and Weiss, 1971; Amarel $ Kul ikowski , 1972; 
S h o r t l i f f e 1974, 1975; Pople et a l , 1975; Rubin, 
1975; Silverman, 1974; Pauker, et a l . 1976). 

In the CASNET program which we developed at 
Rutgers (Kul ikowski § Weiss, 1971; Weiss, 1974), 
the knowledge of a group of c l i n i c a l researchers 
in the domain of a disease is s t ruc tured in the 
form of a causal-network representat ion which des
cr ibes the mechanisms and evaolut ion of disease 
processes. The v a r i a b i l i t y of i nd i v i dau l obser
vat ions is accounted fo r by pos tu la t i ng a r e l a t e d 
assoc ia t iona l s t ruc tu re of observat ions. The caus-
al network then stands as i t s under ly ing concep
t u a l model. 

The CASNET/GLAUCOMA system is an a p p l i c a t i o n 
of CASNET in the domain of the glaucomas. The 
system can be u t i l i z e d in a v a r i e t y of reasoning 
modes to prov ide d iagnos t i c , p rognost ic , and t h e r 
apeut ic recommendations, together w i t h explanat ions 
and references to d ive rse , a l t e r n a t i v e expert op i n 
ions . 

A novel c h a r a c t e r i s t i c of the CASNET/GLAUCOMA 
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system is tha t i t can, f o r a p a r t i c u l a r case, sim
ultaneously present a l t e r n a t i v e opinions and reason
ing der ived from d i f f e r e n t consut lan ts . To prov ide 
the system w i th a v a r i e t y of opinions we have es
tab l i shed a computer-based network of co l l abo ra t i ng 
glaucoma expert consul tants who share in the de
velopment and t e s t i n g of the programs. This oph-
tha lmo log ica l network (ONET) includes glaucoma r e 
searchers at the Mt. S ina i School of Medicine, 
Johns Hopkins U n i v e r s i t y , Washington U n i v e r s i t y , 
the Un i ve rs i t y of I l l i n o i s at Chicago and the Un
i v e r s i t y o f Miami. 

By represent ing in the computer de ta i l ed pat 
terns of disease evolv ing w i th the passage of t ime, 
we are able to deal w i th m u l t i p l e fo l low-up v i s i t s . 
Sequences of suggested therapies f o r the var ious 
types and stages of progression of glaucoma have a l 
so been incorporated in the system. Spec i f i c know
ledge of disease is con t i nua l l y added by the ONET 
members. This is done by present ing the computer 
program wi th a v a r i e t y of d i f f i c u l t c l i n i c a l cases 
and weighing i t s performance against the judgment 
of the panel of consu l tan ts . Their suggestions are 
used to r e f i n e the d iagnost ic and therapeut ic r e 
commendations, improve the systems' assessment of 
signs and symptoms, and to pe r fec t s p e c i f i c tech
niques of acqu i r ing and d i sp lay ing the c l i n i c a l da
t a . Cu r ren t l y , the program runs and cases are 
s tored on the SUMEX-AIM computer at S tan ford , 
which is accessed v ia TYMNET from Rutgers and from 
the ONET s i t e s . The s tored cases form a data base 
which serves as a source f o r c l i n i c a l s tudies on 
prognost ic i nd i ca to rs and treatment eva lua t ion . 
Selected resu l t s from such studies can then be 
used to improve the model of disease. The develop
ment of the glaucoma system w i th the help of ONET 
has demonstrated the f e a s i b i l i t y of co l l abo ra t i on 
between geographica l ly remote medical i n ves t i ga 
to rs working on a common computer-based research 
p r o j e c t . 

The CASNET/GLAUCOMA system was demonstrated 
and tes ted at the 1976 Meeting of the Anerican 
Academy of Ophthalmology and Otolaryngology. In 
a d d i t i o n , the system was par t of the symposium on 
glaucoma which was held at t h i s meet ing, where i t s 
recommendations were compared to those of a panel 
of exper ts . The r e s u l t s of t h i s demonstration and 
eva lua t ion were most successfu l . Most of the oph
tha lmolog is ts who tes ted the glaucoma consu l ta t ion 
system judged it to have reached a very competent-
to -exper t status(95%). From the comments received 
a t the meeting, i t i s c lear tha t the s c i e n t i f i c and 
hea l th care s i gn i f i cance of the system is wide ly r e 
cognized by now. 

