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From GUIDON to NEOMYCIN .nd HERACLES in Twenty Short Lellonl 

William J. Clancey 

'~ Orilins it knows about, but it is unrealistic for medical diagnosis 

The idea of developing a tutoring pror;r.m from the in general. Usin~ NEOMYCIN. we can convey the more 
MYCIN knowledge bue was first desaibed by Ted Short- complex pr<>.:easea or !,..rming hypotheses. r;rouping com-
liffe (1974). In faet. it was the mixed-initiative dialogue of petitors discriminating among competitors and reasoning 
the SCHOLAR teaehing program (Cvbonell. 1970) that causally. A second important idea in NEOMYCIN distin-
inspired Shortliffe to produce the consultation dialogue of suishinr; it from other expert systems, is that the i~ference 
MYCIN. He conceivP.d or it as a question-answer pror;ram procedure for diqnosis is represented in a well· structured 
in SCHOLAR'sltyle, using a llemantic network of dilleaae lanr;uase, eeparate from the medical knowledge. This fa-
knowledge. Shortly afu:r I joined the MYCIN project in cilitates explanation and student modelir.g. 
early 1975. Bruce Buchanaro and I decided that developinr; HERACLES is the generalisation of NEOMYCIN. 
a tutoring program would be my thesis project. standin, fOI Heuristic CI .. iflcation Shell (Clancey 1985a). 

Ttle GUIDON program was operational in early 1979. By analogy with EMYCIN, we might say that HERACLES 
This review describes the k"!y ideas in GUIDON and the is. "NEOMYCIN without the knowledge." but there ila hig 
important developments of the following six years U Ie- dliference. We retain NEOMYCllli " diapostic procedure; 
eearch continued under funding Crom the Office of Naval it is rePled and adapted in DewapplicatioDl. 
Research (ONR), t.he Defenee Advanced R.e:tearch Project. GUlDON2 ia a eet of tutoring 'ysteJ1Ul t.hat work for 
Azency (DARPA), and the Army R.aearch Instit.ute. The aDy BERACLES kaowledp buej it is currently being de-
first t.hree yean were eovered briefly in an earlier report wloped with NEOMYCIN. In the GUlDON2 family of 
(ClaDcey " BuchaDan 1982). In leon, QDly puhliwiona progama, - are exploriq difFerent forma of Itudent and 
from this project are cited; maDyother references appear teacher iDitiatiw (ClaDcey 1984a). 
in the elled publicat.iona. ;;~,. -", _-"..4.- l'-oJ'" .~.1.A--

Guidon: "'Tr.nsfer of expertise" 

Overview: Introduction to the Pt'Olr ..... 

FiKUre 1 non the relat.toaahip bet1fteD programs_ 
have constructed in the put Iix yean, includin& MYCIN 
and EMYClN, which eerved U t.he founda\iOD. 

The medical consultation Iystem, MYClN, wu gener­
alised to EMYCIN (van Melle, 1979). The t.u\Orin& ays­
tern, GUIDON,....,u daiped to work wit.h any EMYCIN 
knowledp hue (ClaDtey 19n»a, Clancey It LetaiDpr 1084, 
Clancey 1982a). 

NEOMYCIN, another medic.al diapoaia propam, ex­
pand. ~Y("N" diaeue kDOWlecIp to indude competin& 
alterna\IWie, for example, ct-... tha\ mipt be coaru.d 
with meniacitis. This provide. an opponwaity ror teadUn, 
diapoetic ltJ'ateg. MYCIN' • .vateg of exbaultiw, top­
dowD reIlaement ia aufIlcieat for the IIIl&ll _ of diIIeMea 

,(0 THE AI MAGAZINE Aqu&, 1_ 

In GUIDON (See FipIe 2), we held the MYCIN knowl­
edp HIe coaUmt aDd couidered t.he additional knowl­
eci&e about. ~iq that WOIlld provide a good tutolin& 
.,.t.em. We were -.ecially iDterelted ill teachinl from dif­
ferent knowJed&e b.- uain& one propam. This exciting 

Abstract 
I ~ &lie _aid ...... r.- tile GUIDON nle-bued 
t_toriq .,..... ~ ~ .-Ipra&iaa oIlofYClN iaco 
NF-OIIYClN _ NEOMYCIN'. a-enJiaa&iDa ia tile IInrilt.ic 
d ...... a&ioII .... , BERACLES. ne .... Ia&ioa ill orpaiMd 
~aI, ...... JIict- - ....... tbt repreaeal 
CCIIICeIMui 'u.iac ,. ..... ~ lile bMic ideM. '" 
~ ill 10 caIect &lie iaportut nAltl ia 0IIe pIIa. 10 tiler 
call be..., " ..... Ia. COKl .... I ... _ ot-na­
tiac.. ahoet a.r .-.a -.tWolav. 
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FiGl'l'e 1. It. Map Showing the Evolution or Reaearch. 
NEOMYCIN, a reconilllratioD of MYCIN, is abo a medicu 
couahawD propam. ~arch from both propama followa 
a ,arlllel path: seDeraliliDs the .r-tem iDto a baowledge a,.. 
tem abell, applyiq the ahell to deYeiop Imowledse .,atema in 
other domaiaa (PUFF, SACON, CASTER), ud deYeiopia, aD 
iaatractionu .,.wm compaub&e witll aD1 Imowledp ar-tem de­
YeIoped froID the abeD. TWa paper deecr:iM the _,. ideu in 
GUIDON aDd tile lIpper path of research. 

idea was motivated by t.he EMYCIN deaip t.hat allOWI 
puttin, in a difl'erent. knowledce bue and carryine on a 
con.ultation in a difFerent. domain. GUIDON'. t.eac:hinl 
knowled,e is separate from the medical knowledse; 10, it 
is reuaable and adaptable to new applica&ioDl. This is a 
.illlilicant advance over t.raditional computer-..wt.ed in­
.truct.ion met.hodolou t.hat. requirel writinc a new pro­
pam (or each cue to be dilcUlied. We now have t.wo 
kind. of leoeralit.y: Fint, thill tutor can disc .... any cue 
that MYCIN can IOlve. Second, we can IW&p in a difFereDt. 
knowled&e hue aud diK..- CMeI in auother domain. The 
.eparat.ion of the knowledJe bue from t.he procedul1!l t.hat 
interpret. it. is t.he irr.port.ant. idea. 

Discourse Procedures: 
Alternative 0 ......... nd Tr .... ions. 

Anot.her ,u('cellful uped of GUIDON'. cleUp i& the rep­
reeent.&t.ion of t.he t.utorine knowled&e. This knowled&e can 
be mown u a t.r&Dlit'C\D diacram, wbt:re each node rep­
reeen ... a lit.u&t.ion wit bin a tutorine dialope (See Fipre 
3). The progam hal a list. of rulel for re.oWne about. 
what. to do at each .te.,. For example, wbeD GUIDON de­
tee ... thlot a soal under coDlideratioD h .. heeD :P-termined 
(from MYCIN'. point. of view), it. eelee ... flom t.hree al­
teraative tranait.iODl: preeent.iDl a CODclu.ioa, p .... tiDl 
alUmmary, and ukinl t.he Rudent. to make a bypothelil 
(Clautey 1919b). 

Each of t.heee t.rauit.iou is eacoded by rulel called t.u-
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Fil'1le 2. Guidon TeacbeI ftoom MYCIN'. Knowl-
edp!)Me. ne MYCIN kaowleclae bale, combiaed with 
aD illterpreter for apptyilll nalea aDd illterldiq with a aer, 
forma a cOllallltatioll Pl'UIl'am. ne _ bowleclae bale is ill· 
terpreted bJ \eaOi.q nJ. for illterldiq witlt •• ,.deat ill II 

cue-metllod diaIot.e, COII.IIitatia, the GUIDON iDltnacUoDu 
propam. MYCIN'. ralea are raabd, reIa&iq tum to Jean of 
medical uperieDce (lor "'Odeli-, tile .,.dell' ud aeIec&iq __ 
mater ... for tile at.dell' to leua). Addiwllu AIIDotawu iadi­
cate nbt1Pe aad c:uaal reIa&iou &alGal nile c:laua aad rel&~ 
tile naIes to • .-al deKriptioa of tile iafecti08 proce. wllic:lt 
ill .aed b)' GUIDON to proricle more coaa.e nplaaatio .. of 
MYCIN .. re_i-,. Wit_ a few limit., GUIDON C&II diIcua 
aa:1 c.. tltat MyelN or ..,. EMYCIN PfOII&ID caa "ft. ID 
coaftJllioaal compater-UIiI&ecl iDatr.dioa, a DeW prop&al iI 
writ&ea for ada c... 

torinc or .... ru .. , numberinc &boa, 200. We hilt. t.he wye­
&em very much like a tradi'ioDal expert .,..tem, runninc 
c:..- aud incnmentall)' modifJiaI the .... ruleI. Whea the 
procrarn Aid ~ inappropriate, we modifled .... rule 
coaditiou t.o c:Iaance wbeD that kind of remark would oc­
cur. Similarl)', GUIDON ~ milled au opporluDit.)' 
t.o I&)' ..... hiDa int.eNlt.in&. For example, if a fact. can be 
inferred h)' clefinitioD, daere • DO Deed ~ 10 throqh a 
loo& dialope, pt.herin& data aud formin& h)'POtheeel aud 
10 00; 10 we added .... ruleI ~ clea1 with un. cue, leadinc 
the prosrarn to sive MYCIN'. conclulion or t.o .. for the 
Rudeat. '. CODcluaiOD, depeDdinc 00 t.he model of what. t.he 
Ituclent knows aDd the IoaIa for the dialope. 

This worb rat.ber well, thou&h it lada a theoretical 
loundat.ioa. Arbitrary Itrate&i- are eacoded in t.he tutor­
inc rulel. Buildinc 00 t.he .... rule idea, Beverl)' Woolf hu 
Mlded a hierarchicalltruct.ure ~ the alternative dialopel, 
couched ill the tenninolosY of diKouree aDal)'lil. This rep­
relleDta in l more principled 'W&)' the choics t.he prosrarn 
is makine. (See Woolf" McDonald 1984.) 
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Figure 3. Dialogue Tranaition Di-sram. Each node 
Itanda ror a situation in a cue-method dia1osue, rep_n1ed 
in GUIDON as a stylized procedure of ordered rule. or a rule 
set, totalling 200 rules ia 40 situatioDs. For example, in pur­
suing .. goal explicitly &f;reed UPOIl by atudent ud propuu. 
the .tudellt can request more cue data. GUIDON cu reco&­
nize tl>e data .. relevant to a IUbsoal. proride :, as a Id DC 
related inform .. tion (block). or det.ermu.e that there ia 110 aeed 
to uk (perh .. pe bec .. use the requea&ed data caa be .ferred 
(rom known information). Arrow, 'hat loop back indicate tllat 
a situation may occur iteratiYeiy 01 recaniYeiy. For uample, 
several rela&ed nlea might be presented after a Pftll rU ia d»­
culled. The jtaliciaeci label. indicate tile"'" for a tr .... tioa: 
Economy, Domain lo&ic, ud Ttatoriq aoaJa. 

