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Those of us j,'lVolverf In the creation of t~~-=~dbO.:lk of A' \,-;o;i81 Intelligence, hot:t 
writers and editors, have attempted to make the concepts, methods, tools, and main result~ I 
of artificial intelligence research accessible to 8 broad scientific and engineering audience. 
Currently, A1 work IS familiar mainly to its practicing spe(;ialis ts end other interested 
computer sCientists, Yet the field Is of growing interdisciplinary Interest and practical 
importance. With this book we are trying to build bridges thllt are easily crossed by 
engi"~~rs, scientists In other fields, Gild our own computer science colleagues. 

In the Handbook we intend to cover the breadth and depth of AI. presenting general 
overviews of the scientific Isc;ues, as well as detailed discussions of particular techniques 
and important ~.i sy:>tems. Throughout we heve tried to kef)p in mind the reader who is not a 
speCialist In AI. 

As the cost of computation cor.tin,-,es to fa!;, new areas of computer applications 
become potentially v!able. For many of these area$, there do not exist mathematical "cores" 
to structure calculational use of the computer. Such IIreas will Inevitably be scrveri by 
symbolic model.> and symbolic infp.rence techniques. Yet those who understand symbolic 
computation have been speaking largely to themselves for twenty years. Wo feel that It is 
urgent Tor AI to "go public" In the Manner intended by the Handbook. 

Several other writers have recognized a need for more widespread knowledge of AI 
lind hove attempted to help fill the vacuum. Lay reviews, In par!icular Margaret Boden's 
Artificial Intelligence and NatIJra' Man, have tried to explain what Is Important and 
Interesting about AI, and how reseerct! in AI progresses through our programs. II" addition, 
there are a few textbooks that attempt to present a more detailed view of selected areas 
of AI, for the serious student of computer science. But no textbook can hope to describe all 
of the sub-areas, to present brief e)tplanations of the Important ideas and techniques, and to 
review the forty or fifty most important AI systems. 

-- The Handbook contains several different types of articles. Key Ai. ideas and techniqu~s 
are described in core articles (e,g., basic concepts in heuristic seerch, semantic nets). 
Important individual At programs (e.g., SHRDlU) are described in separate articles th-.it 

. Indicate, among other things, the designer's goal, the techniques employed, and the reasons 
why the program is important. Overview artir.les discuss the problems and approaches In 
each major area. The overview articles 5hould be particularly useful to those who seek a 
sl"mmaryof the underlying Issu"s that motlvette AI research.~ __ _ 

Eventually the Handbook ~d! contain "pproxlmately two hundred articles. We hope thet 
• ~he appearance of this material will stimulate interaction and cooperation with other AI 
research sites. We look forward to being advised of errors of omission and commiss!on. for a 
field as fast moving as AI, It's important that Its practltiooers alert us to important 
devitllopments, so that f'Jture editions wHI reflect this new material, We intend that the 
Handbook of Artiflc:lalintelllgence be a living and changing reference work. 

The articles In this editlor. of the Handbook wer" written primarily by graduate stl'dents 
In AI at Stanford University, with IIssistance from graduate students and AI professionals at 
other institutions. We wish particularly to acknowtsdga the help from those at Rutgels 
University. SRI International, Xerox Palo Alto Research Center, MIT, and the RAi~D 

Corporation. 

The authors of this report, which contains the section of the Handbook describing 
research on applying AI techniques to systems In science an.:l mathematics, are James 
Bennett, Bruce Buchanan, Paul Cohen, and Fritz Fisher. Others who contributed to or 
commented on earlier ver.brls of thl. section Include RandaU Davia, Daniel Dolata, Richard 
Duda. Robert Engelmore, Peter Friedland, Michael Geneaereth, Dougla. Lenat, and Glen Ouchl. 
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Fore'word 

Those of us Involved In the cr ... tion of t~'e Handbook of Artificial Intelligence, bot" 
writers and editors. have attempted to make- tIe conCt?ts, m~thod5. tools, and main results 
(If artificial Intelligence research Iccesslbl. t'l D broad scientific and engineering audience. 
Currently. AI work Is famll.ar mainly to it~ practicir., specialists anft other Interested 
(;omputer scientists. Vet the fleid Is of (.,owlng Int~rdiscipllnary Interest and practical 
Importance. With this book we are tryln< to build bridges that are easily crossed by 
anglneers. sclentlats In other fields, and ou; own computer science 00Ile''1ue5. 

In the Handbook we intend to covr.r the breadth ant4 depth of AI, presenting general 
Overviews of the -clentlfic Issuea, as \"e" as detailed :ilscunlons of particular techniques 
.n~ Important AI syatems. Throughout w! have tried to keep In mind the reader who is not a 
speCialist In AI, 

As the cost of computation con:ln .. e. to fall. nnw areas of computer applications 
become potentially viable. For many of tl;.a. Ir •• s. th.~CI do not exist mathematical ·cores" 
to structure calClilatlonal u •• of the cLmputer, Such .rea, will Inevitably be aerved by 
symbolic models and .ymbollc .nference tecnnlques. Yet those who understand symbolic 
computation have been spe.klng 'argely to theme.lvee for t .. 'anty yellr •• \\e feel that It Is 
urgent for AI to "go Dubllc· In thell\anner Inten:fed by the Handboo6t. 

Severt.! otner writer. have recogntzed a ne.d for more wld.spread knowledge of AI 
and have att.mpt.d to help till the vacuum. Lay revl.ws. In pr.,tlcular Margaret Boden's 
Artificial Intelligence and N.tural Man, have tried to explain what Is Important end 
Inter •• ting about AI. and how research In AI progr ••••• through our programs. In addition. 
there are. faw textbooks that Itt.mpt to pres.nt • more detailed view of selected .reau 
of AI. for the serious ~tudent of computer eelence. But no textbook can hope to describe all 
of the sub-area •• to pre.ent brief e"plan.tlona Of the illlportant idea. and techniques, and to 
ravle.v tile forty or fifty most Important AI .~.te ..... 

The Handbook contains several different type. ot articles. Key Allde.a and techniques 
are de.crlbed in ('ore article. ( •. g •• ba.lc concept. In heurl,tic sPoarri!. semantic nets). 
Important Individual AI progralM (a.g., SHRDlU) are described In •• pa,ate articles that 

'Indlcat •• among other thing •• the de.lgner'. goal. the technique. employed, and the reaeon£ 
why the program Is Important. O\.'ervleW articles discuss the problems and approaches In 
•• ch major .r... The overvie'N articl., ahould be pt rtlcuhtr!y us",'uI to those who .eek • 
lummary of thu und.rlylr.g .. eu •• that lIIOtIvat. AI '· .... rch. 



Eventually the Handb,;,ok will contilin approximately two hundred artele •. We hope that 
the appearanr.e of this matei'lal will '!tlmulat" Interaction and cooperation .-.. Ith other AI 
research sites. W~ look fo.-ward to belrajl advlsod of errors of omission and commission. For a 
field as fast moving lIS AI, It Is Important that It. practltlor.",r •• I"ltt us to important 
developments, so that future edltlon:t Will re11ect this new material. We Intend that the 
Handbook of Artificial Intelligence be a living and changing reference wotk. 

The articles In this edition of the Handbook were written primarily by graduate students 
In AI at Stanford University, with assistance from graduate students lind AI professior-.'s at 
other Institutions. We Wish particularly to acknowledge the help 'rom those at Rutgers 
University, SRI 'nternatlonal, Xerox Palo Alto Res.arch Center, MIT, and the RAND 
Corporation. 

The .utho~s of this report, which contains the section of the Ht.ndbook describing 
research on applying AI tectm'ques to systems In science and mathematiCS, are Jame. 
Bennett, Bruce Bu(' ,.anan, Paul Cohan, and Fritz Fisher. Other$ who contributed to or 
commented on e.rller venl/cn.~ IJf this section Include Randall Davia, Danle' Dolata, Richard 
Duda, Robert Engalmora, Pater Friedland, Mlchae' Geneserath, DotI~la'lenat, and Glen Ouchi. 

Avron Barr 
Edward Fe'genbaum 

Stanford Urllverslty 
July, ·,919 



Handbook of Artificial Intallieenee 

Topic Outline 

VoIunIe. I .nd 1\ 

Introduction 

The Handbook of Artificial Intelligence 
OVbrvlew of AI Research 
History of AI 
An Introduction to the AI literature 

OVerview 
Problem Representation 
Search Methods (or State SpIce., AND/OR Grapha, and Game Tr ... 
Six Import.nt Search Progr'lN 

Repre.entetlon of Knowled,. 

Isaues and Problema In Repruentatlon Theory 
Survey of Representation Technique. 
Se 'en I",portant Representatlan Scheme. 

AI ~ro"rammln, Languege. 

Hlstorlc,,1 Overview of AI Progr ...... ing L.nguage. 
Comparison of Dat. Structure. Ind Control .......... In AI Llngul, •• 
LISP 

Nltural Langua,. Understanding 

OVerview - History and 'H.,... 
Machine franalatlon 
Grammar. 
Par.lng TechnIque. 
Text GeneratlCl" SystetM 
The Eerly NL S)'8'e ... 
Six Important Natural Language Pn.ceHlno Syat ... 

Spe.ch Und.rstandlng Bye" ... 

