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Stanford University 
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TITLE OF PROJECT 
Biomedical Knowledge Engineering and Infectious Diseases 

m TbllS SPACE TO ABSTRACT YOUR PROPOSED RESEARCH. OUTLINE OSJECT~VES AND METHODS. UNDERSCORE THE KEY WORDS 
(NOT TO EXCEED 10) IN YOUR ABSTRACT. 

Knowledge about medical discipl,,jnes, such as infectious diseases, changes 
rapidly. To assist resesichers and Practitioners codify, access, and reason with 
the knowledge of their domain, we propose developing knowledge-based computer 
programs as “knowledge engineering” aids. We base the proposed work on the MYCIN 
program, which we developed over the last three years. MYCIN stores facts and 
relations about infectious diseases in a set of inference rules, or production 
rules. It reasons about complex case histories using this knowledge, and it can 
explain its reasoning. We have also developed a prototype knowledge acquisition 
system to aid the experts who modify and extend the knowledge base. 
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- ---I 
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0. 
0. 

16457. 
16353. 
15525. 
16250. 
6862. 
7405. 
7405. 

10971. 
4399 * 

1118. 
1400. 
2231. 

0. 
0. 

3226. 
3205. 
3043. 
3184. 
1345. 
1452. 
1452. 
2150. 

862. 

125858. 24667. 150525. 

6823. 
8541. 

13613. 
0. 
0. 

19682. 
19558. 
18568. 
19434. 
8207. 

;i;:- 
13121: 

5261. 
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COSTS 150525. 189583. 202294. 241115. 257257. 

CONSULTANT COSTS 
IInclude fsas, travel, etc.) 3000. 3000. 3000. 3000. 3000. 

EOUIPMENT 4800. 0. 0. 250000. 0 
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DOPAESTI C 2000. 2200. 2420. 2662. 2928, 
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PRIVILEGED COMMUNICATION 

Budget Justification 

A. Personnel 

1) Principal Investigators 

Funds are requested to support the co-principal investigators 
at 10% and 20% effort. No support is requested for Dr. S.Axline's 
salary. 

2). Research Associates/Affiliates in Computer Science, Infectious 
Disease, and Clinical Pharmacology 

These Research Associates/Affiliates will be responsible for 
carrying out the day-to-day responsibilities for the project under 
the direction of the senior investigators. Dr. Davis will coordinate 
the day-to-day computer science aspects of the project, and will be 
responsible for improving the human engineering features of MYCIN. 
The 'Affiliates in infectious disease and clinical pharmacology will 
be responsible for developing new rules and clinical data base 
information in additional areas of infectious disease therapy, as the 
knowledge engineering capabilities of MYCIN are extended. In 
addition to this central role of writing new rules and assuring the 
consistency bettieen new and old rules, the physicians will also play 
an important role in the evaluation activities of the project. Dr. 
Shortliffe will be working for Stanford Hospital in the first year of 
this period and will join the project as a post-doctoral fellow in 
year 2. 

3) Research Assistant - Pharmacist 

Ms. Wraith will have a major role in monitoring our 
evaluation activities, and will coordinate the efforts of the 
collaborating experts. She will also continue to be responsible for 
updating drug dosing and other pharamceutical information in MYCIN's 
data base. 

4) Scientific Programmers 

Ms. Scott will be working with the research collaborators and 
will be responsible for coding new rules developed by them and for 
implementing changes to the system that are made in response to needs 
that become apparent during our ongoing evaluation of the system's 
extended clinical capabilities. A second programmer is necessary to 
maintain a working system as complex as this, and to keep the 
documentation up to date, Without this level of support, the 
collaborating experts will have only MS, Scott to turn to for help, 
which would impede our new developments. 

4.1 



PRIVILEGED COMMUNICATION 

Consistent with Stanford policy, salary increases are 
budgeted at 9% per year, while fringe benefits are computed at lg.08 
through 8/31/77, 20.0% through 8131178, 20.8% through 8/31/79, 21.6% 
through 8/31/80, 22.4% through 8/31/81, and 23.2% through 8/31/81. 

B. Hardware 

We propose purchasing two Datamedia Display Terminals because they 
are fast (2400 baud), well-supported in the SUMEX community, reliable 
and not expensive. They have become the terminal of choice for 
programmers here. 

The basic reasons for requesting a separate computer system 
are covered in detail in the Research Plan section of this proposal. 
The particular choice of hardware listed in the budget was based on a 
number of factors. 

Several general considerations led to the choice of a Digital 
Equipment Corporation PDP-10 as the kind of machine on which to base 
the system. We felt it important to have a system that was: 

a) large enough to support a sizable program written in an advanced 
programming language. 

b) modular and expandable, so that it can be reconfigured and 
enlarged if the need arises. 

c) capable of supporting a time-sharing system, to permit multiple 
users at once. 

d) of proven reliability, to assure adequate availability. 

e) supported by a range of established software (both systems and 
utility), so that it has the potential of running other programs in 
addition to MYCIN, to increase the value of the system. 

f) the product of an established line of hardware development, to 
insure proven design and upward compatibility with future 
developments by the supplier, 

g) capable of running an advanced programming language,.preferably 
INTERLISP or SAIL. 

4.2 



SECTICN II - PRIVICEGCD COMMUNICATION 

%IOGRA?HICAL S:(EJ-CH 
(Give the followvinp information foroilprof~s;o~:~fpanonnel listed on paya 3, bqinniq krh rhhs Principal Inveti@oL 

and follow ths swne gsnsd lormar far 0a.d pnrsonl . 
:JAhlE T'TLE Professor of Medicine and alRTHOATE Wa. Lb% Yr.1 

COHEN, Stanley N. ,-Head, Division ofXlinica1 Z-17-35 
LITY f/f non-W% citizm, SEX 

Perth Amboy, New Jersey 
indicotu kind of via muI sxpirah’on dam) 

*I ?a .- 

INSTITUTION AND LOCATION 
I OEGREE YEAR SCIENTIFIC 

CONFERRED FIELD 

Rutgers University, New Brunswick, NJ 

University of Pennsylvania School of 

B.S. magna 
cum laude 1956 Biological Sciences 

Medicine. Philadelohia. Pennsvlvania M.D. 1960 Medicine 
HONORS Phi Beta Kappa, 1956; USPHS Research Career Development Award, 1969; Balduin Lucke 
Pesearch Award, University of Pennsylvania School of Medicine, 1960; Burroughs Welicome 
Scholar Award in Clinical Pharmacology, 1970 

MAJOR RESEARCH INTEREST ROLE IN PROPOSE0 PROJECT 

Medical Information Systems and Drug Principal Investigator 
Resistance I 

yESE&@HkfyJj$15j§ /S~~mvcti~~J enetlc Control of Extrachromosomal Drug Resistance 3/68 - 3181 
Current year: Approximately 115,000 direct costs 

2. NSF BMS 75-14176 Replication and Transfer of Bacterial Plasmids 9/75-a/77 
Current year $90,000 total costs (includes indirect) 

3. ACS-VC139 Evolution of Plasmids l/75-.2/77 Current year: $87,000 total costs ( includes 

4. HS 00739 Computer-based drug therapy monitoring system. Current year: 
in irect) 

approximate y (1 
$300,000 in direct costs. 

RESEARCH ANOAOH PROFE~IONAL EXPERIENCE ~Sonirrgm’thprsuntparidon,~and~rp~n’~c~reluant toamaofpmjal Lirtalt 
or mat npraunatire puhliutiorn Do not ucavd3pqws forsrb individaul.1 

Present position: Professor of Medicine, 1976. Head, Division of Clinical Pharmacology, 
Department of Medicine, Stanford University School of Medicine, 1969 ---. 

Associate Professor of Medicine 1971-1975, Stanford University School of Medicine 
.4ssistant Professor of Medicine, Stanford University School of Medicine, 196%1971- 
Assistant Professor of Developmental;Biology and Cancer, Albert Einstein Coilege of 

Medicine, Bronx, h7cw York, 1967-1968. 
Postdoctoral Research Fellow of the American Cancer Society, Laboratory of Professor J. 