Overlay Model: Ev_lu_tin. _ Student Hypot .... 

Perhape the moe\ iD\eres\inS reuoniD& in GUIDON in­
volves evaluatin« a student'. partial eoiutioD (See Fi&UJe 
4) (Clancey 1979c). In thit example, Uae .udent says 
that the orsaniams (ausins the inf~tion could be Dip'''­
coccu, P,ntlomo ... , or Neweri •. The propam loob at 
MYCIN'. ruiea and seta up a conaialent mappinl' It .... 
double evidence, a history of interactioD with tbe student, 
and a meuure of ~ule difficulty to CODltruct a COIIIialent 
model. 

For ~xarnple, suppose tbe student mentions Neiuen •. 

42 THE AI MAGAZINE Aupat, 1986 

GOAL: COVIRPOft 

, , 
lilt 
I 

~) e--::-
Fiaure 4. A Student Model Constructed by tbe 

Overla)' Technique. The .tudeDt .t~te. th~t the orluiama 
caoins the hlfectioll miaht be Diplococcu, P,.edomo,,", 
or Nei .. eria. MYCIN nIea that colldude about tbe orpll­
illma cau.us the infection are .howD with u.ocia\ed patient 
d~ta. For example, rule 50T Itate. tbat if tile patien~ ill be­
tweell 15 IUId 55 )'81.11 old, theD Daplococcu ud Nei .. eria 
are orsaaiama that therapy Iboald cOYer. Circled Yalaea are 
miasin, from 'h~ ".deat', Ilypotlleeia (for eumple, E.coll) or 
wroqly Itated (for eumple, Newtri.). Dot&ed uea lead 
from nIM ,Ile atadeat probably did aot He. m - enleace 
uk tlat.t the ,.wr belie_ ia a.bow. to the at.deat. R ... d 
W = lin .. to the riPt aad wmq Yal.ea tile tuwr beIie_ are 
bowa by tbe ,iadeat; ! = a aaiqae exp!aaatiOll; tile htor 
k-. of ao other '!Yiclc..:e at i_ time. or :::z quatioaable, the 
tator is .. certaia about wlUcla enleKe was couidered by tile 
.tadeat. For example, R? IDe .... that tile It.dea' ,&a\ed tu 
Yalu, it '- correct, aad more til ... _ MYCIN me sapplies 
eYideace for it. 

If MYCIN's rulee arp for and -auDIt th. b~hesiI, 
thea tbe .udeat mipt know tbe positive evidence, but 
not tbe De&alive evidence. GUIDON conc:1udea in a simi­
lar way tbat P.e.llom .... is believed by the student be­
cause tbe patient is bumed-but DOt because of tbe while 
blood count (WBC) or becau8e the infection oecurftd in 
the hoepital (noeoeomial)-sivea that the student didn't 
mention the two other di8lD<*l a.ocia&ed witb this ev­
idence ~E.coli uad Kld,iell.). It's •• trai,btforward, loc­
ical analysis, demonatraLiDlthe value of production rulea 
for indo;nl bow facta are concluded and uaed in a p~ 
cram. 

The SKGII Tutarlal: 
Experi ...... tin. with ot ..... KnowIed.e 8 .... 

Fipre 5 shows an excerpt from a dialope with GUIDON 



using the SACON knowledge base. It graphically demon­
strates the value of keeping GUIDON's tutoring knowl­
edge general: The same tutoring program can interpret 
SACON's rules and discul.'I a structural analysis probh:m 
with a student. 

We must now determine whether the shape of the floor sec­
tion (SUB-STRUCTURE-l) is one of: the surface shapes. 
Here is some relevant data you could have asked fOf: the 
geometry of the floor netion is planar. the modelling dimen­
sionality of the floor section is 2. and continuum is one of the 
constructions of the f100f section. 

What does this tell you about the shape of the flOOf section? 
•• HELP 

Can you conclude that the shape of the floor section is (select 
from the following): 
(1) beam-suuestive evidence (.62) 
(2) •• mimonococqu_uuestive evidence (.62) 
(3) not shelt--tron,ly suuestive evidence (-.9S) 
(4) plat_ith certainty (10) ··4 
V .. , th.t's ri,ht (.ee RULEIOO). 

Figure &: Excerpt of GUIDON Tutorial U.lng SACON 
Knowledge Bue. GUIDON encounten an iacomplete IU~ 
lOll in a rule that it'l trying to diKu. with the Itudeat. A 
t-r.le ia the procedure for dilleu_a, an iacomplete .abgoal 
fiad. that the IUbgOal C&ll be iaferred by a defillitioul rule 
and thea iavoke. the procedure for di8ca_n, defiaifonal rala. 
GUIDON liY .. lhe student aew iaformatioa (lhe leomelry, di­
meamnuty, and conltradion of the loor seetioa). and thea 
... b him if h., can now infer lhe Ihape of the loor seetioa. The 
Itudeat .. ka for help, and GUIDON coaYerU lhe qu.,.tioa into 
a maltiple choice. Reuoaial aboat the curre.' problem .tate, 
tellt ,eneration, and qa~ conltraction and e"aluation are all 
accomplilhed by ,eaeral t-rula that _re ori&inally developed 
in the context of a medical diagnOlis dia!oslle. 

This interaction plausibly captures lOme of the behav­
ior ~'d like to lee in a teachinS pf08ram. It wu produced 
entirely by t-rules that were written for medical examples 
and then just pluUed into SACON. It took about an hour 
to make it all work, with a few modificationa to cope with 
synt&e:tic variatiollll in SACON's rules. For further di.­
cu.ion and an example from PUFF, see (Clant:ey 1979&. 
Clancey 1982a). 

In.dequ.cy of Mycin: 
Implicit. Nonpsychololiul Str.teu 

We now consider the analysis that led to NEOMYCIN. 
What problems arise in uainS MYCIN for teach ins? 

Figure 6 "hows an excerpt from an experiment with 
GUIDON; this was & pivotal example for me. GUIDON 

indicates that the the age of the patient, 34, is not ev­
idence for j\'tustnIJ. Yet. a rule in the knowledge base 
says, "If the "ge of the patient is between 15 and 55, then 
Neisseria is one of the organisms." I was .ather surprised. 
This rule is consistent with the student's hypothesis and 
justification. 

The problem is that some of the information in the 
premise of this rule is still unknown. so MYCIN can't ap­
ply the rule. Specifically, there is no indication that the age 
of the patient .It causally related to Neis3enIJ and that the 
age would be sufficient in itself to suggest this conclusion. 
GUIDON has no way of knowing that one of the clauses 
is more directly asrociated with the conclusion than any 
other clause. To make this clear, consider another rule: "If 
the age of the patient is greater than 17 and th{' patient 
is &n alcoholic, ther DiplococcU6 might be causing th~ in­
fedion .. Considering this rule and knowing only that the 
patient is 34 would not make you think of Diplocoee.,. 
Here the age clause controls the application of the rule. 
preventing the program from uking whether a child ill an 
alcoholic. The causal relation i, between alcoholism and 
Diplococcas. 

The student's knowledge and the procedure being used 
are very different from MYCIN. The student haa probably 
formed a hypothesis just hearing the age of the patient and 
lOme tentative information (not shown in the excerpt) that 
IUllesY mel1insitis. MYCIN will only conclude Nei .. erilll 
when, from iu point of view, it haa exhaustively consid­
ered the evidence for meningitis and considered whether 
it is bacterial and 10 on. MYCIN doea a top-down search 
through the Bel of dise_, but the student haa "triggered" 
meningitis fromjuat partial information, with no direct ev­
idence for an infection or bacterial infection at all. 

To properly rupond to the student, we would have 
to repreaenl the UIOCiation between age and NeuscnIJ 
explicitly and lleparate out. the llearc:h procedure. How­
ever, to recognize what stratell" the student is followin~, 
we'd have to encode a different. atratesY, expreasing why 
it makes lienee to think about Neu.en. just. knowinl t.he 
ace and lOme tent.ative evidence for meningit.is. The very 
idea of a hypoth"is is foreisn to MYCIN. 

The Idea of Str.teu: From "tr.cinl a par. meter" 
to "foculinl on • hypothesis" 

Fisure 7 and Fisure 8 illustrate that at. a certain level 
MYCIN'I reuoninl is arbitrary, lacking the focus on hy­
pothaft we find in people. People sroup their questions 
logically; they don't jump around without reuon. How­
ever, MYCIN does not. focus on a particular hypothesis aa 
it 1018 down through ita (implicit) tree of dise_. When 
it conaiden types of meninlitis or orlaniama, tbe types 
are considered arLitrarily, bued on the order in which 
rules were entered into the program. The program p~ 
ceeds systematically from infection to meninsitis to bacte-
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What are the organisms which might be causing the infec­
tion? 

» NElSSERIA-MENINGITlDIS 
What facts about this case tell you that Neisseria-meningitidis 
is one of the organisms which might be ,ausing the infection? 

» AGE 

» 
- > The fact that the ase of Pt538 is 34 years is not evidence 
for the conclusion that Neisseria-meningitidis is one of the 
orsanisms which might be causing the infection. 
Do you have a question? 

•• 
Figure 6: Problematic Excerpt of GUIDON Tutorial 
Using MYCIN Knowledge Bue. The Itud'mt offen to 
IItate a partialllOlution (atudent input fonowl "»-). The pro­
gram respond. by rephruinl the cu~rent topic u a quea&ion, 
"What are the orl&llialU which miaht be caulll the infec­
tion?" When the atudent 8&YI Neill.enG, GUIDON checb and 
find. that MYCIN hu made 110 cOllclumll at an up to this 
point. A t-rule prompt. the atudent to ju.tif" Ilia Itypotheaia. 
The atudent lIya that he ia conaiderilll tlae lI«e of the patient. 
h'a a Io.t caue for the Itudent, howeftr; wbateyer Ite .. ". 
lIelIt GUIDON will repiy, -No, that'a IIOt lufficiellt," beeaule 
MYCIN hu made no conclusion. At the final prompt, the etu­
deDt C&I\ rev~", the availabie data &lid MYCIN'. ~uoDinl, if 
deaired. In fact, the Itudent', hypotheail it reuo.able, but 
GUIDON would need to know how MYCTN', ru~ are con­
Itructed and a dilferent model of reuoniDl to uadentaad why 
tbe Itudel\t did IIOmethini diffueat. 

rial meningitis to organilm, but the procese iI unordered 
at each level of refinement with resard to children. This 
is because the Soala that MYCIN punues are always more 
general than the conduaioll8 in the rules being applied. In 
order to teach a procedure to a student and to recosniae 
what the student is doinl, we need • propam that. will 
deliberately focus on particular dileuea and that will be 
able to articulate its focusins principle. 