Ov.rvlew - History and 0.1011 i .. .,.. 
Sev"," Major Speech lJncIentendlng Pro~cta 



Application.-oriente1 AI R •••• rch -- P.rt 1 

Overview 
TEIRESIAS - III sues In Expe;1 5}'stems Of'slgn 
Rfssearch on AI I\pplh;atlons In Mathematics lMACSYMA and AM) 
Miscellaneous ApplicatiOns Hesearch 

Applic.tlon.-orlent.d AI R •••• rch -- Part 2: Medicine 

Overview of Medical Applications Research 
Six Important M8~lcal Systems 

Applic.tlon.-orlented AI R •••• rch -- Part 3: Cheml.try 

Overview of Applications in Chemistry 
Applications In Chemical Analysis 
The OENORAt Programs 
CRYSALIS 
Applicatinns In Organic Synth.sis 

Appllc~tlons-orl.nt.d AI P ...... ch -- Part 4: Education 

1-415tO(lcal Overview of AI Rese.rch In Ectuc.tlonal Applications 
Issues In ICAI Sys(ams Design 
S~\lP Important ICAI System. 

Automatic Programming 

OVerview 
Techniques for Program Spe~lflc .. tlon 
Approaches to AP 
Eight Important AP Systems 

TIt'iollOflJinl sICtions Of till HtJ1Uibt»l .TI stUt 111 pr'f'C,ctton .0 .Ul ~ppHr 111 tit, tltird 
I/Ol"m,; 

Theorem Proving 
Vision 
RobotiCS 
Information Processing Psychology 
learning and Inductive Inf.rence 
Planning and R.'ated Proble .. -.alYing Technique. 



A. OY.rv'..,w 

Within the past decade, Artificial Intelligence (AI) technlqu8s have been IPplied to the 
devE.lopment of ",,", s,SI'''''S, computer .yatems Intended to assist researchers solve 
comple~ problems In thel, .clentlflc or medical specl.nty. The ••• ystems .re most strongly 
charact.rlnd by their use of _eIlft IUIOflll,d", gl.aned from experts, In the problem-solving 
t.ska. 

The syst.ms described her. were orlgln.ny designed to be flpplled In their Intended 
communities, and ali but a few ere In cons I. tent use. Moat of the .ystems are still being 
researched and developed. The emphl.1a In this chapter Is on a description of the 
appHcatlons and research of AI techniques on real-world problems. 

A layman or general r.s.archer la distinguished from a .pecla"st In a SCientific or 
technical domain l'y the va.t amount 0' lJII~j"'icGl knowledge that the expert has amassed 
during the cour •• 0' his prot.sslon. This ta.k-.peclflc knowledge Is, of course, based on any 
COftClptU4l or theoretical knowl.dge th.t underlie. proble", .oIvlng I" the domain. Any so­
called hOfJlI,d,,-bdstd Iyatem dealgned to aaal.t uae" In the dom.tn .t thla expert level 
requlfes both the empirical .nd the theoretical :.oowtedge. Developing representaUonal 
vehIcle. th.t are able to encode thla partly pubMc, partly private knowledg. of the domain 
ha. occupl.d the AI r •••• rch.r. during the conatructlon of an thes. systema. 

Using repre •• ntatlon. of domaln-spaclflc knowledge, artlflcl.1 Int.nlgence research has 
yielded aystem. wfth slgnmcant problem-soIvtng abilities, at times better than the abilities of 
the human experta. In addition to d.".loplng .d.quat. reprea.ntatlona of this domatn­
specific knowl.dg., research has .mp .... lzed the d.v.lop .... nt of vlrloull reasoning and 
explanation proc.dures that ",an/pulate thle knowtedg •. In particular, much emphasis has 
been placed on the dev.Iop .... nt of ",.thods of '"natt fICSOftt"I since for many of these 
domatns, notably _dleln., the experts' appr.I"., of the prob\8111 situation cannot .Iw.ys be 
c.rteln. 

The m.jor domllns of expertls. that ha". be.n dev.lop.d .s applicationS systems 
Include: the dl.gnosla .nd tr •• t .... nt of ".rIoua dI ..... (.ee .. ctton Mlldcine.CO, the deSign 
of computer e.slaltanta for both the .nalytlc Ind .ynth.tlc aspecta of organic chemistry 
(a •••• ctton cn, Interactive tutoring 'ystems In fatllc.tlon (.ee •• ctlon Ecu:atian.OYervi.w), 
and •• sl.tanta for p.rformlng .dv.nc.d ... t,.ematlca ( •• e artlel. ca). A number of other 
notable epplleatlona have b.en d.veloped Includtng applcatlona of AI to databese 'n'orm.tloo 
retrieval prob ..... (aee article E4) and a gaaloglcal ... latant (ae. article Ea). There ISr •• 

host of recent .ppllcatlons as well that do not ha". artleles In thle chapter, auch a. SACON. 
a system for advising .tructural .ngine.... In the use of a large flnite-e"m .... t anely.ls 
program used to lIOdel vartoua .... c ... nlcal.tructur .. (Bennett.t .1., 1978); PUFF, • aystem 
for diagnosing • p.tlent with v.rIous pulIIonary ctysf...cttone (F.'g.nbaum, 1977); and 
HEADMEO, g eyatelll for diagnoeta anet treatMent of p.ychl.trIc p.tlent. (Heiser, 1 9 7 7, 
1878). 

Typically, th •• e .y.t ...... r. conaIcIered InteRlgent If th.y m.et the fOlloWing criteria: 
Th. .yetem give. correct .",were or useful advlc., and the conc.pt. .r.d r ••• onIn~ 
Proce •••• that the .y.t. us •• to solve the pfObIew: r ...... thoM thet'M' user might 
employ. ThIs , .. t conc.m .... MOtIv.t.d .... daIgn of eyate. cap.bI. of explaining th.lr 
r.asonlng a~ a c ••• , capable of ............. focusad dialogue WIth a user whe., pursvlr.; 
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relevant facts and Inferences about the user's c.so ... nct capable of using knowledge at the 
conceptual level of the u.er wherl solving end explaining both the problem and the system's 
solution. Achieving th.a. prlm.rlly 1t1l"'411-Pli"~"i"l concerns has r.qulr.d m.ny advances 
In artificial Intelllg.nce. The.e • .,..Itl •• and d.""IopIIt.nt •• r. d.talled fOf •• ch systa ... in the 
followinG .rtlcles. 

Evolution of Expert Sy.t.m. 

Work In AI during the 1960s Identified and explored general-purpose problem-solving 
tectlnlques that woo;d be .pplic.ble In • large number of problem-solving situations. This 
rese.rch Introduced .nd retined the concept of heuristic search (see Search) as a 
mechanism of problem solving. These Ide.s and developments were embodied In such 
systems as GPS, REF-ARF, QA4. PLANNER, etc. These systems dealt with problema In domains 
such as chess, I'flbot pl.""lng, .nd blocka-worlo:S ",.nlpulation., as well as the classic 
problem-solving sltu.tlons found In puzzles sUGh as the Tower of Hanot and Th. Mlsson.rles 
and Cannibals. 

During the mld-1 960., the fl',,~ .. xpe,t systems were developed, Including DENDRAl and 
MACSYMA. In 1966, the Heuristic Programming Proj.,ct at Stanford University began to apply 
these search techniques to the design of .n Int","gant assistant to alj chemists In 
elucidating the strL'cture of unknown chemical compounds. Motivated by Interest In modeling 
t .... e thought process of research scientists, EdWard Feigenbaum .nd Joshua Lederberg of the 
DENDRAL proJ.ct began to emphasize and use larg .. alllOUnta of domain-specific knowledge In 
the aolutlon of this major rtfll-world ~rtJblm. 

The"e systems were d~slgned to manlpulatil! and explore large, symbolically expressed 
problema that w.re known to b. difficult for hllman researchera to solvo. The .. e problems 
were characterized by the fact thet 8. th""~ ...... dflc.tlon. grew ,. cCIl'II'exlty, so did the 
number of solution poeslbilltes that had to be ex.ml~ed. The larger the size of the problem 
speclflcattc." ( •. g .• size of the molecule In atoms/bonda or complexity of the expression to be 
Intarorated), the more dlfffcult " we. for human r.ae.rcher. to discover aoIutlons or be 
confident that all vaNd solutions had beon found. Thts COlldJiJl4tlll'itIl fX~losto" In the solution 
search space ... lly outstripped the abUitles I)' III08t IwIHn res.archers. The .bUIIy of these 
application •• y.t ..... to deal wtth the I.rger solution apace. extended the Omit on the types 
of problems capable of solution wtth the pr.sent conceptual tools. 

More recently, the motivation for conatructlng these kn\JWIedg.-based aystems 
Includes a number of other factor.. The.. expert systerna prom". to have significant 
economic and .octet Impact. (See e.peclally the ~i'ticle. on Synth •• I. lind PROSPECTOR). 
For exampl., 'tie organIC .ynthe... .y.t..... are uaed actlv.1y by drug and ch.",'ca_ 
manufacturing companl.. to uncov.r In.xpenalv8 _thode of aynthe.lzlng varioua 
compounds. In .... dlcln., th •• e ay.te",. h.ve the capabtllty to .x .... lne all posslbl. d ...... . 
that might b •• ffllctlng • p.tl.nt. In .ddltlon, the abllty to cociitly the expertls. In a domain 
mak.s the •• aya'e",. potentially a"a"abl. for tutoring .nd .......... rtt purpose •• 

For •• ystem to achIeve bro.-.d .ppIe.bIIIy within a ,pecl.Rty and to r.maln complete 
and correct In It, a •• rcn for problem solutions, larae .1IOUI1ta of "'aln-.p.clflo: knowledge 
have had to b. repre •• nted and handled. Thue, while heuristiC ••• rcf1 ",ensgellent Ie atlll • 
... ajor conc.m In the conatructton of .ny .xpert IY8t_, the large aMOUnts of .xpert 
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knowledr,' required to .chleve .n .dequ.te, efficient solution to these problems have 
fostered problems In the construction and malntalnence of t!-tese knowledge bases. The 
concerns of effective representlttlorl and management of the large. domain-specific 
knowledge bases have shlfte·1 attentlr..A1 .way from development of programs designed to 
solve '1l1rge combln.torlal problems. !Such as those that prompted th.- DENDRAl programs. to 
those that require more empirical knowledge for their solution. Current research emphasizes 
not only the representstlonal adequacy of the existing formalisms but also such Issues as 
the appropriate raJn si%I of the knowledge (lte ar.lcl. ~tian.B) and I"'proved 
explanation. Inference. and acquisition abilities (B). 