Hurwitz, Albert Einstein College of Hedicine, Bronx, New York, 1965-1967. 
Clinical Associate, Arthritis and Rheumatism Branch, National Institute of Arthritis and 

Metabolic Diseases, 1962-1964. Laboratory of Dr. K. L. Yielding. 
Predoctoral Trainee of the USPIIS, University of Pennsylvania School of Medicine, 1957- 

1960, Laboratory of Proicssor Charles Breedis. University College, London, 
England, Laboratory of Professor Peter Medawar, ?Iay-September, 1959. 

Senior Resident, Department of Medicine, Duke University Medical Center, Durham, North 
Carolina, 1964-1965. 

Assistant Rcsidcnt, Department of ?!edici.ne, University o= Nichigan Pkdical Center, 
Ann Arbor, Hichigan, 1961-1962. 

Intern, The Mount Sinai Hospital, Sew York City, 1960-1961. 

SELECTED REFRESENTATIVE PUBLICATIOSS: See attached sheets. 
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COHEN, SN 

Biographical Sketch (S-N. Cohen) continued - page 2 

srlccted Publications _._.. .._. _- -.. - ____- -- 

l[(ln[l (:s * croc1r;e, I,P, ArmsLrong MY and Cotlen SN: A computer-based system to provide 
drug interaction warnings. PrOC. 1971 Gong. of Int. Fed. of Inform. Processing 
systems (IFIPS), 1971. 
Cohen, SN, Armstrong MF, Crouse L and Hunn GS: A Computer-based system for 
prospective detection and prevention of drug interactions. Drug Info. 3. 
72: 81, 1972. 

Cohen SN, Chang AC, Boyer HW and Helling RB: Construction of.biologically 
'functional bacterial plasmids in vitro. -- P&Vi USA 70: 3240, 1973. 

Shortliffe EH. Axline SG, Buchanan BG, Merigan TC and Cohen SN: An artificial 
intelligence program to advise physicians regarding antimicrobial therapy. 
Computers Biomed. Research 6: 544, 1973. 

Cohen SN, Armstrong MF et al: A computer-based system for the study and control 
of drug interactions in hospitalized patients. Ed. Garattini, Morselli and 
Cohen, Raven Press, New York, 363, 1973. 

Hansten P, Sasich L and Cohen SN; Computerization of drug interaction data for 
a community pharmacy. J. of Clinical Computing, 3: 270 (1974). 

Shortliffr! Eti, Axline SC, Buchanan BC and Cohen SN: Design considerations for 
programs to provide biomedical consultation in clinical therapeutics. Proceedings 
of San Diego Biomedical Symposiuq, 311, Feb, 1974. 

Siiortliffe EH, Davis R, Axline SG, Buchanan BG,.Green..CC and Cohen SN: Computer- 
based consultations in clinical therapeutics: explanation and rule acquisition 
capabilities of the MYCIN system. Computer Biomed. Res. 8: 303, 1975. 

Chang ACY, and Cohen SN; Genome construction between bacterial species in vitro -- 
Replication and expression of Staphylococcus genes in E. coli. PNAS USA 71: - 
1743, 1974. 

Morrow JF, Cohen SN, Chang ACY, Boyer HW, Goodman HM and Halling RB: Replication 
and transcroption of eukaryotic DNA in E. coli PNAS USA 71: 1743, 1974. 

Cohen SN, Armstrong MF, Briggs RL et al: Computer-based monitoring and reporting 
of drug interactions. Proc. IFIPS, MEDINFO Conference 1974, p. 689. 

Cohen SN and Chang ACY: Transformation of Escherichia coli-by plasmid chimeras 
constructed in vitro: A review. In Microbiology, 1974. Amer. Sot. Microbial. 
Washington, EC. 64-73. 

Tntro DS, Briggs RL, Cohen SN et al: On-line drug interaction surveillance. 
Smer. J. Hosp. Pharm. 32: 417, 1975. 

Tatro, DS, Briggs RL, Cohen SN et al: Detection and Prevention of drug interaction 
utilizing an on-line computer system. Drug Information Journal 9: 10, 1975. 