This analysis of MYCIN was directly inspired by a 
study of strategy by Brown (Brown, Collill8, &t Darris 
1977). He pointe out that a problem IOlver does not apply 
algebraic operators randomly when simplifying an equa­
tion; there illOm"! 10Sic behind each choice, describing a 
line of reuoning. Applying thil analy" to MYCIN, I un­
derstood for the first time how • drateo' reuolI8 about 
operators or problem-lOlvinA methoda, focusinC their ap­
plication. In MYCIN, • rule correspoada to an operator, 
and problem IOlvinl In'Volw. IOIIte .r&t.eQ for ...&ectin~ 
which rule to apply. Specifically, diapa.tic re.-ooins is 
Ullefully controlled by /ocuia, daLa requea&a and hypath­
e.is testing. 

From this penpective, it can be Men that deecrib­
ing ItrateD on'y in terms of domain rule orderinA, .. 
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in Davis's original conception of metarules, is inade­
quate. The problem is that there is an implicit, undisci­
plined mapping between medical knowledge and MYCIN's 
parameter-value language. For example, if MYCIN's dis­
eases were all represented by individual parameters (rather 
than by a general parameter called "coverfor" with or­
ganisms 88 valuell), then the normal back-chaining process 
would make the re&80ning focused. Thus, a strategy can 
be implicitly encoded in the relation between parameters 
and their values. Recalling the age-alcoholism example, a 
strategy is alread)' implicitly coded in the ordering of rule 
clauses. Before m'!tarules can be written to systematically 
control domain rules according to A hypothesize-and-test 
strategy, conventions must be established for distinguish­
ing between data and hypothesis paral!leters and consis­
tently encoding causal and subtype relationships among 
them. 

The Tetracycline Rule: 
Structure. Stratecy. and Support 

Thil brings 118 to about 1980 when I studied MYCIN's 400 
rulee to determine how they might be reconfigUl~ for use 
in teaching. Up to this point, in constructing GUIDON, 
only limited annotations had been added to the original 
rule set. Now any change at all would be allowed. 

Early on, I developed a framework that turned out to 
be very useful in protocol anlJysis. III this framework, ex­
planations are analyzed according to baowletlge roles, how 
knowledge is used in relation to other knowledge (Clancey 
1983a) (See Figure {I): 

• The 'es,;,tic J .Ie: It relation between data and diag­
n08t!ll or tberapi~ 

• S'rsctsre: Subeumption relations among data, diag­
nOlIN, and therapia 

• Strw'en: The procedure for applyinl!: rule. 

• S.,porl: The jll8tifieation for rules 

It. &II example of .ructural knowledge, you milht 
t.hink of "SSS" when trying to remember this framework. 

To undentand t.he different kinds of knowledge here, 
sup~ that you have a patient who is four yean old. 
You would probably AY, "Well, I'm not.goinl to'prescribe 
tetracycline." However, that's not a very good model of 
how a ph)'lidan reU0D8; this would be a strange coneIu­
lion to make ript a& the beginning. Just. as there is a 
lo&ie for request.iq data and for focusing on hypotheses, 
there is a loPe for making ueertioll8 given available infor­
matioa. All tDlether, we call thi» ~ic the iafereace prvce­
~sf'f. (In the literature, it is abo called cO.lrol ho""t~'t 
or, moreapecifically, ~,.,.o.cic .enaCe". ToemphuiH the 
reuooiq about coatrol altema&ives, tbe term man.rial 
_ratelY or metut.rat.e&Y is at.o u.ed, particularly in tbe 
education literature [Schoenfeld 1981». 

By dra&egy, I mean tbe general goal that leads the 
physician to remember a beuriatic rule. For example, when 



32) 00 .. J. Smith hive a history of NEUROSURGERY? 
··NO 
33) DOli J. Smith livi in a crowded envirt':-,,,,ent? 
•• NO 

34} Do you suspect recent alcoholic history in J. Smith? 
•• NO 
35) Is the menin,itis a hospital-acquired infection? 
•• YES 
36) II J. Smith's clinical history consistlnt with 
EPIGLOTTITIS? 
•• NO 
37) Is J. Smith's clinical history consistent with 
OTITIS-MEDIA? 
•• NO 
38) Has J. Smith ever under,one splenectomy? 
•• NO 
39) Is J. Smith a burn Pltient? 
•• YES 

Figure T: Sequence ot Data Requ_h hm MYCIN 
ConaultaUon, 

IMOI_ 

Eco.J __ (1IIAeI1I) _ 
032~ 

NEIS8INA - (1IIAeI33) _ 033~ 

{ (1IuIINI1 _ 1»4 M.COHOUC 
0NeM). 

~I- 03I~ 
COYI!N'OII 

-{~I- 03I11*iC0IIIW. 
H.fPW 

03I1N'a.01"1m1 
(JUeUI) "i 

OIP~ 

'IUIO. -- CIIIAeI7II _ 031 .... 

Flpn •. Il.elallDa MYCIN .. Data ~ to ~ 
paJ.m B)'POu.-o "VClN', q ...... , Ihowa ia Fipre 
j, ..... beea reonIencl ICCOIdia& &0 'Ile .. rpo& .... &11M .ad-
n&e ,Ilea. For aaaple, q..uo. 33 aboIa, Ii ... ia • crowded 
eIlYiroa_t. ill ..w ill MIler &0 appl, rUe 533, .lUdl ma­
d,des Newe"''' AD of t.1le q..uo.. perhia &0 t.1le Mae 

aoaJ - cIet.enaiaiq .!au orpairIIu t.1Ier.." UoUl COYer­

b., tH nIee COIIdade abo.l clil'ereat oraui-a. Neita.er 
til. seqllllCl of rUe appticat.io .. _ ,lie q..tiou are ..ted 
.". ora...... Q..tiou 34 IIIMI 31 perhia &0 Diplocoecu­
,al.",o.i.e, wit. &Juee iIl&enaiq q ..... penaiaiq &0 
Be .. opltilu-iajf.eaz.e. nu, ill JlURiaI. pal, MVClN'I 
~ • _focued u tile IeftI al .... bIe ..... far tile 
aoaJ. ia ,Ilia cue ....... ,Ilu .upL be c:aaDa tile iafec­
&iD •• 

/ \ 

STRATEGIC KNOWlEDOE 

a.IanI ~ 1IIeNpr. 
COIIIiOIr _1r8IfICIICeIIon • 
doMgeClu ....... 

} 

STRUCTURAl. 
KNOWLEDGE 

SIJIIfIOIITINQ ICNOWLEOGE 

I 
o.r.on "*"-: II'~GIG ~ 

.01.,-. ...... _. 

FI...,. t. ~ 01 KDOWIecIp Relallq to 
MYCIN .. TetraeyeU_ R.ule. TIle nI;, ,tata. -If the 
patiea' • '- l ........ JaR old, \Ma _ t.etnqdiae 
from tile IiI& of dnp .acIer c:ouiderat.io..... ReIatia of .. to 
oliler coatru.dic.,_ facton (nell ......... lite patMat ill 
PftIIIIIl), jutik.t _ far tile nIe, ... &iae ."ea il -.lei be 
c:ouidered are nlnaat. &0 apIeUUq ..... nIe, ... , &Ie acK rep-
_MIll ia .. VClN ....... aplic:it \IIiI Ilndual, nppon, 
aacl"'at. bowIecIp .... IK* au Uilit, &o.aclent.ucl aacl 
..,,"VClN. 

i8 it imporiaDt &0 remember _ &0 preKribe Tetracycline? 
Obviou8ly the pbyaciu mUl& &ake thia into account 

whea prelCribiq ther;:pJ. 
By Ilractunl kDowled&e, I meaD the relatioDa by 

whim beuNtic ruIeI are iDdexecl ud _b.equently COIl­

trolled. In poenl, thia invol". c:a&eJoriaiq the Cac&e the 
raJ. ~ (for eumpie, patieot fadon) ud the fadll they 
Cl'Dducie aboul (Cor example, therapiel). 

By RPport bowledp, I meaD the juRiftcatioD for the 
rule. Why wouldn't you pNKribe tetracycline &0 eomeoDe 

who .... lbu 8eWIl yean old? Here we have ft chem­
ical Procell, a chelation mec ..... ;..." &hat NIUlta in tbe 
molecule bindiac to the powiq teeth ud boa., and a 
80cial couiderMioD &hat at'-&l people cIoD'& ... , &0 have 
diIcoIored &eeth. 1'Iai8. a very iDtereetiq juKiftcation be­
cau.e it .,.. t.hat living tetracycliDe michl .. ve 
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the patient's life, even though it might have an undesirable 
side effect. That's important to know if tetracycline is the 
only drug available. It's a nice example of why it's useful 
to know the justification of a rule--so Y0U can violate the 
rule and know what the consequences will be. 

Generally, this figure suggests a framework for under­
standing an expert's explanations. When I ask a physician 
who is solving a problem. "Why did you ask that qUE'S­

tion?" I c1assiCy the answer into one of these categories. 
If the phy~ician tells me, "Well I'm not going to prescribe 
tet racycline because tht' agt' is 1f'AA than seven," I am be­
;ng told what assertions were made from given inCormation 
(that is, a heuristic rule). If I ask the physician why and 
I get a:! explanation having to do with chelation, then 
I'm bping given the justification for th .. assertion (that is, 
support). If the physician says "This is JUSt one of the con­
traindications I'm going to consider," then I'm being told 
about the organization of his knowledge, the categories 
used for focusing (that is, structure). Finally, ifthe physi­
cian tells mp when contraindications are considered and 
how each type is .~onsidered, then I'm geuing the infer­
ence procedure (that is, strategy). I tried to consistently 
apply this analysis when working with physicians, particu­
larly to focus their explanations on strategy and avoid the 
bottomless pit of support explanations. 

:'Ii EOMYCIN research focuses on representlng &trat~gy 
and structure because this is the deficiency of GUIDON we 
most want to improve. We also sense that structure and 
strategy are at the top of a pyramid of knowledge and are 
more limited in nature. A research effort focused on them 
is attractive because this knowledge conceivably might be 
car .. rully and exhaustively explored 

The Beckett Tapes: An Articulate Teacher 
In 1980, Reed Letsinger and I worked with Tim Beckett, 
M.D., who was recommended by Ted Shortlift'e and who 
turned O'.:t to be a rather fortunate choice. Beck,.tt was 
known at Stanford for being a good teacher. He could 
articulate general principles for reasoning very well. He 
didn't just say what it is you should ask about or what your 
l:ondusioDS sbould be-be wu abh to speak in leReral 
terms about how you should think. 