Dimension. of Application. 

Most of the application ayatema described In this chapt,r can be viewed as consultant; 
that formulate opinions or as models about ,tUtS thet give advice to their user. The tasks 
these consultanta .re designed to pf:lr!('m1 .re typlc.lly repetitive .nd somet:mes beyond 
human abilltles--problems that reql'!rc knowledge of f.cts and relationships known only hy 
speCialists. A consultation system Intgracts with the user during the problem-solving task. 
The current systems emphasize ~he ~ovnltiv'3 abilities that support this 'raeractlon such as 
the abilities to explain lines of r.asonlnG or to intefactlvely acqulf. new domain knowledge. 
This Is especially true for the medical and educ.tlon.1 syste,ns where much rese.rch ha~ 
gone Into the design of well-engineered. responsive, user Interfaces. 

The Ai research conducted for these application systems Is different from other 
malnstr~am AI research such as that on speech or vision. App:tcatlons rese.rch does not 
con~entrate on developing models of the various physiological funetlons that .re of Intere~t 
In these other .reas. The COlOliltlve abllltl.:. r.qulr.d by t~e current applications .re prim.rll, 
conceptual In nature .nd do not depend on sophl.tlc.ted perceptual cap.blllties In or~er to 
be performed. Research cvncentr.t.s lnatead on the r.qulrements for systems to utilize 
dlwitJptd hUI".an expertls.. Thl. expertls. Is typlC.Ry .t • high conceptu.' level .nd Is easily 
encodable In the symbolic repre.ent.tlon., for",.Ha",a th.t h.ve been developed. 

R.pr ••• ntattonal adequ.cy. AppHcetlons r •••• rch has proved a valuable testing 
grouna for the techntquea develop.d In other .re.s of AI research. In addition to the 
.ugment.tlon of heuristic se.rch methode by dom.ln-speclflc knowledge. represelltation 
'ormilisms developed for modeling psychological •• p.cts of cognltlon--.uch as .emantlc nets 
(see artlcl. Rep .. entalian.~) .nd production aystems (see artlcl. Rep ~.tian.C3)-­
have b.en used ubiquitously In the applications described In this chapter. Technique. 
developed In the cour.e of natural languag. ' .... reh ( ••• ch.pt.r Nab.n" ~, N.tur.' 
L.nguage) h.v. been usee: to .chl.ve the .".ctlv. m.n-m.chln. Int.rf.c. r.qulred of 
the.e Inter.ctlv. conaultent .ystem •• 

Domaln-Indep.nd.nc. of the .ystem.. As p.rt of the r.search on the adequacy of 
these repr.s.ntatlonal fOrlll.lls ..... nullber of th'$8 .y.t .... h.v •• tt.mpted to m.'nta'n • 
strict sep.r.tlon between the domaln-.peciflc knowl.dg •• uppll.d by the .xpert .nd the 
dom.'n-Independent knowledge .nd capabllltl.. of probIe", aoIvIng that thlt .y.tems 
Intrinsically pos ..... The t.sk of d.te,.lNng .. hat .bllltI ••• nd Wh.t knowledge constltut •• 
an .".ctlve dom.lrl-lnd.p.nd.nt IYlt.", occuPIes IltUch of the AI r .... rch In appllcatlona. 
For e •• mple, the EMYCIN ay.t ... consist. of the b.sIc control .tructur. found In the MYCIN 
sy.t.m (see .rtlcle MecIcit&Ca) with the infectious die •••• koowltdge b ••• removed; this 
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"empty MVCIN" system retah·s the capability to Interact with the user during a case, to 
oxplaln Its reasoning, and to answer questions about a case In a P1ew domain of expertise. 
This system has been used successfuHy to develop the applications In pt,Imonary 
dysfunction, structurftl anal),'sls, and psychiatric dlagno~1iS m('!ntloned In the beginning of thiS 
ollervlew. Numerou ' ott.er systems similar to the EMYCIN system .i~ being developed, such 
.s the IRIS sY'Item (:> ... .J article ~ecici,..C7): thilse domain-Independent consultation 
systems are a major product of this applications recearch. 

Explanation .nd the op.t::lty of knowledge. As mentioned previously, a major design 
Issue for some of these systems, for the consultants In particular, Is whether the ::oystem 
needs tc.. explain Its r~asonlng to a user. 1 his capability Is Implemented primarily In the effort 
to convince users that the system's reasoning Is appropriate and th.t Its conclusluns about a 
case are ~eason£ble. In some cases, however, the problem-solving expertise used by the 
system Is In a form that Is not at all similar to tt,1o! expertise that an expert user would use to 
obtain the solution. for pxsmple, In the case of the OENDRAL programs, the generatC', of 
chemlcel structure solutions uses a procedure for exhaustively producing solutions based on 
various graph theoretic notlllf1s that the average organic chemist using the system Is unlikely 
to know or care about. Thus a major J;ortlon of the OENDRAl expertise resides In a procedure 
that Is conceptually opaqut to the normal user. The gener ... )r was developed because " was 
dlsf;:overed t~at the .1Ieth()d used by the chemist to generate solutions Is Incomplete and thc 
m~ttlod used by the OENORAl program has been mathematically proven complete. JII similar 
situation exists in the MACSYMA system. which uses the Risch algorithm for evalu:Jtlng 
various types of Integrals. Whllt· mathematically c;~rect. It Is rarely employed by human 
mathematicians bec.us!'! of Its complexity. The correctness and continued success of th'l 
programs serve as their primary fOf'm of explanation: 1"e uaer community ia thus cCfwinced 
that the performing system Is bo~h aecept .. ble and use.ble. 

Ir, contr.st, system~ ",ueh as MYCIN and PROSPECTOR have been designed to represent 
and explain the reasenlng process ulSed by the system in a I"anner that Is understandable to 
the knowledgeable user. These svstems require a represent.tlonal formalism capable of 
supporting the reasonlnil !lnd explanation ablUtle. that would closely apprOXimate the 
conceptu.1 structure of exp!'lrt and user. Since most of these scientific and technical 
domains have a well-defined set of concepts that their practitIOners use consistently, the 
systems designers have capitalized on this consistency and have designed the programs to 
accept and reason with ~nowtedDe using these concepts. 

Assuming a .ystem has an explanation facllny, the aystem designer face. another 
Issue: Should the system re/lson and apply the expertise In a manner that re.embles the 
method. employed by the human expert? In MYCIN, for exalllple, no claim Is made by the 
deslgnors that the simple backward chaining reasoning lIIethodofogy has any strong 
resemblance to the methods .ctuaRy employed by human physicians performing infectious 
dlseaae diagnosis. Although the m"dlcal concept, employed by the aystem are familiar to 
rfK'st physicians, the method of Inferring the Infectlon8 and cau ... ' ~ . .,anlsml!, while 
under.tandabl. by a physician, Oear. Intle reseMbi.nce to • doctor" normal dl.gnostlc 
reasoninG. B/ contrast, the PIP and INTERNIST .yst ...... mphaslze the slmllarltle. of their 
diagnostic procedures to t~. used by phy ...... 

Knowl.dge .cqutaltion. DurIng the developtnent of the knowt.dge base, the expert Is 
unlikely to pre.ent &11 of the relevant facta .nd r.latioMhips that are required for expert 
performance in the doIIaln. Baing huMan, experts tend to forget or IIIMpItfy d.t .... about their 
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knowledge, requiring the system to ba abla to augm"nt Its knowladge at a later time. Since 
the knowledge Impa, ted to the system Is largely empirical and the domains are themselves 
rapidly developing, It Is necesaary that the sy.tam be able to perform these changes easily 
and In an tncrtwl~t41 or modular f.shlon. Thus, most of the recent appUcatlons systems have 
emphaalzed the use of representation vehicle. that allow for the Incremental construction of 
the knowledge base. 

Many researchers use "odULtion nd,s to perform this incremental construction. Each 
rule and rule aet repreaents a "chunk- of domain expertise that is communicable to the user 
and that can be added or extrbtted "'''th re'atlve .... e. Thu. the performance of the syatem 
can be Improved by modifying the knowledge baae with new rule sets that deal with new 
do",.lns or subdol'ftalns. Furthermore, the production rule formaUsm can directly accommodate 
the concept. of the domain expert enci thus .. IIIOre .e.Hy COIft",unlceble to both the user 
a"d ttoe expert. 

The Future 

A primary research activity In tha ne.r future wu\ b. the de"8!OPment of faclllti.,. for 
acquiring the domain c'Jncepts and the emplrlca' knowledge that thesa systems require. At 
present this Is a palnflll process Involving ",any Indlvtduals, Including both domain expert8 a"d 
computer scientists who togethar construct the knowledge bese. More efficient Interfaces 
for ecqulrlng thl. domaln-.peclflc knowt.dge, along the ""e. of the TEIRESIAS system (.ee 
artlc!e B) and the methods !lsed by the Met.-OENDRAl .yst.m ( •• a article Cik:). ne~d to be 
developed before .Ig~"flcantly lerger expert aystelU can be construc,,,d 

Whll. the doc"eln. Ind methods that have been develOPed .re Interesting and 
challenging In their own right, they repre.ent only •• ma" fraction of the total cognitive or 
eve" conceptually cognltlv. abilities that a humIn pos....... The.. at)Hltles .ra for the 
moat part as yet undefined In c,,"ent cognIttY. ,.searchi If they were, they would probably 
b. the .ubjecta of further AI r •••• rch. 