Cohen SN. The Manipulation of Genes. Scientific American. 232: 25, no.7, 1975. 

~~~~lt~~, KY, I.ansmnn M,Clayton DA and Cohen SN: Studies of mouse mitochondrial DNA 
in Eschcric1rj.a coli: structure and function of the eukaryotic-prokaryotic 
chimcric plaemi.ds. Cell. 6: 231, 1975. 

KCYlC?S 1.11, Cohn RH, Lowry JC, Chang ACY, Cohen SN: The organization of sea urchin 
histone genes. Cell. 6: 359, 1975. 

Shortliffe EH, Axline SG, Buchanan BG, Davis R and Cohen SN: A computer-based 
approach to the promotion of rational clinical use of antimicrobials. Proceedings 

48 



COHEN SK 
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Sclt!cted Publications (continued) 

of the International SppOSiUm On Clinical Pharmacy and Clinical phar;nacology. 
Boston, Nass, 1s September 1975. (in press) 

Cohen SN.Gene Manipulation. New England Journal of Medicine. 294: 883, 1976. 
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SlfCTION II - PRIVILEGED COMMUN’~T’ON 

BIOGRAPHICAL SKETCH 
/Give rha followhl 

Buchanan, Bruce G. 
--~ -__- 

-- puck OF 8lfiTH ICiry, SfaW CwnWJ 

St. Louis Missouri 
-___I- 

EDUCATION 

INSTITUTION AN0 LOCATION DEGREE YEAR SCIENTIFIC 
CONFERRED FIELD 

Ohio Wesleyan University 

Michigan State University 

B.A. 

M.A. 
Ph.D. 

1961 Mathematics 

1966 Philosophy 

“‘kzF?pient of National Institutes of Health Career Development Award (1971-1976) 
Invited Speaker: 1976 Third International Conference on Computers in Chemical Research 

Education and Technology; 1977 Machine Intelligence Workshop. 

MAJOR RESEARCH INTEREST ROLE IN PROPOSED PROJECT 

Artificial Intelligence Co-principal investigator 

7ESEARCH SUPPORT_ _ 
NIH 2R324 RR 00612-08 Resource Related Research: Computers and Chemistry 5/l/77 to 4/30/80 

Annual budget $218,580. Time committed: 20% 
Dept. of Defense DAHC 15-73-C-0435 Heuristic Programming 8/l/77 to g/30/79. Annual budget 

level $238,443. Time committed: 45% 
National Science Foundation MCS 7702712 Knowledge-Based Intelligent Systems 6/l/77 to 

5/30/79. Annual budget level $50,119. Time committed: 10% 
National Science Foundation MCS 76-11649 MOLGEN: A Computer Science Application to 

Molecular Genetics. Annual budget level $41,525. Time committed: 25% 
National Institutes of Health (pending) A Computer Based Consultant for Medical Decfslon 

Making. 6/1977 to 5/1980. Annual budget level $46,609. Time committed: 10% 
RESEARCH ANOmR PROFESSIONAL EXPERIENCE (Starting withprsrent pQsition,~~snd~xpsn’sncrrdwvmr to area ofprojai Lirtrll 

or most mpnsssntadvopublicatiotu Do not exceed 3 wr for wch individual.) 

1976-present Adjunct Professor of Computer Science 
1972-1976 Research 
1966-1971 Research 

Selected Publications: 

Buchanan BG, Smith, 

Computer Scientist, Computer Science Dept. Stanford University. 
Associate, Artificial Intelligence Project, Stanford University. 

DH, White, WC, Gritter R, Feigenbaum EA, Lederbet-g, J and C. 
Djerass i : Applications of artificial intelligence for chemical inference XXII. 
Automatic rule formation in mass spectrometry by Means of the meta-DENDRAL program, 
Journal of the Amer. Chemical Society, 98:6168 (1376). 

Davis R, Buchanan B and E Shortliffe: Production rules as a represehtation for a 
knowledge-based consultation program, Artificial Intelligence, Vol. 8, Number 1, 
Jan. 1977 (Also Stanford Artificial Intelligence Project Memo No. AIM-206). 

Shortliffe EH, Davis R, Axline SG, Buchanan BG, Green CC and SN Cohen: Computer-based 
consultations in clinical therapeutics: Explanation and rule acquisition capabilities 
of the MYCIN system, Computers and Biomedical Research 8: 303-320, 1975. 

Shortliffe EH and BG Buchanan: A model of inexact reasoning in medicine. Mathematical 
Biosciences, 23: 351-379 (1975). 



PI i.c.ll ie I) and kX Bucllanan : 'L'hk: sc icnl.i:;t's apprt'rltice, in COi7pllttTr~~ fc)r -- -~ .-.~. - -- ..- 
‘;~)r’r‘tril::c’~,!~y (k&d. 1.L.A.C:. C:tr:r ingt:orl) l.urldcln: Aclam ililgc:r, 19/:t. ..~ .- 

smi ti1 I)[[, Uucl~-lnan HC, Wliil-e XC, Ye igcrtbaum k:h, Djcra:csi C and J Lederbergr 
Applickttious of artiEicia1 intellik;encc for chemical inference X. Intsun. 
A data interpretation program 3s applied to the collected mass spectra of 
cstrogcnic steroids. Tetrahedron 29: 3117, 1973. 

Smith DH, Buchanan BG, Engelmore, RS, Aldercreut H, and C, Djerassi: Applications 
of artificial intelligence for chemical inEerence IS. Analysis of mixtures without 
prior separation as illustrated for estrogens. J. OF Amer. Chemical Socia, --___ 
95: 6078, 1973. 

Buchanan BG, E'cigenbaun ER and NS Sridharan: Heuristic theory formation: Data 
interpretation and rule Eormation. Machine Intelligence 7, Edinburgh University 
Press (1972). 

Churchman C\J and BG Buchanan: On the design of inductive systems: SCHW? 
philosopllicnl problems. British Journal for the Philoso& of Science 20: 311-- ___---~-__ -_ _--___- 
323, 1969. 

Hrkchanan BC, Sutherl.and CL, Feigenbaum, EA: Toward an understanding of information 
processes oE scientific inference in the context oE orgnnis chemistry. Machine 
IntelliPence 5 (B. Meltzer and 1). Michie, eds.) Edinburgh University Press 
(1970).0(Also Stanford Artificial Intelligence Project Memo No. 99, Sept. 1969) 

Lcderberg, J , Sutherland, GL, Buchanan BG, Feigenbaum EA, Robertson AF, Dufr'icld 
AM, and C. Djerassi: Applications 0E artificial intelligence for chemical 
inference I. The number oE possible organic compounds: acyclic structures 
containing C,H, 0 and N. Journal of the American Chemical Society. 91: 11 
(May 21, 1969). 
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Dartmouth College, Hanover, New Hampshire A.E. 1970 Physics 

Stanford University , Stanford, CA. Ph.D. 1976 Computer Science 

1966-1970 National Merit Scholar 1970-1972 National Science Foundation Fellow 
1969 Phi Beta Kappa 1974- George Forsythe Award for Contributions 

-.luLO -x-&t d m, la&e: hioheqt bst 
h~AJ’3R flES;ARCti I~~~H~~~fl 

ioctinn to Frl11ra t-i on 
ROLE 

Artificial Intelligence Associate Investigator 

A~SEAHCH SU??O.? r IS-39 instructions) 

8/76-8177 Dr. Chaim Weizman Postdoctoral fellowhip $10,500 

R;SEAECH A?!UP;I~I Pt13FE:&lONAC f X?ERIEN.CE /Swriq with.pf~nrphtion.~ ~i~;~aandexps~~~cardn~nt tonn3ofpro+L Li;t sit 
or mcsc ~rrrrr,htivspvbl~c=t;ona Do PO t excwd 3 p.+ge ior oath indi>idral. 1 

June 1976 - present Research coordinator, PNCIN Project, Stanford University 
surnner, 1974, 1975 Research assistant, ?lYCIN Project- 
summer, 1972, 1973 Research assistant, Stanford Artificial Intelligence Laboratory 
summer 1971 Research assistant, Stanford‘Linear Accelerator Center, Computational 

Group 

Selected Publications: 

Davis R: Use of meta level knowledge in the construction, maintenance, and use of 
large knowledge bases, (thesis), AI PIeno 283 (July 1976), StanEord University 

ShortliFfc Etl, Dnvis R: Some considerations for the impLcmrntat:ion oE kncn~ledge- 
based cxpitrt sy*:;tcrns, STCART Newsletter, 55:9-12, December 1975. 

I)av is 1: , I:rI('tI;I~l;1rl UC, Short 1 i I Its ELI, l'l-otluction R~ilt!s il:: a RCpret~:;ent3tiOIl in a 
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RESEARCH PLAN 

1 Objectives 

The overall objective of the proposed research is the 
development and evaluation of a computer based system for 
codifying judgmental knowledge of experts in order to improve the 
effectiveness of medical research and clinical decision making, 
Our work to date has concentrated on codifying knowledge for the 
diagnosis and selection of therapy for infectious diseases, and 
has produced a system (called ‘MYCIN’) capable of offering 
consultative advice for certain classes of infections. The 
development of this system over the past few-years has provided a 
'laboratory' for the elucidation of the informal judgmental 
criteria used by experts in the field. In codifying that 
knowledge and testing it on real cases, we have encouraged the 
formal specification of what was previously informal knowledge, 
and have provided an arena in which conflicting judgements from 
different experts can be tested. 

We are requesting support for continued research and 
development in order to demonstrate MYCIN's effectiveness as a 
research tool for biomedical scientists working with,infectious 
diseases, and eventually as a general methodology for 'knowledge 
engineering' in related disciplines. Proposed steps toward that 
end include: 

(a) expand the clinical knowledge base of the system to increase 
the range of clinical cases for which MYCIN can aid 
physicians and researchers. 

(b) systematize and organize knowledge and decision processes on 
a rigorous basis using MYCIN techniques so that one 
researcher can build on another's research results. 

(c) improve the system's interaction with physicians and 
researchers. 

(d) transform the system to a dedicated mini-computer to improve 
response time and make it exportable. 

(e) evaluate the research and clinical utility of the system, in 
part by showing that the system offers an effective forum 
that encourages experts in the field to reach a medical or 
technical consensus in their view of the domain. 
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2 Backuround and Rationale 

2.1 - The Knowledge Ennineerinn Problem 

Computer programs can provide assistance to working 
scientists in several different ways. For a number of years, 
computers were used almost exclusively as numeric problem 
solvers. They acted as mathematical assistants, performing 
calculations that were complex, tedious or repetitious. They 
have been used for manipulating symbolic expressions as well. 
For example, hospitals and businesses have stored massive amounts 
of symbolic information in computer files, and have developed 
intricate programs for retrieval and display of the stored 
information. It is also possible to extend the metaphor of the 
problem solving assistant into the realm of symbolic information, 
as demonstrated by several artificial intelligence (AI) programs. 
For example, the DENDRAL programs(l) assist research chemists 
with both the combinatorial and inferential aspects of chemical 
reasoning, both of which can be demanding and tedious for human 
scientists, 

The MYCIN program is an outgrowth of nearly a decade of 
work on DENDRAL. We are building on, and improving, many of the 
ideas from DENDRAL about representing large amounts of domain- 
specific knowledge for computer aided problem solving. The 
representation, use and acquisition of knowledge for computer 
programs has been called 'knowledge engineering' [D.Michie, On 