We taped interviews and classroom int.eractioDII, and 
transcribed and studied them (Clancey 1984h). In one 
interaction, Beckett interrupts a student who is examining 
a patient played by an<>ther student: 

When y08 uk theR questio .. about whdher su­
slinS makes it better or wone, or whellier it', bet­
ter certaiD times of the day, are you thiDkiDS about 
how that's SOiDS to laelp you move down dilrerellt 
diagnoees? ... uk a couple of seDerai queatiolUl 
may be that could lead you into otller &reU to fol­
low up on, rdher thaa ,eroiDS ia. 

Note the absence of medical terms in hia strategic ad­
vice. Again: 
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We're talking at the top of infections, but before 
we go down infections, are there any other things 
you can think of? The mistake you don't W&IIt to 
make is leaving out the important things on top. 

We repeatedly he&rd these gener&1 statements-move 
down different diagnoses, ask general questions, don't leave 
out important things on top. These were the strategic 
gems--better than I could have expected-th&t would al­
low us to construct NEOMYCIN. ESl<entially, I saw the 
opportunity here for a program that would talk procedu­
rally about these operations: Moving down different diag­
noses, asklllg general questions, not leaving out important 
things at the top. This procedure is separate from the 
medical knowledge. describing how thp. medical knowledge 
is searched. That is, the statement of strategy does not 
directly mention domain terms; it is abstract. 

In Beckett's explanations, we see regular switrhing 
back and forth between the concrete situation and e. gen­
eralization: 

Ask it lIery generally, like "Have you had a.ny ma­
jor medical problema, or ue you aD any medica­
tioD?" ThOle types of general qUNtiona are impor­
t&llt to uk euly on becauR they really tell you 
how tIOOn you can Cocus down. 

You have to '.aink of .arne of the common tllingl, 
but at the lAIIle time you have to think of lOme 
of the lerio .. thinp thl.t mI., BOt be commo •. 
What is a .eriou. iDCectio. that C&II get in your 
throat? 

This last example shows mOlit clearly my model of in­
ference in NEOMYCIN. 

Refining the di&&nOllis and think ins of some of the 
common things, the physician looks into the domain model 
and ub, "What is a eerioUi infection that can set in the 
throator' and "What are some of the common things that 
could caUBe it~" This is how the metarules in NEOMYCIN 
work. 

A. confirmation of the potential eft'ectivenellll of Beck­
ett's approach, we analyzed his best student's re&IOlliDg. 
The student obviously folloftd the procedure Beckett ar­
ticulated in clUII. Of course, not all students would nec­
esearily find Beckett's teaching approach to be usef,JI, but 
we had an existence proof and clear Ita~ments of at leut 
one di&llloetic procedure, 10 we wrote the approacb down. 

About this time, we allO had the first glimmer of how 
an explicit procedure could help a student learn relevant 
medical knowledr;e. When I had Beckett preeent problems 
to me, I "ften lacked the medical knowledge to carry out 
the procedure. However, howing the procedure, I found 
that I could uk reuonabIy intelli&ent questiol1ll: "I know 
I should be thinkins about some of the Beriou. and corn­
man c:aU11e8 of tbia dieease, but I don" know what they 
are." Tbia bu evolved into our version of t:Xplanation­
based learning (_ The Situation-Specific Model: From 



a Diagnosis to an Exploration). We also applied the pr~ 
cedure to a.n analysis of Beckett's interruptions ofstudents: 
Given this model of his reasoning, could we use it to infer 
his strat.egy for interrupting students and providing assis­
tance? The most telling example, occurring jus~ before 
Beckett asks the question about sore throats shown here. 
is analyzed in (Clancey 1984c). 

Neomycin: Separating the Medical Knowledge 
from the Diagnostic Procedure 

Figure 10 shows the architectur.e of NEOMYCIN, illus­
trating the idea of separating the diagnostic inference 
procedure (control knowledge) from ~!Je medical knowl­
edge. Crucially, both are represented in well-structured 
languages so that they can be reasoned about by the expla­
nation, knowledge-acquisition, and student-modeling pr~ 
grams (Clancey 1983b). 

Figure 10. Architecture of NEOMYCIN. An infer­
ence procedure queries the know:edge bue. relating findinp 
and hypotheses to one another in order to make a diaanOllia. 
For example. given that the patient hu diplopia (double n­
sion), the program uu tbe knowledge hue w!aat could ca_ 
it. One or more hypoth_ might be returned, which t!ae in­
ference procedure will proceed to discriminate, teat, and refine, 
making further inquiries about di8eue and symptom relations. 

Davis's conception of metarules for expressing strategy 
inspired this design. However, TEIRBSIAS's metarulea 
compose domain facts with procedure, just like MYCIN's 
rules (Clancey 1983a). NEOMYCIN's metlolules mention 
no domain terma. Moreover, they constitute a coherent 
procedure that completely controls every data request and 
every inference; so there is no back chaininl of rules at all. 

As is apparent in Beckett's generalizations, we can 
think of this procedure as "asking questions of the domain 
model." Th~ language of relatiolUl used in metarules corre­
sponds to the propcsitiolUl in the knowledge bue. These 
relations impoee a classification on domain terms. This 
is what I called structural knowledge in the tetracycline 
analysis. 

Given a hypothesis, the prog;llm asks, "What is a com­
mon cause of this disorder?" Th~' pr'Jgram then looks up 

this relation in the knowledge bue. tn this sense, the in­
ference procedure is interpreting the domain model. if we 
compiled the procedure-instantiating and composing it 
with respect to a particular knowledge base-we would 
get something very similar to MYCIN's rules. In making 
this abstraction, stating these general rules, I'm not claim­
ing that people reason through general statements every 
time or Hen realize that these patterns exist. In partic­
ular, reasoning categorically probably involves automatic 
processes of memory. Some distinctions, such as consider­
ing causal prerequisites of diseases before effect&, might be 
regularities that the physician does not conscicusly realize 
(Clancey 1984c). 

I now believe that these domain relations are in large 
part what we want to teach students, as generalizations, 
to help them learn about new diseases. in describing how 
to focus reasoning, we are indirectly saying how knowl­
edge should be practically organized. For example, we 
say. "You should think in terms of common causes and se­
rious cau.1eS." That is much more informative than saying, 
"You should form a hypothesis" or "You should re880n 
forward." We hypothesize that the procedure is automa.tic 
once you have the knowledge. I:. medica.l student mi,bt 
not have to be told to refine hypotheses, but he l h&8 to be 
taught the subtypes of fungal meningitis. 

The Disease Taxonomy: 
Searching an Abnormal Process Classification 

There are several dimensions for describing NEOMYCIN's 
reuoning: psychological aspects of memory and attention, 
AI representation and control techniques, and &8pects of 
medical causal reuoning. Figure 11 provides one penpec­
tive in which these dimensions come together. 

The main part of the knowledge bue is a taxonomy 
of diseases or, more fjenerally, a c1uaificat:on of abnormal 
processes. Each disease describes a process, something 
that has happened to the patient in the past, accounting 
for the set of obterved manifestations. In general, there 
can be many different taxonomies, orthogonal and tangled. 

How do we know that a given taxonomy is complete? 
This important question did not explicitly arise in MYCIN 
research because we didn't isolate the disease taxonomy as 
a separate object of study. We now hypothesize that the 
physician's diagnostic classification, particularly its level of 
specificity, depends on how it will be used. The physician 
is not involved in s<'lentific research here; what goes into 
the taxonomy is based on distinctions useful for selecting 
therapy. For example, NEOMYCIN makes no attempt to 
determine precisely which type of viral meningitis the pa­
tient hu. The reuon is that they're all treated the sam~ 
with a lot of aspirin and orange juic~and it is irrelevant 
to resolve the cause any further. Thus. NEOMYCIN's 

I ~ iMCUliDe ex~ in lhi. article .... uaed u ,eneric &erma. No 
bi .. is intended. 
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Figure 11. Lookiq Up and Lookin, Down in Di­
agooetic Search. D__ lmow1ed,e i8 repre8ented u a 
taxonomy or pr~. At the ru.hat level are Uaternal aber­
ration. in .trllc&lI.e buildinS or mamtenaDce (Cor example, coe­
genital diseMei) and PIOCellllel involving environmental interac­
tion (for eX&l1Iple, infection, trauan .. ). Procelllell are apecialized 
here by location, temporal extent, and lpecifiC -sent. The tax­
onomy is overprUated to .bow hypotbetically bow it misht be 
ae&rcbed. Initial information-cbief complainll-trigell lOme 
hypotbesia, abowD arbitrarily here in the middle of the cIia­
tale taxonomy. Two operatioDl follow: (1) looms ap, tbink­
ing of tbe hip-level catqoriea and cliacriminatin, ... 081 them 
(GROUP.AN[)'DIFFERENTIATE) .. d (2) lookin, down to 
refine hypoth_ wlaea diaUacUo" are impon .. , lor aeIedia& 
therl.pJ (EXPLORE-AND-REFINE). TO ia &0 he coatruted 
with aa exlaautive, toJHIowa leuch. which a wae bowledp 
bue mu- impractical. 

diaeue taxonomy deliberately remaioa a partial model of 
abnormal proce.ea within this area or medidne. 

Another part or the knowled,e bue, the cauaal 
network, is dilcUlled in the context or CASTER (See 
CASTER: From Di8e_ to Abnormal Subetanc:ell and P~ 
ceuea.) 

The Dia.nostlc Procedure: 
Se.rch Oper.tora .nd ConSlr.inta 

The overall diapwtic etrateIY or inrerence procedure is a 
pro~am coneietin, or a eet or eubproceduree .. ehown in 
Filure 12. 

Each procedure is repreeented u a eet or ordered and 
controlled condit.ional e&a&ernent. called naef.rvle,. Rulee 
provide a uniform. well-atructured I ... p .. e. Alt.housh ex­
perienced prosrammen can read a LISP encodin« or the 
diapOitic procedure euily enoush. it ia difficult to write 
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a program that can understand arbitrary LISP code. Too 
much of the Jesign is implicit and not available ror expla­
nation. Therefore. we devised a highly structured repre­
sentation. organized around the idea of rule sets, with ev­
ery "loop" encoded as a separate task (subprocedure) and 
the control of rules stated declaratively (simple vs. itera­
tive. try-all versus stop-on-suc~ess). Each task has:\ typed 
rocus (argument), local variables. and an explicit "end con­
dition" (equivalent to the "while" or "until" condition of a 
loop). Making every program statement a rule fa.cilitates 
interpreted control. annotation. and record keeping. 

The overall design is similar to LOOPS. which 
evolved at the saine tim'! 811 NEOMYCIN. However. 
NEOMYCIN's metarules use "ariables. rather than do­
main terms. Also. the end condition. inherited by task 
in .. ocation, enables a procedure anywhere on the current 
stack tv regain control, either because its goal is completed 
or there ia reaaon to reconsider how it. lubgoals are being 
accomplished. Figure J 3 shows the flow of control in terms 
of rocus changes. 