More r e c e n t l y , we have explored several d i f 
fe ren t representat ions f o r medical knowledge tha t 
extend the range of concepts and re la t i onsh ips be
yond those def ined in the CASNET formal ism. Our mo
t i v a t i o n has been dua l : a) to provide more modular 
desc r i p t i ve c a p a b i l i t i e s so tha t explanat ions of 
reasoning can be more e x p l i c i t than in CASNET; b) 
to broaden the scope of reasoning s t ra teg ies as 
they apply to a greater v a r i e t y of conceptual e l 
ements. The f i r s t a l t e r n a t i v e representa t ion tha t 
we used was the semantic network, which permi t ted 
us to def ine r e l a t i onsh ips other than causa l i t y at 
the process l eve l (p recond i t ions , compl ica t ions, 

t r i g g e r i n g e f f e c t s , e t c . ) . The s t ra teg ies f o r de
c is ion-making were formulated as normative ru les 
fo r propagat ing in fo rmat ion and confidence judg
ments between nodes in the semantic net in response 
to pa t i en t data. This provides a very general and 
f l e x i b l e means of t r ac i ng the f low of reasoning f o r 
a p a r t i c u l a r case. A system ca l l ed IRIS, embodying 
these ideas is now at an advanced s ta te of imple
mentation (Tr igobof f f t Ku l ikowsk i , 1977). 

A more recent development involves the formu
l a t i o n of a template-based d e s c r i p t i o n , which is 
we l l su i ted f o r b u i l d i n g of the anatomical models 
tha t are associated w i th the e x i s t i n g process mo
de ls . We have most recen t l y begun to develop f a 
c i l i t i e s f o r a id ing in knowledge a c q u i s i t i o n from 
the expert using the semantic net and template ap
proaches. A f a c i l i t y f o r b u i l d i n g a model in neu-
ro-ophthalmology (v i sua l pathways, and r e l a t e d an
atomical s t ruc tu res together w i th the physiology 
of neural t ransmission) is being developed (Mathew, 
Ku l ikowsk i , and Kaplan, 1977). 

In conc lus ion, we be l ieve t ha t the in t roduc
t i o n of knowledge-based systems in medicine may 
help to reduce the gap between science and p rac t i ce 
in t h i s area. Medicine i s p r i m a r i l y concerned w i t h 
d iagnost ic decis ions and w i th the design of courses 
of ac t ion f o r the treatment of p a t i e n t s . Knowledge 
of d i f f e r e n t t ypes , some of which comes from r e 
search in the l i f e sciences, enters i n t o the rea
soning processes of the medical dec is ion maker.By 
studying medical problem so lv ing in a computer, in 
the context of models tha t embody p h y s i o l o g i c a l / 
pa tho log ica l knowledge of body processes, we ex
pect to ob ta in a be t t e r understanding of how t h i s 
knowledge can be used in the reasoning processes 
t ha t lead to medical dec is ions . I f we es tab l i sh 
systematic ways of using such models in medical 
problem s o l v i n g , then new knowledge about a body 
process, a basic mechanism of a disease, e t c . , can 
be re la ted to c l i n i c a l observations and act ions 
and thus it can be used and tes ted in medical prac
t i c e . The c o n t r i b u t i o n of the computer system in 
these s i t u a t i o n s is in handl ing the complexity o f 
the r e l a t i o n s h i p between a large and changing body 
of re levant general knowledge and decis ions in 
spec ia l cases. 

The work on app l i ca t ions of AI to the deve l 
opment of medical consu l ta t ion systems is pa r t of 
our research in the Rutgers Research Resource on 
Computers in Biomedicine which is supported by the 
Biotechnology Resources Program of DRR, NIH. 