The slz. 0\' current .y.te.... II typically given In tflrms of som ~ convenient 
messurement of trle domain-specific knowledg. contained by the system. for ex~mple, the 
MYCIN sy.tem contain. approxlmataly 460 rule. and a slmHa, number of clinical parameters 
that It use. to diagnose end pr •• crlbe tr •• t .... nt. for .,atl.nts with bacteremia, cystitis, and 
meningitis. The SYNCHEM .y.tem cont.1na approximately 390 transforms that It uses to 
construct plau.~bl. organic .ynth .... rout... Th. order of .... gnltud. of .xpert knowledge 
has been prlmarHy a function Of .xpert InvoIvem.nt and effort. The.. syst.ms can 
pot.ntl.'ly support 'Irg.r knowledga b •••• but there hi. b •• n no .ffort yet to construct 
th... mora c':Mftpr.h.neh... "yate_. At pre.ent, onty .... ct.d .ubdomalna a,e actually 
r.pre •• nted .nd used. 

It I. clear that AI and CCMftputer .clenc. WIll have to develop new technique. for 
handling the truly larue-scale knowledge b •••• that wit .x .. t In the future. A step In this 
dlr.ctlon has been taten with the developlHnt by Davie (1g78) on • repres.ntatlOn for 
knowledge about domain knowtedge or ""tJ-btJllllil". Thia donIaln-speclflc knowledge Is 
uaed to determine the cor .... tency and approprllt.ne.. of varloUl knowl.dge source. 
davetoped and .... d by the .yst... The .... of .... t.-knowledge Ie one of the way. 
k.1OWIedge Can b. organized both dyna_ally and atatlCally eo that It .. COIftPr.henalbie not 
CAlly to the machine but alec to the .... n ... ., and .xpert. 
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An Application Article 

An ltrtlcle on the Individual application •• y,tem, In thl, chapter will attempt to cover 
the following topics: 

A descrlptlon of the problem domain (e.g., chemistry, infectious dlseas., 
etr-.), the particular task the application system was designed to perform 
(e.g., elucidate chemical structures, diagnose and treat a patient with an 
Infectious dlscas., .tc.), and the major motlvlattons behind the system's 
d.slgn, both tor AI and tor the task dOmain. 

A description of the task-specific knowledge used by the eystem to 
perform the problem-solving tesk (e.g., knowtedge about probable bond 
breaks for a compound In a maas-spectrometer, knowledge about possible 
Infections and their cauaal organlsr.IS, etc.). 

A description of the particular AI method. that were used to represent this 
knowledge and a description of how the represented knowledge Is used to 
reason about • particular case. This description sometimes Includes an 
a",lOtat.d sample Interaction between a user and the system. 

An Indication of the current leve' of expertise of these systems and an 
Indlutlon of their present .tatus.nd possible future development. 

Throughout these artlcle~, emphasis Is placed on Illuminating the major Issues dealt with, and 
contributions made to ArtlflclallntellitenCe by the design of thpse systems. 

Felgenb,,,m (977) gives a short re"'8.1 of thl, area of :-eaeafch. The textbook by 
Winston (191.) also re"'e,,:; this area briefly. Recent work on some of the ""portant 
systems Is described In a special Issue of the Journal of ArtIficIal Intellfgence (Srldharan. 
1SJ78). 
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B. TEIRESIAS--I .. u •• In fxr art 8ys'.'~n D.slgn 

TEIRESIAS Is • system for faclllt.tlng .utomatlc acquisition .nd m.'nten.nce 0' the 
large knowledge bases used by ex,>ert systems. Although TEIRESIA~ Is not Itself an 
.ppllcatlon of AI to some domain. It deals with many Important Issues In expert sy~tems 
design th.t are relevant to .11 of the programs described In thlll ch.pter. The system was 
developed by Randall Davis as part of his doctoral r.search at th. MYCIN project lit 

Stanford. and th!s article assumes some f.mlllarity with MYCIN's rule-bssed I:nowledge 
represflntatlon schema and Its btJcltDiard-chtJining control structure (see Article Medicine.C2). 
However, the Ideas .nd techniques th.t TEIRESIAS uses .re not necess.rlly limited to 
MYCIN's domain of Infectloua d!se.ses or to the productlon-rul. form.lism used by MYCIN. 

As discussed In the Overview, systems t"at achieve expert-level performance In 
problem-solving tasks derive their power from a large store of task-"peclflc knowledge. As a 
result, the cre.t.on and ma:l.gement of I.rg. knowledge base. .nd the development of 
technique. for the I"formed use of knowledge are now central problems of AI research. 
TEIRESIAS was written to explore some of the Issues Involved In solving these problems. 

Most expel t progr.ms embody the knowleoJge of ()41e or more eXJlerts In • field, like 
Infectious diseases, .nd .re constructed In consultation with these experts. Typically, the 
computer IIclentlst Jr.ldiCllIs betw.en the .xperts .nd the program he Is building to model 
their expertise. This Is • difficult .nd tlme-conaumlng task, becau •• the computer scientist 
mu.t le.rn the b.slc. of the fI.ld In ord.r to a.k good qu •• tlona about what the progr.m Is 
supposed to do. 

TEIRESIAS's goal Is to reduce the rote of the hum.:l Interm.dl.ry In this task of 
lnorul,d" acquisition. ~y .sslstlng In the construction .nd modification of the system'. 
d.t.b.... The human expert cOlltm,",lc.t.s, via TEIRESIAS, with the pn/ormancl program 
(e.g., MYCIN). so that he c.n dl.cover, with TEIRESIAS'. help, wh.t the perform.nce program 
I, doing .nd why. TEIRESIAS offe,. f.clM ... for IftOdIfying or adding to the knowledge base 
to correct errors: Using TEIRESIAS, the hum.n expert can -.duc.t.- the program Ju.t as he 
would tutor a hum.n novice who ",ak., .... t.k... Id •••• bout how thla -debugging- proce.s 
I. best carried out ar •• t the core of TEIRESIAS' •• ucc •••• 

TEIRESIAS .I.n recognize. the Inex.ct, .xperlentlal ch.racter of the knowledge that Is 
often required for knowledge-ba.ed .y.t.ms and ( ••• x.",ple. b.1oW will Illustrat.) offer. 
the expert .ome a .. lst.nce In fonnulatlng new -chunk. of knowledge- of this sort. Another 
major .Im of the sy.tent was to provld. • .... ch.nts'" for 8tIIbodyIna strategic information. 
1,f".··,"tI/,s (dlscus •• d b.low) ar. used to dIr.ct the us. of obJect-lev.1 rule. In the 
knowledge ba •• and to provide • MeChaniul fot encodInG probIa.-aoMng s"at.gle •. 

Interactive Tran.fer of Expertl.e. 

It I •• n e.tabllsh.d r.sult th.t .n .xp.rt knows mora about a flald than he I. aware, or 
capable of articulating complet.ly. Thus, a.klng hili. broad que.tIon Nk. -Tell ... everything 
you know about ataph-Infactlona· wIN yield onty a traction of hit knowt.dg •• TEIRESIAS'. 
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approach Is to presen( the exper, with some errors marle by an already established, t'v~ still 
Incomplete, knowledge-based pru!:ram and to ask. !rxuJtd question: "What do you knc'w that 
the program doesn't know, wl'olch makes your expert diagnosis different In this case?" 

This Interaction Is called trans!#r 0/ npntist: TEIRESIAS Incorporates Into the 
performance program the capabilities of the human expert. TEIRESIAS does not attE!mpt to 
derive new Information on Its own but, Instead, tries to "listen" as attentively end 
Inte111gentty as pOSSible, to help the exp.rt augment or modify the knowledge base. 

Interactive transfer of expertise between on expert and an expert program begins 
when the expert Identifies an error In the performance of the program and Invokes TEIRESIAS 
to help track down and correct the error. Errors .re manifest IS program responses that !he 
expert would not have made or as "lines of reasoning" that the expert finds odd, 
superfluous, or otherW!!9 Inappropriate. The first kind of error might be, for example, a 
wrong conclusion about the Identity of a bacteria. On the other hand, the performance 
program may Just esk the expert, during a consultation, • question th,t, In the expert's 
opinion, does nothing to re,oIva the Identity of the bacteria. Thi. Is an example of the "line 
of rea.onlng" type of error. 

Both kinds of error are assumed, by TEIRESIAS. to be Indicative of a deficit. or "bug," In 
the performance program's knowledge base. Transfer of expertise begins when TaRESIAS Is 
called upon to correct the deficit. TEIRESIAS fixes bugs In the knowl('·dge base by: 

1. Stopping the performance program when the human expert Identifies an error. 

2. Working backwards through the .tep. In the performance progra", that led to 
the error, until the bug Is found. 

3. Helping the expert fix the bug by .ddlng or IftOdltylng knowledge. 

To Identify faulty reasoning stepa In the performance program, the expert can use the WHY 
and HOW commands to .sk TEIREStAS to back up through previous steps, nflldining why they 
were taken. The aame explanatory abHltlea can .Iso be used when there Is no bug, to help 
the user follow the system's line of reasoning. Slnee many 'afge performance programs carry 
out very complex 'nferances that ara essentlaly Whidden- from the person using the program, 
this Is a valuable facIUty. 