Machine Intelligence, New York: Wiley, 19741. The MYCIN and 
DENDRAL programs are important examples of this branch of AI 
work. 

One of the central ideas in this work is the belief that 
high performance in solving problems arises from a large store of 
task-specific knowledge -- that is, a 'knowledge base’ containing 
information specific to the task at hand. We represent that body 
of knowledge as a collection of decision rules -- in the case at 
hand, rules about diagnosis and therapy selection in infectious 
diseases. These conditional sentences are called 'production 
rules'. The production rule formalism provides an easily 
understood representation of facts and relations. However, our 
experience has shown that writing new rules and integrating them 
into an existing knowledge base is not as simple as we had hoped. 
Thus we must provide more tools for the experts who write rules 
so that they can see the relationships of new rules to old ones 
and easily determine the consequences of adding new rules to the 
program. 

-------------------- 
(1) see, for example, E.Feigenbaum, B.Buchanan, & 

J.Lederberg, 'On Generality and Problem Solving: A Case Study 
Using the DENDRAL Program'. Machine Intelligence 6 teds Meltzer 
& Michie), 165-90. Edinburgh: Edinburgh University Press 

6 



We have already developed primitive mechanisms for checking 
the syntax of new rules and some aspects of their semantics. For 
example, the rule models developed b& Davis [14] give the system 
the ability to check the similaritik of a new rule with other 
rules of the same type in order to comment on (and ask about) the 
differences noticed. We will need to build on these ideas, in 
effect, to make the system smarter about what it notices. 

It would be premature to suggest that a computer program 
could arbitrate the scientific disagreements among experts and 
reach a consensus smoothly. This is a super-human task. 
However, we believe that a program that is able to keep track of 
the different ways experts express their knowledge can be an 
important aid to those experts in coming to an agreement. For 
example, the program can select case histories that highlight the 
consequences of using different facts and relations. 

Our past work has emphasized the use of judgmental 
knowledge in a high performance program that provides inferential 
assistance to physicians. We now propose to build on that work 
to provide knowledge engineering assistance to research 
scientists, with two long-range goals in mind: 

(a) using infectious disease as a case study to develop a 
methodology of knowledge engineering that will be applicable to 
building high performance systems in a range of disciplines, 

(b) develop techniques for using such systems to provide a 
forum for formal specification of previously informal knowledge, 
as a means of encouraging consensus among experts in the field. 

2‘2 - The Medical Problem 

A number of recent studies indicate a major need to improve 
the quality of antimicrobial therapy. Almost one-half of the 
total cost of drugs spent in treating hospitalized patients is 
spend on antibiotics [1,21, and if results of a number of recent 
studies are to be believed, a significant part of this therapy is 
associated with serious misuse 
inappropriate therapy involves int%f$511 

Some of the 
selection of a 

therapeutic regimen [43, while another serious problem is the 
incorrect decision to administer any antibiotic [2,4,5], One 
recent study concluded that one out of every four people in the 
United States was given penicillin during a recent year, and 
nearly 90% of these prescriptions were unnecessary [63, Other 
studies have shown that physicians will often reach therapeutic 
decisions that differ significantly from the decisions that would 
have been suggested by experts in infectious disease therapy 
practicing at the same institution. 

Nonexperts sometimes choose a drug regimen designed to 
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cover for all possibilities, prescribing either several drugs or 
one of the so-called 'broad spectrum' antibiotics, even though 
appropriate use of clinical data might have led to more rational 
and less toxic therapy. w Within a hospital environment in which 
professional resources ' are often overburdened, and in 
environments where expert sources are not readily available, a 
computer-based consultant will be highly useful. Such a system 
will also have broad fringe benefits in its educational impact on 
staff physicians and in providing a framework for quality control 
and peer-review evaluations. 

Antimicrobial therapy appears to be an especially suitable 
area for the initial development of a computer-based system to 
assist physicians with decisions in clinical therapeutics, The 
components of the decision making process in antimicrobial 
therapy are more readily definable than in many other areas of 
medicine, and the consequences of the physician's decision can 
usually be assessed in terms of direct therapeutic action. 
Nevertheless, the general approach used here is applicable to 
other areas of clinical decision making., The basis of rational 
antimicrobial therapy decisions is identification of the 
microorganisms causing the infectious disease. Accurate 
identification is important because of the specificity of 
antibiotic action: drugs that are highly effective against 
certain organisms are often useless against others. The 
patient's clinical status and history (including information such 
as prior infections and treatments) provide data that may be 
valuable to the physician in identifying the disease-causing 
organisms. However, bacteriological cultures that use specimens 
taken from the site of the patient's infection usually provide 
the most definitive identifying information. 

Initial culture reports from a microbiological laboratory 
may become available within 12 hours from the time a clinical 
specimen is obtained from the patient. While the information in 
these early reports often serves to classify the organism in 
general terms, it does not often permit precise identification. 
It may be clinically unwise to postpone therapy until such 
identification can be made with certainty, a process that usually 
requires 24 to 48 hours, or longer. Thus it is commonly 
necessary for the physician to estimate the range of possible 
infecting organisms, and to start appropriate therapy even before 
the laboratory is able to identify the offending organism and its 
antibiotic sensitivities, In this setting MYCIN plays two roles: 
(a) providing consultative advice that will assist the physician 
in making the best therapeutic decision that can be made on the 
basis of available information, and, (b) by its questioning of 
the physician, pinpointing the items of clinical data that are 
necessary to increase the validity of the clinical decision, 
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2,3 my- 
Our Work to Date 

A comprehensive review of our work appears in Section 3 of this 
proposal. Briefly, we have developed a computer program capable 
of offering consultative advice on the diagnosis and therapy 
selection for bacteremia and meningitis, two areas central to the 
management of infectious disease. This work has been guided by 
three fundamental objectives, 

(1) A major objective of the MYCIN system has been to 
provide a computer-based therapeutic tool designed to be useful 
in both clinical and research environments. This requires 
development of a system that has a medically and scientifically 
sound knowledge base, and that displays a high level of 
competence in its field, The program must first convince 
clinicians of the quality of the information it is providing 
before they will be willing to use it. 

(2) We believe it is important for the computer system to 
have the ability to explain the reasoning behind its decisions. 
It should be able to do so in terms that suggest to the physician 
that the program approaches the problem in much the same way that 
he does. This permits the user to validate the program's 
reasoning, and modify (or reject) the advice if he believes that 
some step in the decision process is not justified. It also 
gives the program an inherent instructional capability that 
allows the physician to learn from each consultation session, 

(3) A third major objective is to provide the program with 
capabilities that enable augmentation or modification of the 
knowledge base by experts in infectious disease therapy, in order 
to codify knowledge in the domain, as well as to improve the 
validity of future consultations. The system therefore requires 
some capability for acquiring knowledge by interacting with 
experts in the field, and for incorporating this knowledge into 
its knowledge base, 

Three separate parts of the MYCIN system accomplish these 
objectives, The consultation system uses the knowledge base, 
along with patient-related data entered by the physician to 
generate therapeutic advice. The explanation system has the 
ability to explain the reasoning used during the consultation, 
and to document the motivation for questions asked or the 
rationale for conclusions reached. Finally, the knowledge 
acquisition system enables experts in antimicrobial therapy to 
update MYCIN's knowledge base, without requiring that they know 
how to program a computer. A principal feature of MYCIN central 
to these objectives is the format in which its knowledge is 
encoded. 

Knowledge used by MYCIN is contained in diagnostic and 
therapeutic decision rules formulated during extensive 
discussions of clinical case histories. The MYCIN knowledge base 
currently consists of approximately 400 such rules. Each rule 
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, 
consists of a set of preconditions (called the 'premise') which, 
if true, justifies the conclusion made in the 'action' part of 
the rule (an example is shown below). 

If 1) the gram stain of the organism is gram negative, and 
2) the morphology of the organism is rod, and 
3) the aerobicity of the organism is anaerobic, 

then there is suggestive evidence l.6) that the identity 
of the organism is Bacteroides. 

Many of the system's unique and important capabilities are 
made possible by encoding knowledge in rules like the one above. 
Such rules form modular 'chunks' of knowledge about the domain, 
represented in a form that is comprehensible to clinicians and 
researchers. 

The consultation system uses its collection of rules to 