REMARKS ON KNOWLEDGE-BASED PROGRAMS (W. Mar t in) 

In the past few years we have worked on a num
ber of knowledge-based programs at the M. I .T. Lab
ora to ry f o r Computer Science. These inc lude : 
1) A present i l l n e s s program focussing on kidney 

disease. (Pauker et a l , 1976; Szo lov i tz and 
Pauker, 1976) 

2) A d i g i t a l i s therapy advisor (Si lverman, 1975; 
Swartout, 1977). 

3) An acid/base e l e c t r o l y t e d i s e q u i l i b r i u m adv isor . 
4) A program f o r the design of procurement systems. 

(Bosyj , 1976). 

Inv i ted Panel-10: Amarel 
1000 



5 ) A p rog ram t o a s s i s t i n s i m p l e f i n a n c i a l p r o j e c 
t i o n s . 

6 ) A p rog ram to w r i t e s i m p l e p rograms. 

The work r e l a t e d to m e d i c i n e has been funded 
by t h e Bureau o f H e a l t h Manoower and i n v o l v e d Pro
f e s s o r s G . A . G o r r y (Now a t B a y l o r M e d . C e n t e r ) , and 
P. S z o l o v i t z and D r s . W. S c h w a r t z , S. Pauker and 
J . K a s s i r e r a t T u f t s New England Med i ca l Cen te r 
The work in management and programming t e c h n o l o g y 
has been funded by ARPA and i n v o l v e d P r o f . A. Hax 
and me. 

One can d i v i d e such i n t e r a c t i v e sys tems , o r 
f u n c t i o n s o f a n e c l e c t i c sys tem i n t o t h r e e t y p e s : 
A) O p e r a t o r based - - The system d e f i n e s d a t a ob 

j e c t s and o p e r a t o r s wh ich may be a p p l i e d to 
them. I f i s u p t o t h e use r t o d e t e r m i n e a use-
f u l e sequence o f o p e r a t o r s . A h i g h l e v e l l a n g 
uage I t a k e to be a weak f o r m of o p e r a t o r based 
s y s t e m . 

B) Model based -- The system p r o v i d e s one or more 
models wh i ch can be p a r a m e t e r i z e d and run against 
t h e u s e r d a t a . 

C) Knowledge based - - The system is o p e r a t o r and / 
o r model b a s e d , b u t i t a l s o 1 ) can e x h i b i t s e l f 
knowledge i n t h e f o r m o f e x p l a n t a t i o n , 2 ) i s 
a b l e t o h e l p t h e u s e r f o r m u l a t e h i s p rob lem be
cause i t has knowledge o f s i t u a t i o n s wh ich o f 
t e n can b e c a s t i n a f o rm t o wh ich i t s o p e r a 
t o r s o r models wou ld a p p l y . 

There a r e s e v e r a l u n r e s o l v e d a l t e r n a t i v e s con 
c e r n i n g t h e b e s t a r c h i t e c t u r e for knowledge based 
sys tems . C o n s i d e r f i r s t t h e p rob lem o f e x p l a n a t i o n . 
I n t h e d i g i t a l i s t h e r a p y a d v i s o r we have employed 
what m i g h t b e c a l l e d " s e m a n t i c p rog ramming " . A l l 
f u n c t i o n s and v a r i a b l e s have been c a l l e d by t h e 
names t h e y wou ld have in E n g l i s h and t h e programs 
have been s t r u c t u r e d , w i t h d e t a i l s supressed i n t o 
s u b r o u t i n e c a l l s . I t i s t h e n p o s s i b l e t o w r i t e a 
s i m p l e r o u t i n e wh i ch t r a n s l a t e s a s u b r o u t i n e i n t o 
E n g l i s h - h i g h l e v e l s u b r o u t i n e s g i v e an ove rv i ew 
o f t h e p r o c e s s i n g and l owe r l e v e l ones g i v e more 
d e t a i l s . B y d e s c r i b i n g a r o u t i n e o r i t s e x e c u t i o n 
in E n g l i s h t h e sys tem can answer "How would y o u " o r 
"How d i d y o u " q u e s t i o n s . One advantage o f t h i s ap 
p r o a c h i s t h a t w e a r e guaran teed t h a t t h e e x p l a n a t i o n 
i s no t o u t o f d a t e w i t h t h e code. There a r e two d i s 
advan tages . F i r s t , i t i s necessary t h a t t h e use r un
d e r s t a n d t h e te rms and t h e model t h a t i s a c t u a l l y 
used i n t h e c a l c u l a t i o n s . S ince t h e r e i s common t e r 
m i n o l o g y among use rs o f d i g i t a l i s t h i s i s no t a 
p r o b l e m w i t h t h a t p r o g r a m , b u t i n e x p e r i m e n t i n g 
w i t h managers q u e r y i n g a d a t a base we found a w ide 
range o f t e r m i n o l o g y f o r t h e same model c o n c e p t . 
( M a l h o t r a , 1975 ) . A g roup at IBM York town have op
t e d t o b u i l d a s e p a r a t e knowledge base f o r i n t e r 
p r e t i n g t h e models t o t h e u s e r s . T h i s i s o b v i o u s l y 
a d i f f i c u l t s t r a t e g y t o imp lemen t . Even t h e s t r a 
t e g y employed i n t h e d i g i t a l i s a d v i s o r f o r c e s a 
c a r e f u l s t r u c t u r i n g o f t h e program f o r c l a r i t y o f 
e x p l a n a t i o n . Those espous ing p r o d u c t i o n r u l e s 
sometimes c l a i m t h a t even t h i s can be a v o i d e d . The 
work o f a b s t r a c t i o n and o r g a n i z a t i o n t u r n e d ove r 
t o t h e sys tem. The b e s t approach i s n o t c l e a r . 