One of the prinCipal problems of AI Is the question of appropriate repre.entatlon and 
use 01 knowledge about tha world (sea A8p ... ntation). Numerous techniques have been 
used to repre.ent domaIn knowledge In various appllcatlonl pt'OQrams. A cantral theme of the 
research on TEIRESIAS Is exploring the use of "",o-hl1lll1ttl". Meta-Ieve' knowledge's 
simply the repre.entatlon In the progra .. of knewtedge about the program Itself--about how 
much It knows and how It reasOM. Thl. knowledge ,. repre.ented using the aa ... e 
representation technique. used to repr •• ent the domain knowledge, yielding a program 
contalf'lng obJlt,-lnll repr •• entatlone de.crlbtna the externa' world and "",ro-l1W1 
repre.entatlon8 that delCrtbe the Internal worfd of the progra"" ttl .e"-knowledge. For 
example, ",any AI programs ule the notion of a ftc., to ,epre.ent the knowledge used by the 
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B. TElflE8IA8--I .. u •• 'n Exp.rt Iy.tem. o •• lgh 

TEIRESIAS Is • syst.m for f.clllt.tlng .utom.tlc .cqulsltlon .nd m.lnt.n.nc. of the 
I.roe knowledge bases used by expert systoms. Although TEIRESIAS Is not Itself an 
.ppllc.tlon of AI to some ~aln, It d •• ,. with m.ny Import.nt Issu •• In expert systems 
design that ar. relevant to .11 of thlt progr.m. descrlb.d In thl. ch.pter. The .ystem was 
develop.d by Randall D.vls as part of his «lcx:tor.' r •••• rch .t the MYCIN project lit 
St.nford, and this artlcl. assumes soma famili.rlty with MY'CIN's rule-b.sed knowledge 
represent.tlon scheme .nd Its bddllard-d,u1UlIl control .tructur. (see Article Medicine.Cia). 
However, the Ide.s .nd techniques th.t TEIRESIAS use~ .re not necessarily limited to 
MYCIN's dom.'n of Inf.cttous dl.e.s •• or ~ the productlon-rul. formall.m used by MYCIN. 

Knowledge-b •• ed Progr.m. 

As discussed In the OvlWView, .ystems th.t .chl.ve expert-Ieve' performance Irl 
problem-solving t.sks derive their pow.r from • large .tore of task-specific knowledge. As. 
r.sult. the cr •• tlon .nd man.g.ment of I.rg. knowledge bases .nd the development of 
technIques for the Informed us. of knowledge .r. now centrll probl.ms of AI research. 
TEIRESIAS w.s wrltt.n to explore some of the .. su.s Involv.d 'n solving these problems. 

Most expert progr.ms embody the knowi.dg. of on. or more .xp.rts In • field. like 
Inf.ctlous dlse.ses, .nd .re constructed In conauH.tlon with the •• experts. Typically, the 
computar scientist 1fI1di4tIS between the expert •• nd the ~rogr.m he Is building to model 
their expertls •• This Is • difficult .nd tl",e-c:onIumlng t.sk, b.c.u.e the computer scientist 
must 'e.rn the b.slcs of the field In ordflr to .sk good que.tIons .bout wh.t the progr.m I. 
suppos.d to do. 

TEIRESIAS'. goal Is to reduce the role of the hum.n Intermedl.ry '" this task of 
btnlll,dl' "'ftdstlion, by .sslstlng in the construction .nd modlflc.tlon of the system's 
d.t.b.... Th. hum.n .xpert conununlc.te., VI. TEIRESIAS. with the pn!orm.alICl I'TtlfTarn 
( •. g., MYCIN). so th.t ha c.n discover. With TEIRESIAS's help. wh.t the performance progr.m 
I. doing and why. TEIRESIAS offe,. fac,,"18. for IIIOdIfyfng or adding to the knowledge b ••• 
to correct errors: Using TEIRESIAS. the hum.n exPert c.n -educ.te- tb. progr.m Just •• he 
woutd tutor. hum.n novice who lII.k •• mlst.kes. Id •••• bout how thl. -debUgging- process 
I. best c.rrled o(lt .re .t the core of TEIRESIAS'. success. 

TEIRESIAS .'so recognizes the Inexlct. experlentl.1 ch.r.cter of the knowledge th.t Is 
oft.n r.qulred for knowledg.-bas.d .yet •• a,~d (as e".mpI88 b~iow will Illustr.te) offers 
the expert .ome a •• lst.nce In forllUllttno new -chunks of knowledg.- of ~hfs sort. Another 
m.jor .Im of the .yet_ wa. to provtde • MOch.". fot ellbodylng .tr.teglc Inform.tton. 
Mnta-rul,s (dlscus.ed below) .re used to direct the use of obJect-le"el rule. In the 
knowledge b •••• nd to prcMd •• MOM ..... for encocMng prablata-MIMng Itr.tegles. 

Inter.ctlv. Tran.fer of Expertl,e. 

It II .n est.bllshed re.uIt that ." expert knowa ."e .bout • field th.n he ... w.re. or 
c.pable of .rtlc .... tlng COIIIPhtt.~. Thl ...... klng .... broad question Nke -Tell .. ,,' .verythlng 
)'aU know .bout st.ph-Infectlon.- wII yield only II traction of .. knowtadge. TEIRESIAS's 
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approach Is to present the expert with some errors made by an already established, but still 
Incomplete, knowl~dge-based program and to ask a (oc"ltd question: "What do you know tnat 
the program doesn't know, which makes your expert' diagnosis different in this case?" 

This Interaction Is called tTdns/" 0/ ,:.:p"tls,: HIRESIAS Incorporates Into the 
performance program the capabilities of the human expert. TEIRESIAS does not attempt to 
derive new Information on Its own but, Instead, tries to "listen" as attentively and 
Intelligently as possible, to help the expert augment or modify the knowledge base. 

Interr.t;tlve transfer of expertise between an expert and an expert progr'llm begins 
when the ~lxpert Identifies an error In the performance of the program .,nd Invokes TEIRESIAS 
to help track down and correct t~e '"ror. Errors are manifest as program responses that the 
expert would not have made 0' 3S "lines of reasoning" that the expert finds odd, 
superfluous, or otherwise Inappropriate. The first kind of error might be, for example, a 
wrong conclusion about the Identity of a bacteria. On the other hand, the performance 
program may Just ask the expert, during a consultation, a question that, In the expert's 
opinion, does nothing to resolve the Identity of the b.ct.rla. This Is .n example of the "line 
of reasoning" type of error. 

Both kinds of error are assumed, by TEIAE~IAS, to be Indicative of a deficit, or "bug," in 
the performance program's knowledge base. Transfer of expertise begins when TEIRESIAS Is 
called upon to correct the deficit. TEIRESIAS fixes bugs In the knowledge base by: 

1. Stopping the performance program When the hum&r! expert Identifies an error. 

2. Working backWards through the st.ps In the performance program that I.d to 
the .rror, until the bug Is found. 

3. Helping the .xp.rt fix the bug by adding or modifying knowledg •. 

To Identify faulty reasoning st.ps In the performance program, the .xp.rt can use the WHY 
and HOW commands to ask TEIRESIAS to back up through pr.vlous st.pa, ,,,pldinlng why they 
were taken. The aame .xplanatory ablttlea can also be used wh.n ~her. Is no bug, to help 
the user follow the .yst ... •• Hne of r.asonlng. Sinc ... any I ... 'ae performance programs carry 
out very compl.x Inf.r.nc •• that are .... ntialty "hidden- fro. the pe.-.on using thO) progr ..... 
this Is a valuabl. facility. 

Meta-level Knowledge 

One of the principal probl ..... of AI Is the que.tlon of appropriate r.pr.s.ntatlon and 
us. of knowledge about the worfd (sa. Rap •• ntatian). Num.rous techniques have be.n 
used to repre.ent domain knowledge In vartoua appllc.tIon. progr..... A central them. of the 
lesearch on TEIRESIAS 18 .xpp'~.,g the u •• of ""ta-"JII1JIIIMg', Meta-lav.1 knowledge Is 
.'mp'y the repras.ntatlon In the program of knowladg. about tha program 't •• ,f--about how 
much It knows and how It rea.on.. This knowl.dg. 1$ r.pr.sent.d USI"1) tho .am. 
representation tl3chnlque. us.d to r.pr •• ent the damsln knowl.dg., ylaldln\l a prcjJram 
containing obJ«t-ltVIl repre •• ntattona d •• criblng the ext.mal world and ".,t.-lnll 
repre •• ntatlona that d •• crIb. the Inta"'" warId of the progra.... It. ..If-knowledg.. For 
.xample, many AI progr ..... 08. the notion of afrat to r ••• ent the knowledge us.d by the 
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systeni (see Article R8pI'tI88ntolion.(7). One c.n Imagine a metl-levt!1 frame that describes 
the structure of ell frame. In the a~'ater,j or one th.t denotes the dIfferent classes of frames 
used In the sy.tem. One of TEIRESIAS'a representations la very close to this notion, the 
SC"""4 descrIbed below. 

Meta-level knowledge hu taken aeve,al dlffe,ent forms as Its uses have been 
explored, but It can be summed UP as -knowing .bout what you know." In general, it allows 
the ayatem both to u.e Its knowledge directly and to examine It, abstract It, and direct Its 
application. The capabilitle. for explan.tlon, knowledge aC4ul.ltlon, and at,ate~c reasoning 
In TEIRESIAS Inspired the IncrJrporatlon of expUclt meta-level knowledg.. and th ••• 
capabilities are ba.ed or. the use of that knowfedge. 

Explanation 

There are two Important cllS",e. of altuations where expe,t systems should be IIble to 
explain their behaviour lind resulta. For t.he us~~ of the ayatem who needs clarification or 
reassurance about the system'. output.. the explanation can contribute to the tr-lnspartnc'J 
and thus tho 4Cu"ttlnCt of the ayste",_ Th" .econd majtJr need for "xplanatlo" Is In the 
debugging process described above, where. human expert uses the system's explanations 
of why It ha. done what It hu done. If! order to toeate some error In the database. The first 
of these applications of explanation hu been explored In the question-answering facility of 
the MYCIN system; the explan.tlon capabKlty In TEIRESIAS has explored both uses bt;t has 
concentr.ted on the lattar. 