make conclusions about the patient. If, for, instance, it is 
attempting to determine the identity of an organism responsible 
for a particular infection, it retrieves the entire list of rules 
which, like the one above, conclude about identity, It then 
attempts to ascertain whether the conclusion of the first rule is 
valid, by evaluating in turn each of the clauses of the premise. 
Thus, for the rule above, the first thing to find out its gram 
stain. If this information is already available in the data 
base, the program retrieves it. If not, determination of gram 
stain becomes the objective of a new rule, and the program 
retrieves all rules which conclude about it, and tries to use 
each of them to obtain the value of gram stain. If, after trying 
all the relevant rules, the answer still has not been discovered, 
the program asks the user for the relevant clinical information 
which will permit it to establish the validity of the premise 
clause. Thus, the rules 'unwind' to produce a succession of 
goals, and it is the attempt to achieve each goal that drives the 
consultation. 

The use of a rule-based representation of knowledge makes 
it possible for the system to explain the basis for its 
recommendations. For example, if asked 'How did you determine 
the identity of the organism?' the program answers by displaying 
the rules which were actually used, and explaining, if requested, 
how each of the premises of the rules was established. This is 
something which people readily understand, and it provides a far 
more comprehensible and acceptable explanation than would be 
possible if the program were to use a simple statistical approach 
to diagnosis, 

As work proceeds to expand the program's knowledge base, 
new 'chunks' are added in much the same way that a clinician in 
training learns new pieces of knowledge about his field. This 
rule-based representation of knowledge means that the expert 
himself can offer new 'chunks' of knowledge by expressing them in 
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the same rule-based format. He can thus help make the program 
more competent, without having to know anything about computer 
programming. In addition, since the rules are largely 
independent of one another, and are used by the program as 
necessary in order to deal with the particular consultation 
underway, the addition'of a new rule or modification of an 
existing rule requires little alteration of other items in the 
knowledge base, unlike systems using the decision-tree 
methodology. 

Other benefits gained from this approach have been 
explained in more detail in the references. 

2.4 Other ADDrOaChes 

There are three other approaches to the problem of encoding 
medical decision making knowledge that have received extensive 
attention in the literature: 

(i) decision trees - as in 171, in which a sequence of 
decisions i: structured in the form of a tree. Each node 
represents a particular question, and the answer determines which 
branch of the tree to follow to get to the next question. Final 
results are obtained by descending all the way to a leaf of the 
tree. 

(ii) Bayesian techniques - as in [a], in which extensive 
frequency data make it possible to use Bayes' theorem as a basis 
for diagnosis, 

(iii) Decision analysis and utility theory - as in [g], in 
which there is associated with each piece of information a likely 
cost of obtaining it, and a measure of the benefit to be derived 
from having it. Information is requested until the projected 
cost of asking another question (perhaps requiring another lab 
test or operative procedure) outweighs the benefit (in terms of a 
more precise diagnosis) to be obtained, 

Each of these has a number of attractive aspects, but also 
encounters some limitations which provided the motivation for our 
investigation of a rule-based system, Decision trees, for 
example, offer simple, readily understandable procedures for 
diagnosing specific ailments. Problems occur, however, if they 
encounter unexpected data or if test results are unavailable. 
The representation of knowledge they offer can be somewhat 
inflexible, as well, since the attempt to make changes deep down 
in the tree often requires consideration of all previous 
decisions made further up the tree. 

The Bayesian technique offers an appealing generality and 
precision, since it it a domain Independent technique based on 
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exact principles, Limitations here arise from the need for 
extensive amounts of frequency data concerning a priori and 
conditional probabilities. Where these data exist, the technique 
can be used quite effectively, but such figures may not often be 
available (101. 

Techniques based on utility theory can present a well- 
motivated sequence of questions that appears to 'zero in' on the 
underlying ailment. Like the Bayesian approach, however, it 
requires on extensive data on conditional probabilities of 
symptoms and disease, 

Since none of these is intended to be a model of the 
reasoning process typically employed by clinicians, it can at 
times prove difficult for a clinician to discover the basis for 
the conclusions drawn by any of them. While they each present a 
compact encoding of knowledge that can provide an appealing 
efficiency to programs based on them, there is an unavoidable 
loss of comprehensibility to the physician using them, Reasoning 
which requires several distinct inferential steps by a clinician, 
for instance, might be expressed in a single value of a 
conditional probability in the Bayesian method. 

One additional technique has received some attention 
lately, as other researchers (e.g., cl11 and [12]) have developed 
sophisticated models of physiological processes, Where the 
system involved is sufficiently well-understood and isolatable 
(e.g., the glaucoma model in [12]), this can be a powerful 
approach. But this is not often true, Infectious disease 
diagnosis and therapy selection (like many other areas) involves 
a broad range of processes, many of which are only very 
imperfectly understood. 

Finally, we place great emphasis on the flexibility of the 
knowledge base. A substantial amount of knowledge is required to 
support a high level of performance, and this means that 
modification and augmentation of the knowledge base will continue 
for an extended period, Each modification must therefore be a 
reasonable task, or the program will soon begin to stagnate. A 
flexible knowledge base also means that the system is inherently 
dynamic in character. It is easily modified to take into account 
regional variations in practice, new results which arise from 
progress in medical research, and changes in drug resistance 
patterns. 

Our experience to date suggests that our current approach 
of codifying individual decision rules offers a large number of 
advantages, including flexibility and ready comprehensibility. 
It can provide the basis for a formalism capable of functioning 
in domains where little statistical data is available, or where 
information is uncertain or incomplete, and can thus offer a 
useful extension to existing techniques. 
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3 Previous Work Done 

See Appendix A, for a review of‘:work performed under BHSRE 
funding (grant no, HS-01544). 

4 Soecific Goals 

The primary goals of our proposed work over the next five 
years are 

(I) to increase MYCIN's abilities to integrate large 
collections of facts and relations, The content of this 
knowledge base will be specific to infectious diseases, However, 
we view this as a case study of the larger problem of developing 
a methodology of knowledge engineering applicable to a range of 
disciplines; 

(ii) to develop techniques for using this methodology to 
provide a forum for formal specification of previously informal 
knowledge, as a means of encouraging consensus among experts in 
the field. 

In keeping with these goals, five main foci of attention 
for our work will be: 

(a) increase the system's competence, i.e., both the 
breadth and depth of the knowledge base 

(b) 

(cl 

(d) 

(e) 

provide knowledge engineering support tools to aid 
experts codify and test their inferential rules about 
the domain 

provide a number of human engineering features to 
insure that the program is faster, easier, and, in 
general more attractive to users 

transfer the system to a small, dedicated mini-computer 
to improve response time and enable exportability. 

establish an on-going evaluation program to monitor the 
growth and convergence of the knowledge base. with the 
assistance of collaborating clinicians on the wards. 
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4.1.1 Breadth 
The work to be done in the future development of MYCIN is 
ilustrative of the expected needs of knowledge engineering 
programs in general. Our previous work has resulted in a program 
that is currently capable of dealing with bacteremia and 
meningitis, but for several reasons this is too narrow a range if 
it is to be useful in a research or clinical setting. One 
problem, for example is that the physician must decide whether 
the patient is suffering from either of these before he can 
determine if MYCIN would be an appropriate source of advice. But 
a significant part of the diagnostic task is this determination 
of infection etiology. Requiring the physician to make this 
decision thus presents a significant barrier to use of the 
program. 

A second problem arises from the interactions of multiple 
infections. Cases are often complicated by the presence of more 
than one infection, and it is not in general possible to consider 
each infection independently. To select precise therapy, MYCIN 
must be able to sort out the various sources of infection, and 
determine their influence on one another. In complex situations 
such as these printed textbooks usually fail to cover all 
combinations of dependencies. Thus a program that reasons about 
these situations can provide intelligent assistance to the 
researcher or clinician who wants to have expert-level advice, 

Finally, our experience with new users of the system 
suggests that they can at times overlook explicit instructions 
concerning the program's capabilities, and present it with 
medical problems outside of its competence. It will prove very 
important for the eventual unsupervised use of the program, then, 
that MYCIN be able to recognize the limits of its capabilities, 