On a d i f f e r e n t b u t r e l a t e d d imens ion we have 
obse rved t h a t o u r p r e s e n t i l l n e s s program e x h i b i t s 
bad m e d i c a l s t y l e . I t o f t e n asks a p p a r e n t l y unneed-
ed q u e s t i o n s ; i t sometimes runs on and on p u r s u i n g 
e v e r l e s s p l a u s i b l e dead ends , and when i t works 

c o r r e c t l y , i t o c c a s i o n a l l y does t h i n g s i n a n o n 
s t a n d a r d o r d e r wh ich i s c o n f u s i n g and a n n o y i n g . T h e 
s t a n d a r d s t y l e o f o p e r a t i o n o f some o f t o d a y ' s most 
s o p h i s t i c a t e d m e d i c a l d i a g n o s t i c p rog rams(Pauker e t 
a l . , 1 9 7 6 ; S h o r t l i f f e , 1 9 7 4 ; Pople e t a l . , 1 9 7 5 ) i n 
v o l v e s t h e a p p l i c a t i o n o f a s i n g l e complex c y 
c l i c a l p r o c e s s i n g a l g o r i t h m t o a u n i f o r m l y s t r u c 
t u r e d da tabase o f m e d i c a l know ledge . The p r o c e s s i n g 
a l g o r i t h m r e p e a t e d l y p e r f o r m s t h e f o l l o w i n g s t e p s : 
1 ) s e l e c t a d i s e a s e h y p o t h e s i s , ne two rk node , o r 
h e u r i s t i c r u l e t o i n v e s i t g a t e ; 2 ) g e t some r e l e v a n t 
f a c t f r om t h e da tabase o r p r o g r a m ' s u s e r ; 3 ) upda te 
t h e s t a t e o f t h e da tabase a c c o r d i n g t o t h e i n t e r 
p r e t a t i o n o f the new f a c t ; 4 ) r e - i t e r a t e t h i s p r o 
cess 