The techniques used In TEIRESIAS tor gan.ratlng explanations a~e based on two 
assumptions about the perform.ne. progr.m being axamlned. namely, (II) that a 
recapitulation of program actions can b. an .ff.cttvu .xpl.natlon. as long as tho ccrrect 
level of detail la chosen, and (2) that there I. IOIIMt shared ',am.work for viewing the 
program'. actions that ,,:111 make them c~rehenslble to t". user. In the MYCIN-Ilke expert 
syatems that use productl«l-rule knowledge b.sea, thea. assumptions are valid. but It Is 
aaay to Imagine '='JCpert .yatems where on. or both ar. Violated. For example, the first 
assumption simplifies the e •. pl.natton taak conslder.blY, slnca It If:.ans that the solution 
requlras only the .blllty to record and play bact • history of event •. Thl. assumption rules 
out. In partlcul.r, any need to SiMplify those .vants. ~v.r.lt Is not obvious. 'or Instance, 
that an appropriate laval of detal c.n alwaya ba found. Furthermore, It is not obvious how 
thl. approach of recapitulation, which often offer. an e •• Hy und.rstood expla"atltn In 
programs that re •• on aymbotlca/ly, WOUid be applied to .xp.rt s)'atams that perform primarily 
numeric comp"tatlons. 

A simple rec6pltul.tton will be an e"ectlve explanation only If the level of descrij)tive 
det.H Is constrained. It mu.t b. ",.uld .nough tMt the operations the system cites are 
comprahan.lbl.; t:;c c':;'ilCeptuallev.1MU8t baltir" onough tMt the oparatlons .re meaningful 
to the ob.erver, so thet unnec •••• ry det.1l1a .uppr .... d; and It ",ust ba eorraplrtr enough .0 
that the operation. cltad .re .ufflcient to account for an b.havlor. 

The .econd assumption coneeme the us.r'. comprehenalon of the expert system'. 
act~ty, which dapenda on the fundaMnt .. IHchanla. used by the program and the level at 
which It Is ex.lllned. Consider. r........ th.t does I118d1cal diagnosis using a statistical 
approach ba.ad on Baye.'. Theor... It II dIfflcuIt to ..... what explanation of It. actions 
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the pro~lram coul( give If It were queried about computed probabilities. No matter wht level 
of detail Is chosen, such !':I program's actions are not (nor were they Intended to be) a model 
of the reasoning process typically employed by physicians. Although they may be an 
effective way for the computer to solve the diagnosis proolems, there Is no easy way to 
Interpnlt these actions Ir. terms that will make them compreh"nslblo to humans unacquainted 
with the program. 

Thus, the lack of mechanisms for slnl!Jllfylng or reinterpreting computation means that 
TEIRESIAS's approach Is basically a first-order soiutlon to the general problem of explanation. 
But, In the context of a MYCIN-Uke expert syotem, for which TEIRESIAS was designed, the 
simple AND/OR goal tree control structure off.rs a basis for expla,'atlons that typically 
needs little ad.:!I·lonal clarification. (The oper.tlon of TEIREStAS's explanation facility Is 
Illustrated In the sample protocol at the end of tho , artlde.) The Invocation I,f a rule Is taken 
as the fundamental action of the system. This action, within the framework of the goal tree, 
accounts for enough of the sys ,tem's operation to make a recapitulation of such actions an 
acceptable explanation. In term:) of the constraints noted earlier, It Is sufficiently detailed-­
the actions performed by a rule In making a conclusion, for Instance, r:orrespond closely 
enough to the normal connotatIOn of that word--thal no more detailed explanation Is 
necessary. The explanattor. Is stili at a high enough cor.ce/,tual level that the operations are' 
meaningful and the explanation Is compl.t. enoug;,--tl1er. ar. no other mechanisms or 
SOlJrCes of Information that the obser\'er needs to know In or"er to un"e~5tand how the 
program reached Its conclusions. 

Knowledge-acqul.ltlon: Rule Model. and Schemata 

When the expert has Identified a deficit In the knowledge base of the performance 
program, TEIRESIAS questions him In order to correr;t the deficit. This process relies heavily 
on meta-level knowledge ebout the porfonll8nce progre.'. encoded In ,ult-modtlJ and 
Jch,mata. In other words, TEIRESIAS knows about what the performance program knows. 

The meta-Iev\ll knowledge about obJICts In the domain Includes both structural and 
organizational Information and Is specified In date structur, SCit,,"CltCl. Acquisition of knowledge 
about new objects proceeds as a process of instantiating a schema--creatlng the required 
structural components to build the new dlta structure and then attending to Its Interrelations 
with other data structures. By making Inquiries In a simple form of English about the values 
of the schema's o:omponents, this knowledge acquisition process IS made to appear to the 
expert as a natural, high-level Inquiry about t~,e new concept. The process Is, of cc.urse, 
more complex, but the key component Is the system', description of Ita own representation. 

TEIRESIAS's ,ul, ",«hIs are empirical generalizations of subsets of rules, Indicating 
commonalities among the rules In tha\ ·'..!bset. For example, In MYCIN there Is • rule lIIOdei for 
the subset of rules that conclude afflr".atlvely about "'fCl1USrrt CtJIlprJ, indicating that most 
such rules mention the concepts of cult"" sitl and ,,,,«tift "p, In their premise. Another rule 
model notes that those rules that "'entlon SUI and infection "" In the premise also tend to 
mention the fJDrlCIJ of Iftt" of the organism. 

This knowledge 'lbout the contents of the domain rut.s Is used ily TEIRESIAS to build 
nputtUiMu about the dialogue. These expectatioM ar. used to faclltat. the process of 
translating the Engllah .tate .. me Into the perfonHnce progra." Internal repre.entatlan 
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and to Id.ntlfy information missing from t .... exp.rt', .ntry. An exa",pl. 0' TEIRESIAS'a use 
of rule model. In It. knowledg •• cqulslt'oJft dl.1ogue Is gtv.n In the ,.mpl. protocol below. 

M.t.~rul.' and Pelform.nc:e F,tr.t.,le, 

In performance pr~r."'s with sufficiently small knowledge beses CUke M'fCIN's), 
exhaustive invocation of th6 relevant perts 0' the knowledge base during a consultation Is 
sttll computatlonal'i- ' .... lbl.. In tl .... , howevltr. with the Inevitable con.tructlon of larger 
knowledg. bep .... exhaustive invocation will prove too .Iow. In anticipation of this 
eventuality. ".".-rut,s .r. Implemented In TEIRESIAS as • me.n. of encoding str.tegle. that 
can direct the program's .cttone more s.lectlv.ly thin c.n exh.u.tlve Invoc.tkH'l. The 
following ",.ta-rule I. frofll MYCIN's Inf.ctlou. dI •••• e domain: 

METAAUlE '11 

If 1) the tnf.ctton is I pelvic-.bsc.s ••• nd 
z) there ar. rul.s whtch .. ntion in thetr 

pr .. ts •• nt.rvb.ct.r1.c ••••• nd 
3) th,re .r. rules which .. ntton in thetr 

pr .. t.e or •• positive rods. 

Th.n TherQ is sugO.stiv, Ividenc' (.4) that the rule. 
dell1n~ with .nt.roblcteriacl" Should b. evoked 
before thosa d.lllng with or .. pOSitive rods. 

Thl. rule sugg •• ts th.t ,Ince enterob.cterlaceae are commonly asSOCiated with a pelvic 
.b.c~as •• It Is • good Idea to try ruI ••• bout them flrat. before the Ie .. likely rule. ",entionlng 
gr.m positive rods. Not. th.t this •• t.-ruIe doe. not r.f.r to specific object-level rule •. 
Inetead It epeClfle. c.rt.1n .ttrlbl.t .. of the rule, It r.f.,. to. for .xampl., thst th.y .... ntion 
In their pr ........ nt.rob.ct.rl.c •••. 

An Ex .... pl.' TEIRESIAa In tha CO'".xt of MyelN 

w. will now Illu8trat. TEI~SIAS·. aper.tlon In affiliation wit" the M'fCIN system (.eee 
Artlcl. Mlldcirw.C2). paying particular attention to TEIReSIAS' •• xPI.nt.tlon .nd knowl.dge 
acqulaltlon f.clllties. MYCIN provld •• the phyelclan with .cMe •• bout the dI.gnosis and drug 
th.r.py for bactart •• Inf.ct\onl. The .yat ••• Ik. que.tloM ebout the petlent, the "'fectlon. 
the cultur •• grown from .pee ....... frollt the padant •• M :1ny orge ..... (b.ct.rtum) growing 
In the cultur •• (Typlc.lIy. of course. the exact ldenttty of the orga ...... not y.t known.) 

MYCIN', d.t.b ••• Is compos.d of na l .... that ""Cl~y • situation (Invotvtng tnf ...... tion 
.bout the Pltlent. cultur.. .nd or, ..... ) .nd the ~Iona that can be dr.wn In thlt 
eltuatlon. for • x."",. to conclude whether • p.tIent auff.ra tro. a be'lit.rta In the 
ent.""'sct.rItIC ••• cst.gary, MYCIN Invok .. Rule 06 of Ita knowledge ba .. : 
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Rule '9~ 

IF the sit£ of the culture i5 blood, .nd 
the gra. statn ts posittve •• nd 
the portal of entry ts oastrointestinal tract, and 
[A-the abdo.en is the locus of tnfectton, or 

B-the pelvis 15 the locus of tnfectton] 

THEN there is strongly suggestive evidence th.t 
enterobaetertaee •• is the el ••• of org.ntSM. for 
which therapy should cover. 