and respond appropriately, That is, like the human consultant, 
the program must be able to say 'I don't know'. 

In response to these problems, we intend to work bn three 
specific issues. First, we will extend the system's range of 
competence to cover both urinary tract and pulmonary infections. 
Based on analyses of infection frequencies seen at our medical 
center, the inclusion of urinary tract and pulmonary infections 
should permit MYCIN to handle 76% of hospital acquired bacterial 
infections and 64% of all bacterial infections, Strategies 
similar to those employed in our approach to bacteremia will be 
used to expand the system to include these important areas of 
infectious disease. In addition, it will be necessary to develop 
the ability to identify the underlying foci of infection, so that 
the program can bring to bear the appropriate subset of its 
knowledge of the field. 

Second, we will extend the system's knowledge base to cover 
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the prophylactic use of antimicrobial agents. This will be*&n 
especially useful area, since prophylaxis (defined as the use of 
antimicrobial agents before disease due to an infectious agent is 
present or before infection or colonization with an organism has 
occurred) represents one of the largest ca%egories of use and 
abuse of antimicrobials. There are circumstances, such as 
prevention of endocarditis in patients with underlying heart 
disease, in which such treatment can be justified. In most 
cases, however, financial costs and potential drug toxicity 
exceed the marginal benefits to be achieved, and prophylactic 
therapy is thus unwise. Kunin Cl31 reported that 58% of surgical 
patients in a major university medical center received 
prophylaxis, but such therapy was judged appropriate in only 38% 
of these cases, Thus, prophylactic use of antimicrobial agents 
represents a substantial fraction of antimicrobial misuse, and 
the inclusion in MYCIN of knowledge about this area would greatly 
enhance its clinical utility. 

The final issue is the further development of the system's 
ability to recognize and convey its limitations. The current 
system has something of this already, and can recognize (in cases 
of bacteremia and meningitis) those situations when there is too 
little clinical or lab data available to draw any substantive 
conclusions about therapy. This will have to be extended to 
enable the system to recognize the situation in which the problem 
is not insufficient data, but insufficient knowledge about a 
medical problem outside of its domain of competence. Such a 
capability will increase physician confidence in the system, as 
well, since he knows that the system is capable of indicating its 
inability to advise. 

Once MYCIN has this broader range of medical knowledge, 
along with the ability to select the applicable part of its 
knowledge base and the ability to recognize its own limitations, 
the system can be used with confidence. It can integrate a large 
amount of judgmental knowledge from experts and advise other 
researchers and clinicians about specific problems on the basis 
of that knowledge. This offers a much greater assurance that 
MYCIN will be playing an effective role in health care research. 

4.142 Death 

Experience with new users has also suggested that some of 
the questions asked by the system during the course of the 
consultation require too much judgment and sophistication on the 
part of the user, One question, for instance, inquires whether 
the patient 'is febrile due to the infection'. Since determining 
the source of a fever can be a difficult and subtle problem, this 
question presumes a great deal of the user. In addition, it was 
the shortage of exactly this sort of expertise among non-experts 
that motivated the choice of infectious disease as a domain and 
the design of MYCIN as a clinical consultant. If the program is 
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to be useful, it should focus on objective data, and be able to 
rely on its set of rules to supply the judgmental knowledge 
necessary to make the difficult, subjective judgments. 

In practice, this means that concepts like 'febrile due to 
the infection’ must be further decomposed to discover the grounds 
on which such decisions are made, and new rules written to embody 
those decisions. Each of those rules should be examined in turn, 
to insure that they do not require unreasonable levels of 
expertise from the user. In this fashion, the basis on which the 
program makes its conclusions (and hence the questions which it 
asks) will move away from 'softer', subjective information, and 
toward more easily quantified objective data. The point here is 
not to reduce the physician's role to that of simply entering 
data, since some of these subjective judgements are best 
performed by the physician. We intend rather simply to increase 
the system's judgmental capacity and level of sophistication, as 
our fundamental aim is to create an effective symbiosis between 
physician and computer, making the best use of the talents of 
both, 

(This movement toward objective bases for decisions would 
also provide an effective solution to the problem of variations 
between users of the program. Especially where questions of 
judgment are concerned, there can be some variation in the 
answers to MYCIN's questions given by two clinicians running a 
consultation about the same patient. We expect that if the 
program were to request less subjective data, this variation 
would be much reduced.) 

4.1.3 Disease Models 

One important capability of a human consultant is the 
ability to detect and take appropriate action in response to 
inconsistent information, This appears to be based on a 
knowledge of what constitutes a 'normal' constellation of 
symptoms for a particular pathology, i.e., a model of the 
disease. For example, consider the case of a 24 year old 
military recruit presenting with meningitis, History taken from 
the patient reveals that he has been recently exposed to other 
recruits with meningococcal disease while physical examination 
shows areas of purpura over his entire body, However, gram stain 
of the CSF is interpreted as showing gram negative rods. An 
infectious disease expert would have the gram stain of the CSF of 
this particular patient reexamined to ensure that there had been 
no misinterpretation. 

MYCIN currently has a very simple version of consistency 
checking, in that each individual answer given during a 
consultation is checked for validity. For instance, the system 
will challenge a response indicating an age of more than 100 
years, or a white blood cell count of more than 30,000, But each 
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of these is an independent test based on the entire possible 
range of each piece of data. The program should have the same 
sort of disease models that human consultants seem to employ, to 
allow it to test the plausible validity of each piece of 
information in the context of the likely pathology.% This would 
add an important capability to the program, if it were faced with 
a situation in which some particular piece of information seemed 
to be at variance with the current hypothesis about disease 
etiology. It could suggest to the clinician the possibility of a 
technical or clerical error in the lab report, and indicate that 
the test should be re-run, Where this was impractical due to 
considerations of time or expense, the inconsistent datum could 
justifiably be ignored in the remainder of the consultation, 
This ability to judge the likely validity of information within 
the context of the clinical situation is an important part of 
human performance on the task, and will make a significant 
contribution to MYCIN's competence. 

4,1,4 Sensitivitv Analvsig 

Extensive testing of the program on real cases has 
suggested two other types of reasoning ability that will markedly 
enhance the program's performance as an intelligent assistant. 
We noted above the program's ability to recognize the situation 
in which it has insufficient data to make a recommendation. In a 
similar situation, a human consultant does not simply indicate 
the lack of data, but goes on to suggest additional tests to run, 
and indicates exactly which pieces of information will be 
required before a conclusion can be reached. This is the first 
of the additional forms of reasoning the program should have -- 
it should be able to indicate the source of its inability to 
reach a conclusion, and determine what information is necessary 
before it can proceed. There is a large body of work in the 
field of decision analysis (see, e.g,, 1151) that will provide a 
useful foundation for this. 

Second, a human consultant may at times offer a 
recommendation with the warning that the evidence was 
contradictory, and even a slight change in the data might make a 
large difference in the final result. That is, he can indicate 
how sensitive his final answer is to small changes in the 
information on which it is based. 

The fundamental mechanism on which MYCIN is based is 
particularly well suited to implementing both of these abilities. 
Since the system performs a step-by-step analysis of the case, 
with each decision expressed by one of the rules in the knowledge 
base (rather than a one-step probabilistic computation, for 
instance), MYCIN is capable of reviewing its own reasoning 
process, re-examining it, and making further decisions about it. 
Thus, if unable to reach a conclusion, it might re-examine the 
reasoning used to see what missing information prevented it i-om 
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reaching an answer. Similarly, it might routinely re-examine its 
results at the conclusion of a consultation, to determine if any 
are sensitive to slight changes in the information about the 
case. If so, it might offer the physician a very specific 
warning, indicating exactly what changes should be made to its 
current,. recommendation in response 
information about the patient. 

to specific changes in 
In the example given above, for 

instance, the system might indicate that the meningitis may, 
indeed, be of gram negative etiology, but that the validity of 
this diagnosis is based solely on the results of the gram stain 
of the CSF. The system would also note that an abundance of 
clinical data suggests the diagnosis may be meningococcal 
meningitis and that antibiotic coverage for neisseria- 
meningitidis should also be considered. 