" I n i t s r e s p o n s i v e n e s s t o new i n f o r m a t i o n t h i s 
scheme i s very a t t r a c t i v e . However, i t i s v e r y d i f 
f i c u l t t o make a program s t r u c t u r e d i n t h i s way e x 
h i b i t a n a t u r a l c l i n i c a l s t y l e . Because t h e d a t a 
base c o n t a i n s i n f o r m a t i o n o n l y about d i s e a s e s and 
t h e i r symptoms, and n o t about t h e s t a t e o f t h e con 
s u l t i n g p r o g r a m , t h e r e s p o n s i b i l i t y f o r b o t h c o r r e c t 
m e d i c a l c o n c l u s i o n s and a p p r o p r i a t e m e d i c a l s t y l e 
r e s t o n t h e p u r e l y m e d i c a l knowledge and i t s u s e . 
The e x p e r t p h y s i c i a n seems to have a g r e a t d e a l o f 
s p e c i f i c e x p e r i e n c e w h i c h sugges ts t o h im d e f i n i t 
i v e ways o f a c c o m p l i s h i n g a d i a g n o s t i c g o a l . What 
we need is a way to add such s t r a t e g i e s to o u r p r o 
gram. One approach i s t o v iew t h e s e s p e c i f i c ex 
p e r t s t r a t e g i e s a s r e p l a c e m e n t s f o r p a r t s o f t h e 
g e n e r a l d i a g n o s t i c s t r a t e g y , wh ich r e p l a c e m e n t s ap 
p l y o n l y i n s p e c i f i c c i r c u m s t a n c e s . Thus , b e f o r e 
r u n n i n g a s t e p o f t h e g e n e r a l d i a g n o s t i c e n g i n e , 
t h e sys tem wou ld f i r s t l o o k t o see i f t h e r e were 
a more s p e c i f i c s t r a t e g y p e r t i n e n t . The r e c o g n i 
t i o n o f when a s t r a t e g y i s a p p l i c a b l e i s a c l a s s i c 
p rob lem o f A I . Here i t w i l l p r o b a b l y r e q u i r e t h a t 
t h e d a t a b e c h a r a c t e r i z e d a t d i f f e r e n t l e v e l s o f 
a b s t r a c t i o n . C u r r e n t l y , d a t a a r e a b s t r a c t e d o n l y 
to a s m a l l number of c l a s s e s - d i s e a s e , symptom, 
e t c . - used b y t h e s i n g l e d i a g n o s t i c c y c l e . 

A f u r t h e r , n a g g i n g t h o u g h t i s t h e apparen t 
o r t h o g o n a l i t y o f t h e a b s t r a c t i o n s sugges ted b y 
Schank t o t hose r e q u i r e d t o c a s t a l l d a t a i n t o a 
p a r t i c u l a r s c i e n t i f i c m o d e l o r u s e r p o i n t o f 
v i e w . W h i l e S c h a n k s e e k s a u n i f o r m way t o 
r e p r e s e n t a l l k n o w l e d g e w h i c h i s p r o b l e m 
i n d e p e n d e n t , a l l u s e f u l s y s t e m s a r c p r o b 
lem dependent - t h e i r s p e c i a l model o f t h e prob lem 
i s a t t h e h e a r t o f what t h e y have t o o f f e r . T o 
d a t e , Schank ' s a b s t r a c t i o n s have had l i t l e , i f 
a n y , impac t on knowledge based system - y e t t h e y 
do seem to c a p t u r e i m p o r t a n t i d e a s about t h e r e 
p r e s e n t a t i o n o f know ledge . What i s go i ng o n he re? 
I s i t t h a t Schank ' s t e c h n i q u e s p r o v i d e a l e v e l o f 
g e n e r a l i t y t o w h i c h w e have no t y e t a s p i r e d , should 
n o t a s p i r e , o r w i l l soon need t o a s p i r e ? 
OBSERVATIONS ON THE DEVELOPMENT OF EXPERT KNOW-

LEDGE-BASED SYSTEMS (P. E. H a r t ) 

The l a s t f i v e y e a r s have seen an a c c e l e r a t e d 
i n t e r e s t i n a p p l i c a t i o n s o f a r t i f i c i a l i n t e l l i g e n c e 
w i t h what t o m y mind a re b e n e f i c i a l e f f e c t s b o t h 
s c i e n t i f i c a l l y and p o l i t i c a l l y . The most i m m e d i 
a t e l y p r a c t i c a l o f t hese a p p l i c a t i o n s use A I t e c h 
n i q u e s t h a t a r e w e l l - u n d e r s t o o d . For examp le , t h e 
commerc ia l p i c t u r e p r o c e s s i n g and word r e c o g n i t i o n 
systems a v a i l a b l e t o d a y a re based d i r e c t l y o n t e c h 
n i q u e s deve loped i n t h e l a t e s i x t i e s and e a r l y s e v 
e n t i e s . O the r a p p l i c a t i o n s , wh ich may have e q u a l l y 
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p r a c t i c a l goa ls , r equ i re more profound use of the 
methods of a r t i f i c i a l i n t e l l i g e n c e . These app l i ca 
t i ons are more i n t e r e s t i n g from a s c i e n t i f i c po in t 
o fv iew, and I s h a l l examine a few issues tha t they 
r a i se i n the f o l l o w i n g . 