In writin, down the diapoetic procedure u rula. we 
are following the 8&IIle methodololJ ueed in ::levelopin« 
MYCIN and GUIDON. With the knowled,eexpre.ed in a 
disciplined way. it now beeomee pc.aible to study patterns 
and to consider how the knowledge could be derived. Such 
implications are too numerous to recapitulate here. The 
interested reader will find the metarules listed in (Clancey 
1984c). with a disc\l8llion or the procedure in terms of 0,­
erotora and the c08Ditive. social, mathematical, and cue 
population co"",..i .. " imjllicit in the rulee. The next sec­
tion coneiden the pfOCe<Jure .. a fromm.r. 

I ...... and Odyueul: 
Parsin, the cr .. ,nostic process 

Given the abetract nature or the tub ud metarules, they 
can be viewed .. a kind or grammar ror parein« a problem 
IIOlver'. aequence of requeete ror data. Such an analysis ia 
shown in Fisure 14. the picture I had in the back or my 
mind in about 1980 when I wanted IIOme way ror GUIDON 
to reuon about what a etudent waa elGin,. An interpreta­
tion or a eludent's partialllOlution providee a sood buis ror 
ueietin, him when he doesn't know what do next. Such 
an interpretation is also a lIOurce or inrormatiOD ror relat­
inl a etudent'. explicitly .tat.ect diapo.is to a model or hia 
domain knowledp. Ae a contextual ... alysia, it potentially 
ehorteoa the interactive dialope that misht be neceeAr)' 
to confirm the etudent'. undentandin,. 

Bob London. Oavid Wilki ....... d I have been devel­
opinl student-modelinl prop-arne wiUt t.he common ,oa! 
or uain« NEOMYCIN'. diap.»tic procedure to interpret 
a aequence or etudent requeete for data. London haa fol­
lowed a top-down approach in the IMAGE program (Loa­
don" Cl ... cey.lgs2)i Wilkioa'e ODYSSEUS progam ... 
exhauetive. bot.tom-up reuoninl (Wilki .... Buchanan, " 
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Figure 12. Invocation of Diqnoetic: TMb, Shown AI a Lattice. Each tuk is repraenkci Ua NEOMYCIN u a styliHcl 

procedure, shown here .. 10 Dode, with the s.bproceci.ret it calla below it. For example, p.rniDa a hypotl .... iD90lYw twtiq 
ud refilliD, the hypoth .... To relate Dew fiDcliD,s ud hypoth .. , all tub eYeDt.aIly call FORWARD-REASON, wMda Ua\'Oket 
addiuolII.l tulra Dot showa here. GENERATE-QUESTIONS is iD\'Olred whe. there it iuafliciea' iaformatioa to proc:eecl; it cia .... 
dowD leads in dift'ereDt wa,.., thut explaiDiq ita ceDtrt.l poIitioa. Note alIo tllat FINDOUT calla TEST-HYPOTHESIS 10 that 
domain r .... will be IeIeded deliberately, replaciq the b.dt aUDia, of EMYCIN. U'" thil reprweatatioa for n:plulouoD 
and stadent modeliDK requires additiont.l bowled. about tuk precoaditioDl .. d .-koDdiuoas _d Iaow metanda coatrolliq 
tuk inyocation are ordered. 

Clancey 1984). Evaluation oftheee alternative ap:",roacb .. 
itinp~. 

Fieure 14 abowa a pane of reuooinl produced by the 
ODYSSEUS propam. Wr.'re t..tinl thit proaram with 
"synthetic" students. aydematically varyiq NEOMYCIN 
and comparinl ODYSSEUS's interpretation to tbe koowo 
variatioDS in the koowledle bale. Another application is 
to live ODYSSEUS a lequenee of data requ.ta and to 
have it determine what itnowledl8 bale chance- would be 
required to produce this lequenel', cooaisteDt with the in­
ferenee procedure. We believe that the simple clulifica­
lion nature of the iDfereace procedure makes this approach 
plausible. We're developinl this capability for a tutoriDJ 
plOIfam called GUIDON-DEBUG (Clancey. et d. 1_). 
The same procram could be used for koowledJe acquisi­
tion. 

N_pl: Str.teak: &pa.lHltion 

Usinl NEOMYCIN's well-structured repreeeD~ioa. Di­
ane Hulinl. Glenn ReDoela. and I (1983) reformulated 
MYCIN's WHY!HOW explanations in &erma of metana_ 
and tub. Fieure 15 ahowa how procedural information 

is available proeaically (by Mkin& WRY) or throup the 
talk .tack. 

Althou&h our WHY !HOW system loeB up the coal 
a&aclt in a way aimil. &0 MYCIN's explanation pfOIlam, 
this new plOIfam taU. adYaDtap of the atructured rep­
reeeotation &0 be more eelective about what it says. In 
particular, it loob at the focua of a talk to determioe 
whether &0 mention the tAlk .. it loeB up the stack. A 
focus can be ODe of Uuee bMic: terms-a findine. a hy­
pot ..... or a domain ruIe--or a .. of tM.e. If the focus 
is a rule or li8t of ruJ.., the explanatic..a plOCfam ski.,. over 
the tMk (for example, APPLYRULES). The tuk is men­
tioned if its metanale .tabliabea a new focus, such "IOiDI 
from a list of~ to a aiDJle hypot .... (GROUP­
AND-DIFFERENnATE) or from a hypoUaeIia to a rule 
(TEST-HYPOTHESIS). 'I1li8 turna out to be a pel ex­
planatioD heuristic. A new explanatioD eyatem under ct. 
velopment __ the propoeitioDal encodiDJ of the meWuIe. 
(deec:ribecl later) to ae)ect particular ruJe.prem_ c:l..­
to mention. 
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Figure 13. Predominant Focus Shifts in Diagno-
sis. This diagram simplifies the dynamic flow of control be­
tween tasks, revealing how findings and hypotheses are related. 
New finding. suggeat new hypotheses and lapport existing hy­
pothe8ell (FORWARD-REASON); a decWon is made to focus 
on a particular HYPOTHESIS (ESTABLISH-HYPOTHESIS­
SPACE); a deciaion is made to focus on a particular finding 
(TEST-HYPOTHESIS); the implications of the new inform ... 
tion are considered, and so on. In contrut, MYCIN does not 
change its goals on the basis of new data or deliberately or­
der the goals and data it will parsue. AccomptisiWag tllia by 
abstract met.rules (not specifyin~ domain terms) reqnirw ex­
plicitly representing relations bet_a liadia. &lid hypotheses, 
on the buis of which they will be selectively considered. 

Tasb (appeariag ia bold italics) C&ll ~ related to Fic-re 
12, which show. the subtua they in_b. I. prM:tice, 
ESTABLISH-HYPOTHESIS-SPACE is oaly inYObd if t"ere 
is reason to stop pnrsaiag t"e Arrent HYPOTHESIS. Criteria 
for applYUaI domain r.lee in FORWARD-REASON an c0m­

plex. For example, Dew liadinp are related to .. ypo .... "ill 
focal"; if a aew HYPOTHESIS -explai .. - tile bown ladiap 
at leut u weD as existing "ypot"eses, it iI c:ouidered; _ 
hypotheses are related to previouly k_n 'ndiap, etc. T"e 
procram eto.,. wlaen i&e di.erenlial, tile lilt of _t-speciic .. ,­
potheRS UDder couideration, hu been cli.criminated, \eIted, 
&lid refiDed. 

MRS/Neomycin: 
From Findin._ .nd Hypot ...... to R_tlona 

Student modelins, debugins, and explanation require 
that our prosrama reuon about the prem_ of mebrules, 
particularly to determin'! whicb domain lac&. matched 
and why rulea failed. Oripnally. metuule prem_ 
were encoded in LISP. In a hybrid lyetem called 
MRS/NEOMYCIN, Conrad Bock and I rerepraen&ed 
metarule premilll!S in MRS, a lopc-propamminS lanSUa&e 
that providea a framework for multiple repreRlltationa of 
knowledse and control of reuonin, (Geneeeretb k Smith 
1982). Bock.a.o rec:oded the interpreter iD MRS rules, 
and placed a limple deliberation-action loop at the top 
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(Clancey &t Bock 1982;. Unfortunately, recoding the inter­
preter slowed down the prosram by an order of magnitude 
and made the procedure too obscure to read or maintain. 
In the current version of the program, we retain the origi­
nal interpreter and use a variant of MRS &8 a specification 
lansuage for metarule premisea, which are compiled into 
Lisp. This provides the well-structured, uniform language 
our modeling and explanation programll require without 
sacrificing runtime efficiency. Figure 16 illustrates how 
MRS is used in the metarulell and definitional rules for 
relations. 

Primitive relations are compiled &8 direct LISP oper­
ations, using explicit declarations about how propositions 
are repreaented in the LISP-encoded knowledge base. For 
example, a TYPE proposition is repreaented as a property 
list structure, 110 the compiler substitutes a GETPROP, an 
ASSOC, or more complex loop construction, deDending on 
what term. are known when the proposition is encoun­
tered in the metarule. In encoding prop08itions in stan­
dardized LISP .tructures, diatinsuishins between the lan­
guase for expr_ing knowledge and how it il .tored in the 
computer, we are exploiting the multiple repreaentation 
&lped of MRS, which is one interpretation of ita name. 
A number of elesant patterns in the metarules made the 
compiler easy to write (Clancey, lorthcoming). Figure 17 
IUmmariaee how rules, taska, and relations are encoded 
&I EMYCIN rules and parameten and how these entities 
are related. Our IUcc_ in buildins HERACLES on top 
of EMYCIN demonatrat.ea the senerality of the oripnal 
parameter-rule repre.entation lansuase. It is dOler to a 
typical frame lanSUa&e than is commonly realized. 

The II1Oe& excitilll reau1t of this reformulation is what 
it reveals about the relational nature of the knowledse 
bue. It is DOW evident that the metarules are seledins foci 
(findillP, bypotbeeea, domain rulea) on the buis of bow 
they .. e related to one another. These relationa caD be 
either static (lor example, redo8 .. findi .... ODe that need. 
to be explained) or dynamic (lor example, bypot.be.ia in 
locUl). The koowledp bMe caD be viewed u a datab.e, 
defined in &erma of tbe. tbree primitio.-e term. and rel .. 
tiona &mODI them. Writilll a Ilew meb.rule tends to .. 
quire defiDing a new preference relation for diac:riminatios 
&mOOS fiDdinp, bypotbeeea, and domain rules. That is, 
each new relation lurther cl ... &. the primitive terma in 
a way uef'ul for controllilll reuoaiq. For example. the 
metuule abowa in Fipre 18 required the new relation, 
"a findiOS that needa to be explained." AI this example 
abowa. the meanin, of a relation is tied to bow the rei .. 
tion is used. This is particularly clear for relations IUcb u 
lollow-up qUeAion and triger rule. 