4.2 Knowledne Ennineerinn Supoort Tools 

As is clear from the preceding discussion, much of the 
knowledge engineering work of increasing the system's competence 
involves ongoing development of the knowledge base, and requires 
constant re-testing and evaluation on real cases. We intend to 
develop several types of support facilities designed to speed 
this task. 

4.2.1 Patient Librarv 

An on-line patient library, for instance, will provide many 
useful features. It can offer a standard set of cases against 
which the knowledge base can be tested periodically, to insure 
that modifications and extensions to improve performance in one 
area do not inadvertently degrade performance in other areas. It 
can also offer a ready source of examples on which newly added 
rules can be tested. The first step will be to provide efficient 
cataloging and access facilities, so that library contents are 
easily surveyed and retrieved. More sophisticated features would 
include automatic case selection, Since most changes to the 
knowledge base will have no effect on the majority of cases in 
the library, appropriate selection of test cases gains importance 
as the library size increases. With an automatic selection 
ability, the program would choose a range of relevant cases on 
which to test the modification, basing its choice on the nature 
of the particular modification made. 

4.2.2 Knowledae Acauisition 

A second important tool is the further development of the 
existing knowledge acquisition capability. The primary aim here 
is to provide a mechanism to allow the infectious disease expert 
to 'educate' the program directly, and to build a large 
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collection of rules without undue effort. Currently, most 
changes to the knowledge base are suggested by our clinical 
experts and effected by the programming staff, There is thus 
often a delay of a few days between the discovery of a problem 
and its repair, By bridging the gap between the clinical expert 
(who communicates his ideas in English) and the system (which 
'understands' only programming languages), it becomes possible 
for the expert to make changes in the knowledge base by himself. 
He can thus make and test his changes in a few minutes, and see 
immediately if they improve performance, A system designed to do 
this has been constructed, and has demonstrated the utility of 
acquiring new knowledge directly from the expert, in the context 
of an existing shortcoming in the knowledge base [141, But 
further development of these features is necessary. For 
instance, we intend to improve the existing record keeping 
facilities, to include extensive background information about all 
rules, giving such things as the name of the expert who wrote the 
rule, the motivation for adding it to the system, references to 
published literature which corroborate the conclusions it draws, 
and a history of modifications made-to it. For the expert 
extending the knowledge base, this provides a 'scratch pad' of 
sorts, making the ongoing task of knowledge base development a 
good deal easier. For the clinician using the system, it means 
increased confidence in the advice offered, since not only can 
that advice be explained, but there will be literature references 
available for each step in that explanation, A second 
improvement would be a more powerful 'rule editor', that would 
make it easy for the clinical expert to make any of a number of 
common changes to rules in the knowledge base, He could then 
make small changes without going through the more extensive 
routines necessary to re-write the rule. 

4.2.3 Testing the Effect of Adding a New Rule 

As the knowledge base grows significantly larger, we will 
encounter new problems of modifying and using it, Testing the 
effect of a new rule, for instance, is currently done with 
empirical techniques, as indicated above, by running the new 
system on a large number of cases. However, it may eventually 
become impractical to do this as the knowledge base gets very 
large, since too many cases may have to be tried, Hence the 
empirical techniques should be supplemented with analytical 
techniques, in which the system examines its own knowledge base 
to determine what effect adding the new rule may have. This is, 
once again, made feasible by the particular rule-based 
representation of knowledge that we use* 

4.2.4 Strategies 

Problems in the use of a very large knowledge base may 
arise because, currently, the system tests every rule for 
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e.6relevance to the patient being discussed, This may 
lly become impractical as the knowledge base gets quite 

large. It may then prove necessary to add to the system a number 
of strategies which allow it to apply its rules more selectively. 
We have developed a mechanism for the expression and use of these 
strategies, and plan to begin assembling and testing a number of 
them to improve MYCIN’s performance. 

4.3 Human Ennineering and Clinical CaDabilitieS 

The common reluctance of researchers and physicians to 
accept computers as intelligent assistants presents a challenging 
design problem, It means that a high level of performance alone 
is insufficient to assure that a program will have an impact on 
health care research and practice. We must present the physician 
with a program that is similar in some respects to the source of 
advice he is used to, the human consultant. It was this that 
motivated the explanation facilities in MYCIN, since we 
recognized early in the program's development that physicians 
were unlikely to accept dogmatic advice 'from a program without 
further explanation of its basis. We will continue developments 
of this sort, to insure that the system is not only a competent 
consultant, but one that is *friendly' and easy to use. 

4.a3.1 Dose Modification in Renal Failure 

As one example of a new development to increase the 
system's utility, we will be developing new uses for the routines 
which modify drug dose in renal failure. They are currently 
invoked when the therapeutic regimen is printed, near the end of 
the consultation. But the problem of dose modification in renal 
failure is a common one, and the computation required is a 
complex operation. Thus a physician may be reluctant to 
undertake the necessary computation for a regimen he may have 
selected on his own, In response, we intend to make the dose 
modification routines available as a separate option in MYCIN. A 
physician would be able to request a 'mini-consultation' 
concerned solely with renal failure and dose modification. 

This is one example of a more general idea: providing a 
number of small, but highly useful auxiliary routines that can 
assist the clinician with many of the necessary tasks he must 
perform in administering antimicrobial therapy. We believe that 
the physician's bias against computers may not be so strong where 
straightforward mathematical computations are concerned. These 
simple-to-use utility routines can provide the initial inducement 
to the physician to use the computer, and may eventually 
encourage him to view our entire system as a useful tool in 
patient care and disease management. 
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Our experience with new users of the system also indicates 
that physicians tend to become impatient with the system's 
current approach to data collection, They are used to offering 
the consultant a brief summary of the case that compacts a great 
deal of important information into a few sentences. Since the 
problem of having a computer understand ordinary English is well 
known to be very difficult, we have instead settled for having 
the program request each piece of information individually, We 
will be making several changes in this process to speed it up* 
The Progress Report section above mentioned a revision to the 
organization of the consultation that offers several advantages, 
including faster, more uniform data entry. This process will be 
simplified still further, by tabularizing it. That is, instead 
of answering each of a number of individual questions, the 
physician will be presented with a table he can complete, one 
that will have room for the necessary information. This should 
make the process even easier, The remainder of the consultation 
will then consist of a relatively few questions that are specific 
to the case under consideration. 

4-3.3 Facilitatina Communication 

These innovations will speed the process considerably, but 
the problem of typing ability remains a barrier to convenient use 
of the system, In response, we have begun to explore new forms 
of data entry. One possibility is the use of a customized 
keyboard that would make it possible to enter an answer like 
pseudomonas-aeruginosa with a single keystroke. Another is the 
use of a 'response completion' feature, Using this, the 
physician need only type enough of his response to make it 
unambiguous, and can then indicate that the system should finish 
it. With this feature, he may only have to type pseu, and can 
leave the remainder to the system. There is also the possibility 
of using a more sophisticated type of terminal, perhaps one 
equipped with a 'light pen', a pointer-like device that allows 
the user to point to items displayed on the terminal screen. Any 
or all of these facilities will insure that unfamiliarity with a 
computer terminal, or lack of typing ability, will not present a 
problem for persons who use the system. 

Techniques like these help to facilitate the communication 
from the physician to the system. There is an analogous problem 
of ease and clarity of communication in the other direction, from 
the computer to the physician, We have found that some of the 
explanations the system offers to validate its conclusions extend 
to several lines of text. These are occasionally long and 
verbose enough that reading them can interrupt the flow of the 
consultation. We will explore the possibility of replacing these 
text-based responses with answers oriented around graphics 
capabilities. Given the natural interpretation of the use of 
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rules during a consultation as the exploration of a reasoning 
tree, we believe this can provide an especially effective means 
of communication.~ An answer that requires several lines of text 
at present could easily be expressed with a simple diagram that 
made quite clear the system's motivation for asking a particular 