Among the most prominent of these a p p l i c a t i o n 
themes is the development of "exper t knowledge-
based systems." These systems — DENDRAL (Buchan
an, et aL, 1969), MYCIN ( S h o r t l i f f e , 1974), INTER
NIST (Pople, et a l . , 1975) and others -- have 
forced AI technology ahead because of the need to 
represent and deploy subs tan t ia l amounts of r e a l -
wo r l d , or domain-spec i f i c , knowledge. Fur ther , 
because the computer s c i e n t i s t s involved in the 
design are usua l l y inexperienced in the subject 
domain, there is a heightened need to develop me
thodologies f o r e x t r a c t i n g re levant knowledge from 
those who are experienced. This is in sharp con
t r a s t to an e a r l i e r per iod of AI research, when 
the designer, programmer, and domain expert could 
Be one and the same person. 

An expert system under development at SRI 
furn ishes a number of i n s t r u c t i v e examples of how 
cur rent app l i ca t ions e f f o r t s are advancing AI 
technology. We f i r s t b r i e f l y descr ibe the sys-
tme, and then focus on some s p e c i f i c examples. 
PROSPECTOR (Duda et a l . , 1976; Duda et a l , 1977) 
is a developmental system aimed at a id ing geolo
g i s t s in t h e i r search f o r mineral resources. In 
some respects , the mineral exp lo ra t ion process is 
s i m i l a r to the process of diagnosing diseases. A 
body of observat ions, o f ten uncer ta in in na tu re , 
must be i n t e r p r e t e d w i th the a id of a knowledge 
base that t y p i c a l l y supports p l a u s i b l e reasoning 
but not s t r i c t l o g i c a l in fe rence . I t i s not s u r p r i s 
i n g , t h e r e f o r e , t ha t PROSPECTOR bears some resem
blance to e x i s t i n g medical diagnosis sys tems ,pa r t i 
c u l a r l y to MYCIN. 

Domain s p e c i f i c knowledge is given to PROSPEC
TOR as a set of in ference ru les of the form A IM
PLIES B. Two numbers associated w i th the r u l e mea
sure the degrees to which A is necessary and suf
f i c i e n t f o r B. A p r i o r p r o b a b i l i t y is a lso asso
c ia ted w i th the conclusion B. 

The in ference ru les are represented i n t e r n a l l y 
as a p a r t i t i o n e d semantic network along the l i nes 
suggested by Hendrix. Such networks when used in 
t h e i r general form have a l l of the expressive power 
of p red ica te ca l cu lus , and a d d i t i o n a l l y encourage 
the e x p l o i t a t i o n o f subset-element r e l a t i o n s , i n 
ver ted index ing on terms, and a number of o ther 
such fea tu res . We are c u r r e n t l y using a pec ia l i zed 
form of semantic network w i th which we can eas i l y 
represent both an important subset of p red ica te 
ca lcu lus formulas, and the in ference ru les themsel
ves. 

The t o p - l e v e l nodes of the network correspond 
to top-level hypotheses about the presence of the 
var ious types of ore depos i ts . Lower- level nodes 
may correspond to d i r e c t l y observable geologic da
t a , or to in termedia te concepts t ha t cannot be d i 
r e c t l y observed but t ha t can be i n f e r r e d from ob-
servables. A p r i n c i p a l task o f the system is to i n 
f e r p r o b a b i l i t i e s f o r the t o p - l e v e l hypotheses on 
the basis o f ava i l ab le observat ions. 