A detailed analysis ahowa that the metuulee are col­
lectiOS, eonin" and filtering domain &erma and rules on 
,he buia of their applicability u operands (loci) lor the 
operators (.ubt .... ) tbat will accomplish the curren' tuk. 
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Figure 14. ODYSSEUS'. Parae of a Student'. Data Request.. Given a sequence of requests for patient data, 
liated on the right side of the figure (Q5, Q6, Q7), the program indicates all of the alternative justifications for why a question 
miaht have been uked_ For example, the student's query about seizures (FINDOUT /Seizures, Q6) might have been uked to 
determine whether the disease is caused by an Intracranial Mus Lesion, Subarachnoid Hemorrhia8e, and so on. The program 
indicates in invene video, combinin& its bottom-up analysis with a top-down parse, that this question relates to meningitis 
(TEST-HYPOTHESIS/Meningitis), u part of the procf'lll of discriminating hypotheaee (GROUP-AND-DIFFERENTlATE). 
Thus, the problem state (hypotheses under consideration) and the tuka interact to explain finding requests in terma of a logic for 
focusing on hypotheses and findings_ Note that by the same analysis the question about a fever (Febrile, Q5) hu three conaiatent 
interpretations_ This kind of a~alysis is not possible u.ing MYCIN becauR, firat, ita reasoning did not involve "looking up· 
from -trigered hypotheses" and, second, its inference procedure is represented behaviorally u IpeciJiC productionl. A functional 
representation, as diagnostic tuks, relatel surface behavior to abstract goals, which can be accomplished in multiple ways_ 

For example, metarules for TEST-HYPOTHESIS col­
lect, IOrt, and filter potential findin9' to support a hypoth­
esis. 

RefiniDg a hypothesis means collectin" lOfting, and 
tilterin, ita cauaea and subtypes (for example, distin­
pishing between common and eerioua cauees). Gener­
ally, the domain relations d.-ify NEOMYCIN's experien­
tial knowled,e of predefined di8eaae models (Bee Herades: 
From Di8euea to Stereotypes) according to how they are 
triuered, tested, diecriminated, and refined by operaton 
(tub) for constructing a problem-specific, historieal ac­
countin, of the diseue process (see The Situation Specific 
Model: From a Diagnosis to an Explanation). 

NEOMYCIN haa about 170 relations in ita control 
voeabulary. They appear in the 75 metarules, grouped 
into 29 tub. In HERACLES, the generalization of 
NEOMYCIN, the knowledge engineer can modify thelle 
metarules, defining new relationa for describing his do­
main. 

Guidon-Watch: Reifyinl the Process 
The availability of Ifaphiea haa chansed how we can illus­
trate reucning and is shapin, our ideaa or what we'd like 
to show. As a fint step toward implementins a new in­
struetional prolfam on top of NEOMYCIN, Mark Richer 
and I (1985) used the Interlis~D window and menu fea. 
tures to eonatruct a eomplex interactive aystem for b~ 
ing the knowledge bue and watching reucning. This in­
dudes the dynamic taak tree (similar to Fipre 14) and the 
t .. k stack (Bee Fipre 15). Our work haa been directly in­
spired by Brown's emphaais on reifying or making concrete 
the reucning process (Brown 1983). 

Figure 18 shows how the disease taxonomy is over­
printed to reveal the pattern of NEOMYCIN's reaaoning. 
In GUIDON-DEBUG, now under development, it is poai­
ble to roll back the consultation display to show any win­
dow at the time any given question waa .. ked. This is a 
debuging facility we could hardly have ima&ineJ even five 
years ago. 
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Figure 15. Multiple Views of the Diagnostic Proc .. : QueetlOD, Evidence Relation, TuIt Stack, Metarul_. 
aDd Prosaic Condensation. When NEOMYCIN .. ked aboat leiJares (qaestion 8), t"e uer IeIeded a •• bitem ia t"e KB 
WINDOWS menu, which caused the lad ,tack-the current line of reuolliaa-to be di8played. TIle nile &bow a t .. k is t"e 
metuule that invoked it; thu, rule 400 eelected menillptil u a focu, inyolDq TEST· HYPOTHESIS wit" it u u upmen'. 
Selecting meningitis in thit window cauted the table in the lower left to be displayed. Here, boldface type iadicatea poaitiYe 
finding. and aucceufWly applied rules. Grqed areu correspond to nesatiYe iadiqa ud failed nIeI. Til .. , ,)ae patient is ao& a 
neonate; rule 424 succeeded. Arrows preceding a finding indicate that the fiDding is ia a trigerial rela&ioa wit" t"e .. ypo&h .... 
For example, the headache volunteered in the chief complaint caused the prosram to '1'1 to apply nile 424. Wilen tile _ 
selected EXPLAIN in the menu adjacent to the couu1tation typescript, the program .amm&rUed t"e be of reuoaiq, skippiq 
over "uninteresting" tub. 

Heracles: From Diseases to Stereotypes 

In late 19831 beSM to consider how NEOMYCIN mi~t be 
seneralized. What kinds of problema CM be conveniently 
solved by _ architecture consittins of a c:l_ification net· 
work and a separate, abetratt controlatratet;)"? In partic­
ular, to what problema can the eame diagnoetic strateIY 
be applied? It was obvious from the atart that the proce­
dure had nothing specifically to do with medicine; was it 
more general than diagnosis? In attemptins to teach the 
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NEOMYCIN approach to AI Rudents, I found that it w .. 
poISible to rede.c:ribe other knowledp .,... in its terms. 
For example, in &erma of tbe rnappinS between mode .. of 
situat.ion de.c:riptions _d eelected lOIutions, "people are 
to diae..... .. "meala are to winee. It I had aI.o receotly 
reread Rich's work on uer modelinl (Rich 1979), intend­
inS to apply this to our expl_alion progun. I recopiaed 
that it fit the eame pattera-rnodel8 of people related to a 
taxonomy of boob. Finally, I rec:al1ed thal Rubin (19n) 
and Aikins (1983) empbuiaed thal di8euea are cleKribed 
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Figure 18. Overprinting a Classification Network to Show How it is Searched. Nodes blink and are boxed to 
milk,. lIisiblp thl' ~Iooking up" And "looking down" process of diagnosis_ Numbers indicate the relative certainty of conclullions; 
the cumulative ("rtainty factor (CUMCF) includes hierarchical pr')pagation. Heavy-bordered boxes indicate the program's 
drfJu'rnllal th .. most specific cut through the tAxonomy and causal network. The difl'erential is printed in the lower right 
window with ill.jenting to show specialization by process subtype and c~:ue. When a hypothesis is selected, the evidence window 
can be displaYl'd, indiCAting which findings and rules have been considered and the outcome of each consideration_ Dozens of 
oth!'r windows Are available, including different views of causal networks a.nd the history of tult invocation. 

(in knowl .. dgt' bases) &8 stereotypes. The gent·ral model of 
heuristic das.o;ification fell into place: Some problems can 
he solw'd by 8I"lection, heuristically relating a classifica­
tion of problf"m data to a classification of known solutions 
(Clanrf'Y I 985a) , 

To my chagrin. this new model required a rec:onc:eptu­
alizalion of parts of NEOMYCIN. We began to consider 
the di8l"aseB as stereotypes, we introduced qualitative ab­
strartion of numeric data where it had been omitted in 
MYCI~, and we realized that our representation of dill-
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e&8etl as cl&lllell is inadequate given what is required in 
general and what is evident in other programs (for exam­
ple, allowing for multiple inheritanct'). We call the recon­
c:eptualized framework HERACLES. It is not a completed 
tool but an idea that continues to evolve. 

Figure 19 illuatrates the heuristic classification analy­
sil of SACON, a program that many of us knew about and 
talked about for five or six years, but that few understood 
until its knowledge bue was portrayed in thil way. The 
purpoee of SACO N il to aelect a confi~uration of programs 



in a structural analysis software package developed by the 
Marc Corporation. These programs can analyze an object 
for structural failure in many ways, some of which are un­
neceau.rily accurate and time consuming. An expert can 
tell you which of the programs should be run to analyze a 
particular structure, and that is SACON's taak. ImpOliing 
a type classification on SACON's con-:epts, and labeling 
inferences as abstractions, heuristia, and refinements, we 
find a previously hidden secondary structure which helps 
us to understand what SACON does. 

Studying and generaliOling knowledge-bued programs, 
we ,all go quite a bit Curther. First, we can realize that as 
stereotypes the claasifica~ions are models of systems: spec­
ifications or descriptions of systems and plans for aasembly 
or modification of systems. Second, the classification se­
quences, relating one model to another, are regular and 
limited in nature, constituting taakl. A model of system 
being monitored is related to a plan for controlling its be­
havior. A diagnOlitic model of a faulty Iyltem il related 
to a repair plan. A specification is related to a design 
IUld then to an aasembly plan. Finally, the idea of IY. 
t ... ml, taakl, and common sequences is independent of how 
the solutions are computed each step along the way. Ei­
ther heuristic classification or lOme constructive method 
(perhaps involving nonmonotonic reasoning, hypothetical 
worlds, and 10 on) might be used. It is important. to re­
member that this inference structure shoWi the pattern of 
inferences that map given informat.ion to finallOlutions, 
and makes no claims about the process or order in which 
the inferences are made. Further examplea and extenaive 
discUllion &ppear in (Clancey 1985a, 1986). 

Caster: From Dise.ses to 
Abnormal Substances and Proceues 

In addition to the dilOrder taxonomy (Figure 11), a knowl­
edge base Cor diagnOlitic problems constructed in BERA­
CLES might. include a causal-usoeiational network. Dw.. 
orden in t.his network are descript.ionl of internal st.t&es in 
t.he syatem being diaposed. Figure 20 shows such. net­
work for CASTER, a knowledge system for sand-casting 
diapa.is. 

Tim Thompson and I (1986) developed this program 
in order to better underatand the distinction betWftll the 
pathophysiological states of the causal net .md the diolo­
fiel, or final caWlell, of t.he disorder taxonomy. This dw.. 
tinction wu emphuiaed in the CASNET propam (Wei. 
et .1. 1978); our interest wu to apply the ideaa to a DOD­

medical problem. 
Wha& did we learn from the CASTER experiment? 

Firat, for diapOliing malfunctions in some manur.dur­
ins p~, it. is U8ef'ul to organise the di80rder taxon­
omy according to each st. in the overall procell (pat­
tern deaign, meltins, and 10 on). In contrut, the top leftl 
of NEOMYCIN's taxonomy corresponds to defecta in the 
neurological system, viewing it u an object. not a proceea: 

aasembly flaw (congenital), environmental influence (infec­
tion, tOJLieity, trauma, psychological load), or degeneration 
(vaacular disorder, immunoresponse, muscular disorder). 
In both of these physical systems, externally obaerV&ble 
manifest&tions are explained in terma of internal system 
behavior, tracked back to faulty structures and malfunc­
tions of subsystema. These are in turn explained by the 
etiolosies, processes in which thE system interacted with its 
environment, bringing it to its current state. In medicine, 
these etiolosies include congenital problems (caused by the 
mother'. liCestyle or her environment), psychogenic prob­
lema (emotional overload), trauma (structurally damaging 
the body), toxic environment, and 80 on. In the human 
body, internalsystema senerate new subsystem structures, 
80 de"elopmental and degenerative proceues are also im­
portant etiologies. We believe ',hat this analysis can be 
generalized to cover all physical tlystems. 