MyeiN asks questions of the physlcl,n to determine which rules are applicable In the current 
case--I.e.. to determine the "situation," To determine If the organism Is of type 
enterobacteriaceae, MYCIN would Inqulr. whether .ach clause In Rule 95 were true, 

The procedure of working backwerd, from the conclusion to the situation that would 
",ake the conclusion true Is called bGc1.41d CA4~1I~1I1 and Is MYCIN', fundamental control 
structure. iI.ckward chaining can go ",everel levels deep." m.anlng that the clauses In a 
situation that must be true (10r the conclusion to be true) might themselves be conclusions of 
other rules. For e.(ample, a condition on the Ider.tlflcatlon of enterabacterl,ceae 13 that the 
Infection be localized In the abdomen or the pelvlsi but this condition Is Itself a co.,cluslon, 
and It Is only true If Its conditions (that the cutture from th •• e places Is recent, and Is 
therapeutIcally signifIcant) are true. Furthel'1llOl'e, the condition of therapeutic significance 
ha. Its own ,,:ondltlon~. and so on. Here Is a protocol showing MYCIN's basIc atyte of 
Interaction, the t.uman expert'. responses are prefixed with aa: 

--------~P.tlent 281-----------
1) Pa~Ient's name: 
.. Albert Hall 
2) Sex: 
aa Male 
3) Age: 
aa 34 
4) Heve you been abl. to obtain posltl". microbiologIcal 

Information about a possible infection of Albert ... M? 
aa V •• 

---------Infectlon 1------·_-·--
6) What Is the Infection? 
aa Prlmary-Becteremla 
6) Ple,se stat. when atgna and lyMptOM of Infection-1 flr.t ap"lred: 
a. 15-0ec-75 12:00 
------ ---Culture 1--------------
7) From whatslta was the sp.c .... " for culture-1 tak.n 
... Blood 

8) Pie ••• glv. the date and time when thII blood culture Wl'. obtained: 
.. 18-0ec-76 12:00 
The Hrst .Igntflcant orga ..... frotl thII blood culture will be 
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referred to as: 

------ ·--Org.nls"'-'·····-·-------
g) Enter the Identity of ORGANISM-' 

•• Unknown 
10) Is ORGANISM- 1 a ~, or coccua, (etc.): 
... Rod 

11) The ar"",-'tlln of ORGA'~~·'M-1: 
... Gr.", neoettva 
12) Old ORGANISM-1 grow In the a.rd.lic battl.? 
•• Ye. 
~ 3) Old ORGANISM- t .. ""UW In the en.eroblc battl.? 
•• v •• 

My therapy recommendation. wiN be ba •• d on the following probable 

tn'ectlon(s) end potential causattv. orgentallt(.): 

INfECTION-1 is PRIMARY·BACTEREMIA 

<It ... • 1 ) E.COll [ORGANISM-1) 

<It .... -2) PSEUDOMONAS·AERUGINQSA [ORGANlSM-') 

FIGURE 1. PART OF A DiAlOGUE WITH MYCIN. 

13 

In au... MYCIN constructs a p ",ot ( •• e ArtICle s-rch.Aa) of qu •• tlona that mu.t be 

re.oNed In th. cour.e of the consultation to conclude the identity of a bacteria. When It 

cannot r •• oIv. a question by tn'.,.noe ". what It knows a".ady, It a.k. the r •• pond.nt to 

provld. an anewer. Each node of the goal trea .... aubnocIel that reault ffOII the application 

of. rule: 

an,­
blood 

En t.roblc Itr i.e •• , 

/ / \ \ Rul. "5 
or... ~\ll- locus-POlut" ,.1.Wlet ......... or 

.. 1 •• 21 7\tl 
rlCeRt c.,t1r. t .,lpeut1Cll1y 

a,,,,Utelnt 

Rll,'54 / I \ 
Iter11. li'"tftclnt non-

.. thod of nujber of ,t.rtl. 
collICt1on orllnt... ,1t. 

figure 1. A MYCIN 8M1 Tree 
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Explanation: HOW end WHY. Suppose that durlr:~ II consultation with MYCIN the 
cllnlcl.n wants an explanation of the reasoning behind soma quutlon thftt MYCIN has asked 
him. The explanation given by TEIRESIAS In response to the physician'S question, WHY, 
Involves backing up the goal tree to the previous node and presenting the rule used to 
derive the subnode from Its ancestor: 

MYCIN: What Is th~ suspected portal of entry of ORGANISM-1 Into 
this stertle site? 

Doctor:WtiY 
TEIRESIAS: [I.e. why Is It Important to determine the suspected 

pOf\~I of entry of ORGANISM-' Into this sterile alte?] 

[3.0) ... ln ord.r to find out about an organism or clas, 
of organisms for which therapy should cover. 

It has already been established that 
[3.1] the lite of the culture Is blood 
[3.2] the stain of the organism Is "II. positive 

Therefore If: 
[3.3J the portal of entry of the organlllnls g.I, 
[3.4] [Abdomen II the IocUI of Infection, or 

Pelvis Is the locus of Infection] 
Then 

There is strongly suggestive evidence (.g) that 
enterobact.rface •• Is tha c .... of organla. fOf 

which therapy should cOYer. 
[Rule 095] 

In contrast to WHY, which spella out "higher· nodes In the goal tr.e, the HOW command 
asks TEIAESIAS to explain the nod •• that have b •• n or wtII be expanded lower down the 
tree. For 8xample, In the followtng exchange. the expert •• ka how MYCIN wtII determine 
whether the abdonlen or pelvis Ie the locus of infection: 

Doctor: HOW[3.4] 1UIIt: }.~ IJ "It t"'ftx o/,It, stGl""" 
Df htln,s' ift ,It, mll""p "., 

TEIAES1AS: [1.8. how were you detenntnlng that the AbdoIIen Ia the 
Iocua of Infection. Of that the Pe!vla Is the Iocu. of Infectlon?1 

[4.0] At thllt point Aule 021 w.a being used. 

If the doctor now wanta to .ee Aule 021, he aaka TEIRESIAS to explain HOW It wa. wed. 
referring to the prefix (4.0) of the .tate",ent In whIcIllt w •• _.tIoI .. d: 

Doctor: HOW [4.0] 

TEIRESIAS: [I.e. how w •• Rule 021 ",ed?] 

[6.0] It ha. already beon e.t.bIIIhed that 
[6.1] the culture .. recent. 
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Therefore If: 
{6.2] there I, therapeutically significant dl ••••• 
associated with the oc.::urr.n~. of this organl.", 

then 
It Is definite (' .0) that the .Ite of the cultur ... 
the Iocua of Infection In the pltl.nt. 

Hi 

The explanation fBclNtles of TEIRESIAS Involve climbing up and down MYCIN's goal tree 
explaining WHY questions are aslced and HOW they are answered. If MYCIN makes a 
misdiagnosis, these .a",e facllltl •• er. u •• d (.lither by the .xpert or TEIRESIAS, at the 
chatce of the expert) to back up through ~he rules that achieved the dlagnosl~ until the 
expert has found the ff!IJlty on. 01' detennlnltd that one Ia mI •• lng. TEIRESIAS Is then used to 
expedite thlO alt.r.tlon or construction of rult9. by the exp.rt. 

Knowl.dg. ecqul.Hlon. TEIRESIAS II aCle to help an expert for"'ulate rule:s In English 
because It has expectetlons about what '"les "took like." The expectations ('Ire stored 
Internally In the form Of rwt ",odtls that are formed automatically by examining all the rules in 
the knowtedge base. TEIRESIAS knows. for exa.ple. that there Is a class of rules that have 
liS their cor.cluslons the probable Identity of a bactena and that these rules typically have 
as condl~lona (a) ~he site of the clJltur., (b) t"e ataln of the culture, and (c) the probable 
port" of antry ot the bac~erla. These rule model~ help TEIRESIAS translate English versions 
of new rules Into a machine repr ••• nt.tlon .cceptable to MYCIN. 

To Illustrate TEIRESIAS's debugging and correction facilitle., we will continue with tho 
consultation from figure 1. Suppose that after MYCIN presents the expert with Its dlagnosts. 
TEIRESIAS etep. In and check. wh.ther the .xpert agree.: 

MYCIN: My therapy recommendation WIll b. b •• ed on the foIIowtng 
probable Infectton{e) and potential c.us.tlve cr.,.nlllII(.): 

INFECTION-1 ,. PRIMARY BACTEREMIA 
<lte ... -1> E.COll [ORGANISM-1] 
<lte ... -2) PSEUOOMONAS-AERUGINOSA [ORGANU,M-1] 

Are aU the •• Identltl •• corr.ct? 

•• No. 
Are the'. any identltl .. mlaetng? 
•• Ye •• 
Which ones? 
•• KLE8S1ELLA-PNEUlIOWtAI!. PROTEUa-lION-IIlRAlLla 
Are the,. .ny Idftnbtl ... which .houIdn't ,...,. .,..red? 
•• Y" 



Wt>tch one{s)? 
U PSUEDOMONAS-AEAUGlfIIOSA 

00 you want to 
1 J track down the problem yourself, or 
2) allow me to guide the debugging. or 
:3] 19nore It for now and fix It enother time. 

lY/hi 1,2, or 3 . 

•• 2 

If t"~ npert Itad ',p.tt I. '" IIIOUlti jow MJItII/t, HOW and WHY '""."'tlntls to dlbl 
til, problem. tiS discwJtd obow. 

We'll stort with PSEUOOMONAS-AERUGINOSA flrat: 

TEl RES I AS starts tlfbulfi1l1 &, tryl"l '0 find "'" ",,,, n '114"",""," tIt"lUsls 
«,urrld. FrtftU1ltl, solwn,4 prtMm .,m ... , «Am ·'o "w,· OJ .,,11, 

The fonowiflg rules ware u!.ed In deducing thet t: .• identity of 
O~GANISM 1 Ie PSEUOOMONAS-AERUGINOSA: 

Rule 164 

Since 
[1.1] the category of OAGANISM-1 Is not known 
[1.2] the gram ateln of ORGANISM-' Is graM negative 
[1.3] the morphology of ORGAf,!I~M-1 Is rod 
(1.4] the •• roblclty of ORGANISM-1 ia facuttatlve 

There Is weekly auuueatIV8.vldence (.3) that the identity of 
ORGANISM-' Is PSEUOOMONAS-AEAUGINOSA.. 