The spec ia l c h a r a c t e r i s t i c s of the minera l ex
p l o r a t i o n process force the system designer to con

s ider a number of issues tha t have n o t , to my know
ledge, received much a t t e n t i o n to da te , but tha t 
could we l l have relevance to e x i s t i n g and f u tu re 
systems. 

Questions of Existence 

The hal lmark of exp lo ra t i on is the search f o r 
the existence o f ob jec ts w i t h spec i f i ed p r o p e r t i e s . 
Thus, the qu in tessen t i a l quest ion f o r the user ( i . 
e . , the geo log is t ) is "Can you f i n d an ob jec t X sa t 
i s f y i n g P (X)?" The issue ra ised here by PROSPECTOR 
is in i n t e r e s t i n g cont ras t to medical diagnosis 
systems, f o r which the existence of a c u l t u r e , a 
t e s t , or indeed a pa t i en t is eldom in ques t ion . On 
ph i l osoph ica l grounds, i t i s always hard to r u l e 
out the p o s s i b i l i t y of f i n d i n g something yet und is
covered; on p r a c t i c a l grounds, a committment to the 
absence of X sometimes needs to be made, leading to 
a need to handle the statement "There does not ex
i s t an X s a t i s f y i n g P(X)" . PROSPECTOR c u r r e n t l y 
handles t h i s by denying the existence of any " r e a l -
world b i nd i ng " f o r a formal ob ject s a t i s f y i n g P. 
However, al though t h i s statement is l o g i c a l l y equ i 
va lent to the s t a t e m e n t "For a l l X not P(X)" 
PROSPECTOR c a n n o t h a n d l e t h e v e r y s i m 
i l a r s t a t e m e n t " F o r a l l X Q ( X ) " except b y 
s e t t i n g Q equal to not P. This stems from a repre
sen ta t ion tha t h i g h l i g h t s the poss ib le existence o f 
ob jec t s , ra the r than one tha t stresses l o g i c a l com
pleteness. 

Problems of the existence of ob jects a lso lead 
to i n t e r e s t i n g choices about how to ask questions 
of the user. For example, a user may doubt (but not 
r u l e out) the existence of an X s a t i s f y i n g P(X). I f 
we want to ask him about other p roper t ies of X, we 
may f i n d ourselves in the p o s i t i o n of asking "Does 
X,which probably doesn ' t ex i s t (but may), a lso sat 
i s f y Q(X)?" PROSPECTOR handles t h i s issue by simply 
r eso r t i ng to a th resho ld p r o b a b i l i t y f o r X below 
which X is deemed to be non-ex is ten t , but t h i s ex
pedient has l i t t l e t h e o r e t i c a l j u s t i f i c a t i o n . 

Antecedent reasoning 

A t y p i c a l consu l ta t i on w i th a f i e l d geo log is t 
would begin by having the geo log is t t e l l the system 
about the s i g n i f i c a n t geo log ica l features of the 
case, or "prospect " o f i n t e r e s t . I d e a l l y , the sys
tem should be able to use t h i s volunteered informa
t i o n to help i t focus on hypothesesof i n t e r e s t . I t 
is t h e r e f o r e , important to be able to reason in the 
forward d i r e c t i o n from volunteered features to the 
t o p - l e v e l hypothese tha t they suggest (even weakly). 
The s t r uc tu re of PROSPECTOR supports antecedent rea
soning through the use of an e x p l i c i t network repre
sen ta t ion of in ference r u l e s , and through the use 
of a taxonomy discussed below. I t is i n t e r e s t i n g to 
note tha t Pople's INTERNIST system accomplishes 
the same aim in a very d i f f e r e n t system framework. 
Taxonomies 

A s u r p r i s i n g amount of geologic reasoning is 
done through taxonomies of ob jec ts . For example, 
cha lcopy r i t e is a copper- i ron s u l f i d e , which is a 
copper s u l f i d e , which may be s i g n i f i c a n t evidence 
f o r a c e r t a i n type of copper depos i t . PROSPECTOR 
e a s i l y handles such taxonomies using the semantic 
net mechanism. However, the current s ta te of geo l 
ogy does not support the use of taxonomies i n d i s c r i m 
i n a t e l y s i nce , f o r example, many rocks can be c lass -
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