A second interesting result is the set oC heuristia we 
discovered for constructing a well-formed causal network 
(Clancey 1984d). These heuristics include asking the ex­
pert about categories oC states; asking about unobserv­
able states that tr&ck back to different etiologies; distin­
guishing clearly between substances and processes, par­
ticularly, never eauaally linking substances directly; and 
working backward Crom repaira to cauaes. This last point 
emphuiaes that t.he purpose oC the cauaal-usociational 
and etiologic taxonomy is to make choices about repair, a 
point. I emphuiaed in The Disease Taxonomy: Searchin& 
an Abnormal Process Clarification. Uncertainty in di&&­
n4Atic reuooing need only be resolved to the extent that 
it makes a difference in distinguishing among repain. 

Our heuristics can be viewed aa criteria for critiquing 
a behavioral causal model. Can we formalize these con­
atrainta 80 that they can be taught to a atudent? Viewing 
a diagnosis u a model is the firat step. 

The Situation-Specific Model: 
From _ Dw,noaa. to an Expl.nation 

This lelllOll misht be the mOlit important. It is t.he idea 
t.hat a diapoais ia not the name of a disease but an .,.,.­
",ea' which cauaaUy relates the manifeata.tions which need 
to be explained (because they are abnormal) to the pro­
c:e.ea that broupt them about (See Figure 21). A number 
of ideu come together here: 

• Diseuea are proc:esses (see The Disease Tuonomy: 
Searching an Abnormal Process Clusification and 
Cuter: From OWe ... to Abnormal Subetaaces and 
Proce.au.) Thus, a diapoais is a network causally 
linking manifestations and statea to proc:esses. 

• A cauul explana&ion applies the seneral concepts and 
liob in a itnowledse blLli': 10 construct a ~ific 
model (Patil, Saolovits, .'.: SchWalb 1981). Thus, the 
network linking maniCest&~iflns and diseuea is a model 
of a particular aequence of eventa in the world (also 
called a .i, •• tioa-.1«ijic model). 
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,bad dwcriptic. of iafere.ce cIlaiu ill nOW1l aboft & par. 

Uc.Iar IeqHaCe of -a.*.... SACON Ueblldi '1M ai­
"nc&ue ud nIa&eI ,_ ahIlradioa to kalf • doea ru. of 
,1l.lIIb lkat .... q ... &ibliYe precIic&ioa of lIM .u.c&ue'. 
bellaYior .acIer ",... SpecilcaJb, '1M t.d lka& lIM I&nc&ue 
ill • beUD ill OIIIIIbiaecI willa iafona .... abcMI' i&l _, .. ppor&, 

ud load clil&rilMtaio. ia Older to IeIed a a1llMric equ&iaa, 
.1aicIa c:oa,._ .a,.. ud 4eIec&ioa. 'I'II.e pNIIictiaM aft 

~, &ad cWai&ioaly nIa&ecI to &IM.u.c&uai ....,. 
prvp ... Specilc.lDy, &M ~ of ..... COIaIIiaed 
wi&k iaIanaat.iaa abcMI, Ioadiq &ad .......... , • c:t..i-
led .. a partic.Aar Iliad of ... ..,.. lor .WQ &1M ..... 
ill ~ai"'. TIle SACON ..... _1eIec&I rn. .... , ., dif.. 
ierea& PlOP- c:oabiaalio •. nil COl ...... to &1M ••• ber 
of arpaiaII ia MVClN. ucl • ....,-w, pod to __ 

.Ilea coaIideriaa • ......, &1M IlnriI&ic d ........ ioa aetllod ill 
appropria&e lor -Yiaa a probiea. 

• Diapodic operator. eumiDe uad modif)' the cli..1'er­
mtial (maR 8peciftc d __ UDder coa.aderalioD), 
liokiD, uad reftaiq them. n .. , BERACLES tMb 
we operakn lor ~ a atua&ioIHpeeific 
model (8imilar to ABEL'. eli....-ic openton (PaUl, 
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Szolovit.. &. Schwartz 1981). 

• A cauaal explanation haa the structure of a geome­
try proof: It must account for all of the fiDdings and 
must be coherent and cODlistent. Thus, the situation­
specific model must be a connected graph with one 
proce. at the root (_uming a single fault). 

The evolution of these ideas is intriguint:, revealing 
how our computational tools and the use of tile computer 
&8 a modeling medium changes how we think. Sometime in 
1985 it occurred to me that we could extend the windows 
offered by GUIDON-WATCH to include a graph show­
ing how the final diagnosis related to the known findings. 
When I sa. the way Anderson replaced a linear geome­
try proof by a graph (using the same Inter!isp-D graph­
ics package), the analogy between a cauaal explanation 
and a proof became concrete (Anderson, Boyle. &. Vost 
1985). Thus, the example from another domain showed 
how Patil'. idea of a patient-.pecific model eould be useful 
in teaehinS, and the availability of the sraphics package 
encourased us to create the picture to lee what it would 
look like. 

It iB utoundinl to realise how many hundredl of ex­
pert .)'Itetnl are cranking out diagnoees with neither the 
progrUD8 nor their delignen ever explidtly coDliderin« a 
diaposil u a coherent causal model. They don't, even 
check to see if all of the Rndinp are covered by the final 
diaposiB. Our lanpage is too loose: The progrun print. 
out the name of. disorder, uad we say, "The prosram 
h .. made a diapaosil." However, where is the explanation 
arpment? 

For t.he purpose of teaehinl, thiB Iraph could perhaps 
be the best way to reify the proceBl of diagnoeis. For IIeV­

eral yean, inlpired by Brown'. emphuis on ~roee. ver· 
BUB product· (pOBBibly derived &om Dewey (1964]), I've 
been IMl'Cbinc for some writ&ell notation that. we could 
_, 80IIIelbinc uaaJocoul to alpbra, to make visible what 
the operakn of di.., (NEOMYCIN'. tub) are de> 
iDa. Tbe .....,. wi&h pome&ry t,1IrIII out to be stroDIer 
t.hua the .....,. with alpbra because each inference i_If 
nIies OR a proof, aaaIo&oaa to the eauaaI arpment.s be­
hiDd NCb link of the atuat.iolHpeeific model. In al,ebra 
the infereaee rules are aU axioms. 

Giviq this wiDdow &0 the Rudent, we mipt. have him 
carry out the diaposil by poetiq hiB hypothaes and Iink­
iD& them to &he bawD ... eli .... Eadi Itep aIoq t.he way, 
there are visible probleml to be dYed. The RUdent. Cut 

see tha& he is U)'inc to COMbuet a logically c:oasiIteat 
network. Behind each request for da&a is ua opera&ion for 
makiac the network huaa &op:&ber-explaininl t.he find­
inp &hat. need to be explained uad refiniq the hypo&heies 
that. need to be made IDO"e lpeCiftc. An _nctiooal pro­
pam is DOW beiDa dnek.".. bMed OR this idea. Called 
GUIDON-MANAGE, it .... a .udellt "mua .... the diac­
DGBia by explicitly .."Iyinc .ra&epc: operators. 



Flpn 20. CASTER'. Cauaal·.A..eoclatloDa! NetWOl'It for ShriDld ... D.tec:u ID Cut Iroa. nu. .uapUled Ddwork 
rela.&ea .tractaral faihllee (for example, mold wall moyemnt) to fndio.al faiI.ree (for "lUDpIe, madeq1laie mold .appon). 
n.e.e an: all illienaaJ to th~ .J8iem aad olin caa't be obeenecl directly. Re-.iq proceecIa u foUowa. Giftll .ome nrfule 
fault, .ada u .hriDbp caYiiie. ill the cut iroD, we re_ Hckwarda to ~bIe ca_: (1) feed or metal.hat off, (2) a bro_ 
mold (leak), and (3) a_ace of metal to feed. Gatea, riaen, aad filIeu refer to Itrachrea for aIa.au.. metal ud ftIlWta , .... 
Termiaal aodea, oa the riAbt aide, traclt the problem Hck to lOme problem ia tJae iroa-cuiia, proceI8 (patiera deaip. mold 
formatiaa, metal mehmc. ud 110 oa), til .. relatiD' .,.tem beJaaYion to exieraal caaea (tile claicaer'. _mpiio .. , preYiou 
treatmeat of the IUd, coatlUDiaatioD of the metal.apply, ud 10 oa). We beIie'ft thai uaJytUaC'acJa aeiworb, relaiia& them to 
the well-defiDed .tractare ud f .. ctio. of the aud-cutiaa 'yatem, wiD lIe1p .. to recleiae ia a priacipled way tile caual reIaiioM 
liveD to u by ellperil ia oilier domu .. , •• ell .. mediciae. Workiq ia ..... tiple domaiu proliferate. _tapllon aad It .. ,. .. to 
develop more ceaeral tlleoriea aboat eJ[peri bowledp. 

Thia ia au amuiD& chUlp. Tea yean .., I tboqht 
I w .. tryinc to teach parameters aud ru", aud DOW I'm 
AJi ... that I waut to teach the _udeat to be au eftieiea& 
model builder. What CUI we tell the HUdeDt that wiD 
help him critique the model that he'. eonatrudiD,':' For 
example, we'll 1&1, "AD the important findiDp need to be 
explained." Obeervinl that he h .. failed to do 80IIlethiq 
that need. to be done, we'll teD him about the opera­
ton, eo he c:ao etep back aud Af, "Well, wbat bowleclp 
mipt I be millin, that prevented me from earryiq out 
that taN?" So debuui ... by explauatioa of failure-~ 
eeedi ... from model coaatraint. to operaton to knowleclp 
relatioaa-ia the applOllCb we're followinc. Thia Ieada to 
au interatiq model of Iearniq (Clauce)' III aI. 1986). 

Methoclalosial L ....... 

To aummarise 0DJ0in& project. mentioaed or alluded to 
bere, we are currently doiD, tbe followin,: 

• DevelopiD, instructional progams bued on NEOMY­
CIN 

• StudyiDI learDiq in the _tina of debuui ... a bowl­
edae bue 

• Reimp ...... tiq die apiauatioa. prepam to UIe the 
Jopc _eocliq of the meWulee (Hatinc thia progun 
iD the AIDe tMk-~ Iaapap 10 that it roipt 
reuoo about ita t: WD explauati0D8) 

• GeDeraliaiq our gaphica pacbce uaiD& objec'­
oriented technique. 