question, or the foundation for any particular piece of advice it 
offered, This would be a significant improvement in the clarity 
of communication between the system and expert. 

In the past we have purposely avoided the use of any 
specially equipped computer terminals (e.g,, those with light 
pens or graphics capabilities), in order to insure that the final 
version of MYCIN was easily exportable to a wide range of 
physician communities. With the progress in technology, however, 
it has become clear that many advanced features are becoming 
routinely available on inexpensive terminals that can be used 
over standard phone lines* We can take advantage of these new 
developments to make major improvements in the speed and ease of 
communication with the program, without requiring that each user 
make any large investment in specialized equipment. 

4.4 Exoortabilitv of the Svstem 

We see, within the five-year time scale of this proposal, a 
change in the character of our work, resulting from the growing 
importance of 'hands-on' involvement by clinical experts. In the 
initial phases we have concentrated on building the basic 
methodology -- the production rule encoding of decision criteria, 
along with techniques involved in using them (the consultation, 
explanation, and knowledge acquisition systems). We are still 
involved in this phase, and as noted above, will continue to 
develop these ideas and programs. There is of necessity, 
therefore, a very close connection between our work and that of 
the experts who are codifying their knowledge of the field, 

But our framework has begun to converge on a solid 
foundation, as changes to the basic methodology have become far 
fewer and further between. By year 04 of this proposal we 
foresee having a solid enough foundation that it can be adopted 
by outside experts as a basis for codifying their knowledge of 
the field, largely independent of our own continued development 
work. This added dimension of the research -- clinicians and 
researchers working directly with our system to develop agreed- 
upon collections of judgmental decision criteria -- will put a 
significant strain on the available resources. 

We are presently running on the computer at the SUMEX-AIM 
research facility supported by the Biotechnology Resource Program 
(under Grant RR-007851, and although the system is loaded close 
to capacity, we find it an effective facility for our program 
development research, The clinical experts, however, will need 
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to use the results of our work (i.e., the programs we develop) as 
the medium for their own research. If their work is to be 
effective, and their continued involvement assured, they must be 
given high performance tools that provide a speedy response. We 
do not believe that SUMEX can now provide that additional level 
of research support, nor do we believe it is within the scope of 
the SUMEX-AIM charter to support widespread use of programs in a 
service mode. 

In addition, the long-term impact of our research is not 
likely to be very widespread if our system is available only on a 
very large and expensive computer. Given the potentially wide 
range of applicability of the proposed work, we -believe it 
important in the long run to provide a relatively inexpensive, 
exportable system. 

Finally, we are currently relying on the SUMEX facility for 
both aspects of our work (methodology development by the computer 
scientists and knowledge base construction by the clinicians), 
Even now the latter computational load is large enough that 
moving it to a separate system would be an important contribution 
to reducing the burden on SUMEX. 

As a result of these problems, we recognize the need for 
some additional means of exporting the system to the community 
for whom it is intended. There are two alternatives we are 
exploring in conjunction with the.SUMEX facility staff: machine 
independent implementation of the programs and moving the 
programs to a satellite computer with many of the capabilities of 
a PDP-10. 

The MAINSAIL language is currently under development at the 
SUMEX facility as a machine independent programming language 
which will make possible wide dissemination of programs. 
Programs coded in this language will require little conversion 
effort to run on other computers, As a practical matter, 
however, this approach seems best suited to the design of new 
program systems. It does not now appear to be a desirable 
solution for exporting programs the size and complexity of MYCIN, 
due to the magnitude of the reprogramming task, 

Another alternative, which is still consistent with 
MAINSAIL implementation, is the use of mini-computers that could 
be added to SUMEX as satellites c In this approach, one of the 
'large mini's' currently under development by DEC would be set up 
as a peripheral to the main system, sharing the file system and 
other I/O devices, but with its own memory and CPU to provide 
additional computing power. With the cost of such a system 
currently projected in the range of $250,000, it presents an 
adequate solution to the problem at a much smaller investment. 

If the satellite machine were capable of running INTERLISP 
(or a close dialect), we would realize several other advantages 
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as well. With a direct hardware connection between machines, and 
minimal software conversion necessary, the two phases of our work 
(research on methodology and dl velopment of knowledge bases) can 
proceed in parallel, This also provides an effective mechanism 
for feedback from the experts on their experience in building the 
knowledge base, and means we can more quickly incorporate their 
suggestions and ideas into our research work. 

There is of course an unavoidable degree of uncertainty in 
these plans. There is not now on the market an 'off the shelf' 
mini-system that meets our needs* However, several current and 
projected developments combine to make this a reasonable 
prospect. First, work is currently underway at Bolt, Beranek and 
Newman (Cambridge, MA) on a version of INTERLISP for the PDP-11. 
This software development is under-written by the Advanced 
Research Projects Agency (ARPA) of the Department of Defense, and 
will be available to the ARPA research community, which includes 
several of the projects at Stanford. In addition, the BBN work 
includes the development of an augmented PDP-11/45 as a hardware 
facility for running their system, We believe that an off the 
shelf system would be more desirable in the long run than the BBN 
hardware, which is in part 'home grown'. But the existence of 
such a system, and the availability of the software to run it, is 
an important demonstration of the feasibility of our plans. In 
addition, the work underway at MIT on a 'LISP machine' (a 
computer designed specifically to run LISP code, and intended to 
be price competitive with existing mini-machines) is another 
demonstration of the practicality of our plans, and another 
possible source for the facility. Finally, recent reports in the 
trade press (see Appendix B) indicate that commercial 
manufacturers will soon be offering a machine of the size and 
architecture needed to run our system, at a price in the range 
quoted above. 

Thus while we cannot now specify the precise piece of 
hardware which will provide the facility required, the 
developments noted indicate that it should be commercially 
available at about the same time as our projected need for it. 
We thus feel that, despite the uncertainty of projecting four 
years ahead, the necessary hardware and software will be 
available at an attractive price, 

4.5 Performance Evaluation 

In order to demonstrate the effectiveness of the MYCIN 
framework for codifying knowledge for research scientists we will 
need to demonstrate that a disparate group of scientists can 
communicate with a growing knowledge base; find their points of 
disagreement, and reach consensus on a common expression of their 
knowledge. As a check on whether the experts converge on a 
correct set of rules, we will also need to demonstrate that the 
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resulting system comes to expert-quality decisions on difficult 
cases. 

Dr. Axline will be our initial outsid& collaborator. 
Because he understands the system and was instrumental in 
developing the bacteremia knowledge base, long distance 
collaboration will be less difficult than with any other 
infectious disease expert. He will be a major source of 
kpowledge about prophylactic uses of antibiotics, for which the 
Stanford group will act as critics, The Stanford grou.p, on the 
other hand, will be the primary source of rules about urinary 
tract and pulmonary infections, which Dr, Axline will then 
criticize, 

The knowledge engineering tools that we now have for 
examining the knowledge base constitute the minimal capabilities 
we need for long distance interaction, As soon as the University 
of Arizona and Stanford groups converge on these three initial 
rule sets, we will extend the collaborative community to experts 
at other institutions. 

Our evaluation activities will concern two areas, 
parallelling our two central goals* 

4.5.1 Evaluation of MYClN's Performance & Infectious 
Disease 

During the next three years we will implement a formal 
program of performance evaluation, to insure the maintenance of a 
high level of performance in areas currently within MYCIN's 
expertise, and to aid in extending that performance. Maintenance 
of existing performance levels will depend primarily on the 
patient library mechanisms described earlier. Using some of the 
advanced facilities we will be developing, it will be possible to 
have the program running unattended in the evenings, testing 
modifications to the knowledge base by selecting cases from the 
library, and comparing the new answers with the expected results. 
The system will be able to run and test a number of cases 
overnight, and make available in the morning a detailed report of 
the results. 

Extensions to the system will be made with the help of 
infectious disease fellows. By making the program available to 
them, we hope to profit by their extensive use and testing of it, 

tern and to uncover existing weak suggest new additions to the sys' 
points. 

GIN's ImDact on Consensus Among 4.5.2 Evaluation of MJ 
Experts in the Field 
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