• Applyiq the Huden,-mocIeIi ... progam, ODYSSEUS, 
to bowledp acqUitioa 

• Pnpariq BERACLES for UIe by other people 
I'm &OiDI to jump up a level here to cooaider IOIIle 

rnethodoIockal ..... we CUI draw from thia reearch. 
Fipre 1 provide. a limpli&ed 1UIDID&r)' of how die 

variouI plOlf&lM aud ~ ide. are COIUIeCted. We 
ot.ene two examp" of a IpeCific expert .,..&em bein& 
aenenIiMd, with the ...... tiq IbeU a.cI to c:outruct other 
apecifie I1*mI aad a tutorin, 1bel1. r. there aay IoPc in 
thia eequeace that misht re¥al lOIDelbiq about IearniD& 
in Jeneral or at Ieut about how we learn by coutructinc 
propama? 

In the IeCtioa n..... in thit article, I indieatecl the 
eequeace of terminolocicaI ch ..... ("from ... to ... W) that 
teem to mark each major c:haDp in my uDdentandiq. 
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Figure 21. Partial Diagnoatic Model in NEOMYCIN. The proce. of eliap" • the coutnct.ioa of a proo! tree, 
relating the findings and diJordera that could have caued th_ fiamp. At .c)me intermediate .tate whea IOIYiac the problem, 
the aetwork is disconnected and partial. The patieat h .. RUUleS; what could have caued that? There illOme APport for 
Acute Bacterial Meaiaptis and lacreueci latracraaial Pre.ure, but th_ twolaJPOth_ laa\IU" beea reIaIecl ... there lOIRe 

undedying cause (procesa) th&t could KCOuat for all of the maaifestatio .. ? Diapoatic: operaton Call be ~ .. lIaph 
conltndioa operatora, {(]Cuing on particular Dode. aDd t..,u.S to pow tile lIaph dowa to .uppon ~ble explaaatiou or 
refininl it upward to more .pecific explanatiou. A fiaallituatioa·..,.alc moclel is a c:oaaected aetwork, with lOme root proce. 
that we I&y explain. the interaal .tatee (.ach u ~ncreued latracraaial Pnsnn), wlUc:la, in tUrB, explain 'lle o'-rvecl fiadiap. 
Thil graph, .. an arlumeat havill, the .\rudure of a proof, it the cliapoU, 80' tile term Acute Baderial Meaiqitil. 

The renamins that occurred in mavin.: from "clinical 
parameter" to "model" is dramatic. None :>( the interme­
diate concepts (hypothesis, relatloo, proce._, and 10 00) 

is new, but it is in~ins to note bow they are retained 
and how they build upon one another u the kaowledce 
structures are reinterpreted from dift'erent penpe<:tives. 

Thus, in BERACLES today, we have paruneten, 
terma, hypotheeea, dileM"', proce.s, atereotJpel, and 
models. All of these relT ~n true desc:riptiooa of "hal'. 
in our propam. The penpec:tive chaapa, broadeDin, 
from '.a,..,. lennia,'. (parametera, \erm8) ~ reao .. 
i", ,leaomeaolog, (hypotheeea), 40m.'" otdolon (diaeaae 
proceae taxonomy); and, fiBally, .pUtemoloticd "Uti_c­
'iolU (stereotypes, models). With the heuristic clu.ifica­
tioa penpec:tive at the top-couchecl in terma oI.,..-em., 
tub, and modela (Clancey 198&)-previoua terminolop 
is retained for describiDI the PfOlrUll at. dift'erent )eye". 

Looking cloeely at the aeqUeDee 01 research itaelf, there 
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are lOme clear patterDa: 
• Ab.traetiDIor pnenlDins terminolop \0 incorporate 

&DOlher specific do.nain (for example, l1lOVins from 
diaeMe \0 diaorder proceas) 

• Separatiq • domain model ("hal ia "true") from 
the interenc:e proce. ("bat to do) by ic:leDtifriac and 
j~ procedural aequencea (for example, defi.n.. 
iq JelaUooa for orderiq MYClN'. rule d.- .. d, 
later, deflaia& relatioDa for orderia& NEOMYCIN'. 
meWuJea) 

• Juatifyin& domain relatioDa in &erma of unclerlyin& cqa. 
.raint. and patt.erDa (for example, a the0r7 for pner­
atin, appropri&*e follow-up que.tioDa or triger ra1ea 
or a theory for paeratina • causal _work in terma 
of fault)' I&ructures and malfur.etiooa) 

Fipre 22 IIUIIlIIl&risea the overall pattern. The poiDt 
of the GlIal,.. phue ia \0 detect paUeru tha& 1ft) want to 



model explicitly and that have ~n ma.pped into the lan-
111. in an implicit. and perhaps undisciplined way. Thus, 
findinp and hypothesea, causality and subtype, and dia­
eue knowledle and procedures are not dist.inluished in 
MYCIN. FinJinss and hypothesea are both represented 
.. paramf!ters. Caulle and subt.ype are represented by se­
quences of claullel in rules, or in the relation between a 
parameter and its values (for example, paramet.er-"t.he 
kind of Meninsitis"; value--"Baeterial"). Focusing proce­
dures are also encoded by rule claulle ordering. 

There is apparently no end to t.his criticism; the same 
lame can be played with NEOMYCIN. For example, in 
attempting to improve the explanation program we find 
t.hat the Ulle of terms in NEOMYCIN's original metarules 
is ludicrously undisciplined; they are uaed like arbitrary 
program variables, with no apparent connection between 
IHYP and SCURFOCUS. Interpreting this representation 
for diagnoeis cauaes no difficulties, but the explanat.ion 
program needs to know that the me&arules refer to the 
same kind of entit.y, a hypot.hesis. 

This analYlis luuesta that detectin, patterns of Itate­
ments in lOme language, articula.tinl a new cl ... ification 
model, and defining a new procedure by which the Itate­
ments are to be interpreted are intricately related. Recall­
ing the analysis of metarules (MRS/NEOMYCIN: From 
Findinp and Hypotheses to Relationl), we obaerve that 
each new purpoee for interpreting a represent.at.ion re­
quires new distinctions-new re!l\tions-to d_ify exist­
ing domain terms, rules, and relations among them. Thus, 
the compiler needs to know which domain relations are 
predicates and which are functions (in the mat.hematical 
Ie,,). ODYSSEUS needa to know when metarulea can 
be reordered. The teaching propam Deed8 to bow why 
metwul. are ordered a certain way. In dMlifyjog rela.­
tions and term., we are CODItantly _jog, "Which t.hings 
can be procedurally operated upon in t.he I&IIle way?" 

Winograd reached the same concluaion in his analysis 
of bow languace arieee. The need to take act.ion reorients 
us to the world, forcing us to make new distinctions. The 
relevant. properties aUributed to an object. are determined 
by t.he role t.he object. play. in an action: "This grounding 
of deecript.ion in act.ion pervades all at.tempts to formaliae 
t.be world into a lin~istic structure of objects, properties, 
and events" (Winograd k Florea 1986). Indeed, by t.his 
analyaia t.he world and its objects exist. only in lanl1l., 
mediated by act.ion. 

The expert. system met.hodology of writ.ing down 
k1'owled&e in IOIIle structured way 10 that it can later 
be studied and better formalised is a remarkable, excit.­
ing turning point. in epistemological practice. We try to 
undent.and why a relation holds by abstract.ing it. and then 
trying to find similar relatioDl in the kn01l"ledge bMe. If a 
pattern bolds, we restate everything more abstract.ly. WhJ 
is it. correct to say t.hat. "broken mold" C&ueeI "inadequate 
feediq"? What. otlier causal links in t.he network c:onaeet. 

GENERATIVE 

.llSTFlCATIONS 

METHODOLOGY FOR MlROVING 

COMPUTATIONAL REPRESENTATIONS 

PATTERNS 

Flpre 22. MetbociolosY for Improvlq Computa­
l1cmal ModeJa. Ia lIae ~ of ~Iedp repnMIl\&Uoa, 
we write datemeata ia _e !UP .. ; we oqaaiJe wbt we 
lllaft wriUn clowa, cleKribiq ud c:IuIifyiq paltena; we ex-
plaia tIM pal&eru ia .... of pr;..iU .. nIatioM; ud we ..... 
a _!UP .. lIaat ....... _ to npici&1, atate ,...., pdJai-
tift nIatiou ud paera&e ~ ... oripaal pal .... Fe. GAIa"', 
cia.. c:ornIatiou ia ia MYCIN', nile .... __ ........ ia 
tub, 1INIlanIee, aad cIom .. reIatioIIa. A_1Mr CJde 0CCU8 w_ we ... , , .............. ud anic1Ilate ,lie c:ou&niata 
be .... &_ ..... SiIDilul)', pal"" ia NEOMYClN'1 __ 
- &uoaoIIl, ud CASTER'I cauaI iId~k .... IIltic.JaIed 
by cUraderiaia, ....... proc IIIII aad Ita&eI u u.c.­
mal etnc:t_ aad aalhK&iou. n-e _ penpecti_­
&lae eeuda b pal&eru ud tIIeir arUc.Ia&ioa ia a __ Iaa­
..... -alI rile ia .. at&elDp& to fona.Iate IDIIM pMratift 
ra&iaule b ~ IiaUIar Rnd_ ia __ dOlRias .. 
well .. to nalu&e aiI&iq ae&~" for COIIIis&eacJ ud ca.­
~. A paera&ift &--., of a 1CpnIIII~ fadlitalel 
Ieac:Iaiaa people J.aw to _ ,lie ~&atioa, ... .Jatia, 
i& for eIic:ieacJ, aad COIIIlndiq aplaaa&ioa procraaI ad 
bow .... IICIII .. &iaa tooIe. 

the I&IDe kind of coacepts, leavin& out. the I&IDe kind of 
cle&ailI? Do alllinb iD the network connect structures to 
(unctions? .. then any reMOD why t.hey Ibould? 

BaYing writ.ten a model clown, t.he moet. powerful t.ooII 
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of language come into play: 
• It is possible to reflect on what was said, to ask why 

it is true, to develop a better understanding or theory. 

• An incremental critique and transformation process 
becomes possible-the best way to build anything so 
that it is reliable and useful (Petroski 1985). 

Computational lllnguages provide a way of writing 
I.hings down so that the model is executable, the very 
thing we need for modeling processes. AI research is ex­
ploring how to model physical, inferential, communicative, 
motoIlc, and perceptual processes using qualitative (prin­
Clp~lIy nonnumeric, relational) representations (Clancey 
1986). Graphics providt: a medium for visualizing pro­
cesses, 80 we can understand the complexity of the sya­
tems we construct (Hollan, Hutchins, &.: Weitzman 1984; 
Clancey 1983c, Richer &.: Clancey 1985) and even start to 
ask new questions as icons and graphs become part of our 
language for stating theories. The marriage of qualitative 
mode~ing and graphics in the 1980., made available on 
cheaper. more powerful machines, provides a sharp stim­
ulus to AI research and a good reuon to be optimistic 
about the progress to come. 
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