I. thle rul. correct 

NfIt, Iltal tltl:' flIlI, .~" mullH I" 'M fIfOftl MUwioIt, " ,.. Jt«'JS4rU, 1m '''""Itt 
rul,. It .,lIt bI ("11" ,,, /tid Is) (AI CfU' tMt U IHU IMJrt«t" .".14 _lUI OM fir 

"or, 01 ~'s emttJUItnu "." tnu .It", t-, sltotIld II IfIls, . 

•• Y •• 

Should Ita pr ....... have failed for this c ... ? 
•• Y •• 
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8 TEIRe ........ I ...... In E.,ert .y.le .... 0 •• ,," 

Which clau •• of the ~r.mla. ahould have 'a".d? 
.. Clau •• 1. 

Tie, nlH" H"1fII1 tle4t MYCIN slewlit 1e4&11 tnOl/n tit, C4t,p? of ORGANISM-I. 
MYCI N f4tl,d to IStdltsle tit, ""'P'? C41Ul"f Rid, 184 til bt ruM. 

Should It have b •• n poealbl. to conclude a categary? 
.. V •• 
WhIch one? 
•• Ent.robact.rlac.a. 

Our old /rf,nd. But rleoll llt4' MYCIN's rut, 0" 4bouI ",tnobGcttTf4CI4' "quir,s " 
POJiti", ,,4'" Ita.ln, but Ii CIIn bts,,,, ftMII Flf. I tle4t U 1t41 4 n'pttw rGffi stGift. TAus, 
Rul, " II/GS nlfllr IVOI&M. 111 tltI ,,,,,,S, of 11141t', tUbu,ttn,. it ,r"ns,,'r,s tlt41 MYCIN 
It~s 4 crmfJi' fltlttT ru/,s tUallnf .,It IAu ""'pry Of Nctnta, but lit" II/,r",', wot;,d 
IftletT. Tit, n"tTI d,cit"s IIIAt 411011e" rid, u ,..,arid, ,,"" R" 1*1 up tli, tJlalDfIU 
II/It"., Ie, u pro""n, Oft, to TEIRESIAS: 

If: 1·· THE PATIENT'S INFECTION IS PRIMARY .. IACTEREMIA 
2 •• THE 8ITE 18 ONE OF THE 8TERLE ,ITE8 

Th.n: •• THERE 18 EVIDENCE (.1) THAT THE CATEGORY IS ENTEROBACTERIACEAE 

TEI.-'\S!AS pers,s tleu nd,'.to Us lumt4l ""'1$1.'''_ and tli'" ',anslau; .'it bat" 
IftlD Eftl"d, so tit, n,.,' tim ,Ie«. U. W, pld ., 'Ii, dUIlO,," 4ft" Iii, nfH'1 ~.,s 
."ffll Oft II" per". T~//U$IAS" .,~,., U, nil, fIVIfNl. 

I hat. to criticize, Dr. D.vIa, but did you know that IIOIt ruIa about 
what the cat.gory of an or ...... MIGht .... that ""lion-

the .Ite of a cult ... 
the infection 

ALSO ",entlon-
[AJ- t .... portel uf entry of the or ..... 

Shan I try tn writ. a elaUl. to acCCMtt for [AJ? 
•• Y ... 

H", lit '" Oft, of tA' IltUUltJ ./ tie, nil, 1IIfIII. TE'R~SI.4S ."."s ,Ie, IX/M" 'P tUI4 
4 bit of '''''.f' ,/eel u ",.u, J-fIIl l,. nil,s ftU 'MS' .fIIl off"s to Jbt tA, rul, 
us_j. Tleu """fJlttllnt Is """",asw ., Itolbtf ., 11_ ,.,,'s tAct fU ,Ie, ,..., rul, 
-*'. '0 find 'M NSt IaIl1 ,.". cf".", dCIUI. 

17 
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how about -
[AJ The portal of entry Is gastrotnteatlnal. OI .. ? 

•• V ••• 

T EIRESI AS now dOfS som, jlntdfnt up: dlet"'t '", COWI;'tt' rid. !IIitll till IXfJnr for 
final appr0V41 and alltftg tilt tXpt"t to !IIrit' a brt'l tUltTiption (lOT booU"ping 
I'urpous) of wll, tit, nd, Ql4S n"d,d. Finall" it r"uns tit, consultation i"tnnatt" using 
tit, ru(wns,s from Fit, I, !lllIielt it lias Jr«d. " runu out tltllt tJddinl tltt rult 460w did. 
tn fact. curt til, otlt" I'ro6ltwu !IIitll tflt first consultlltiMl, and tilts tilftt tltt diagnosis is 
SGttJf4CtM') to til, nlptrt. 

Summeryl TEIAESIAS end Expert 8y.t ..... 

TEIRESIAS aids a human expert In monitoring the performance of a knowledge-basad 
system. When the hUman expert spots an error In the program'. performance, either In the 
program's conclusions or Ita -line of reasoning," TEIRESIAS assists In finding the source of 
the error In the database by "'platftiftt the program'. concluslons--retraclng the reasoning 
step. until the faulty (or ... 1 •• lng) rule I. Identified. At this point, TEIRESIAS a •• lsts I;, 
lnorvltdg, acquisittoft, modifying f.ulty rul •• or adding new rul •• to the database. M,tG-ItrHl 
Jcnowl,tlg' about the kind. of rule. and concept. in the database Is used to build 
expect:;ti-. ...... In TEIRESIAS's JlUltkI-baJH IlfttUrstaM!nt proc.... M.ta-I.vel knowledge Is also 
:,;~,!!.;I to enl:ode probl .... -aoIvtng strct'fI's, In p&rtlcular, to order the invocation of rules so 
that those that ere III08t Hkaly to be .... ful (given the curre1tt knowledge of the p;-ogram) are 
tried first. . 

R.ferenc •• 

T~e principal reference on TEIRESIAS Is the doctoral dissertation by Oavls (1976). 
Uses of meta-knowledge In expe't .y.t .... are dlacuased In Oavla and Buch.nan (1977). 
AI.o .ee Davis (1977) and D.w (1978). 
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C. Applications In Cheml.t.-y 

Cl. Chen-'e.' Analysis 

Computer programs have been developed to aid In al'llOst every IPSpect of chemistry. 
As evidenced by recent articles In two journals devoted to uses of computers for chemical 
problems, Computers and Chemistry and Journal 91 Chemical Inlormatlon and Computer 
Sclenc., most of the computer progrtllllS have focused on numeric problems of data 
acquisition, data reduction, comp.ex electroniC energy calculations, anel the like. By contrast. 
AI methods have found application In two major classes of nonnumeric chemical reasoning 
problems: <a) d'9termln1ng the molecular structure of an unknown organic compound. the 
".nalysls" or "stl"Ucture deter",lnatlon- probleN, and (b) planning a .equence of reactions 
In order to synthesize organic r.:hemlcel compounds. the ·synthesls- problems (see Article 
C<4). 

Structure Elucld.tlon 

The elucidation o· mulecul.r structures Ie fundamental to the application of Chemical 
knowledge to Important problema In oiOlOgy and medicine. Some of the areas In which 
chemists maintain actlv,. Interest Include: <a) identification of naturally occurring chemical 
c,,",pounds Isol.ted from terrestrial or ",arlne organlsN, (b) verification of the Identity of 
new synthetic materials; (c) Identification of drugs .nd their metabolites in clinical studies; 
and (0) detection of metabolic disorders of Denetlc, developmental, toxic, or Infectious 
origins through the Identification of orga:l!c conlttltuents excreted In ebnormal quantities In 
human body flUids. 

In many clrcumst.nces. especially In the areas of Inter •• t mentioned above, the 
powerful techniques of x-ray crystallography .nd x-ray flne·structure .n6lysls may not be 
applicable (afte article C3), end chemists muat resort to .tructure elucidation based on data 
obtained from • variety of other ... ethod.. Foremost.~ them historically Is mass 
spectrometry (discussed In deta" In the next .ectlon). If. che",lst want. to determine the 
molecular structure of an unknown chelRic., COtftPOUnd. he first teotet.. • ..... pl. of the 
compound that Is pur.·....... contalna no other COIftPOUnda. Two questions must then be 
answered: 

1. What are the .tom. In the compound? 

2. How are the atOlllS _"a",ed (joined together) In a three-dimensional 
structure? 

Th. I.tter question I. addreaaed by structur. -'veldatlon progra ... s. It I. relatively simple to 
determine the conatltu.nts of the moI.c .... (the t"at question). but the enormoua number of 
poeslble three-dlmesntone' arrenge",enta ... k •• the •• cond question especially difficult to 
enawer. If the unknown aubatance II a crystal. or cln be cryatallzed, then K-ray 
crystallography can be used to d.tartftlne the exact Ioc.tlons end connections of atoms In a 
molecul. In space. If this technique c.nnot be .,..d and x-ray fine-structure anelyels 
technique. cannot be appU.d, then the eha ..... t ..ust take I more complicated approach to 
structure elUCidation. No other t •• ta ar •• v .... .". to tell the ch ...... t the fXact atruetur. of 
his moI.cule; at best he can us. t •• ta thet help him dl8cov.r a .. " connected cluat.r. of 
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etoms, called mo'tcular /rag'lf'ltnlJ, which are either present or absent In the compound. 
Therefore, although the chemist may not know the structure of the molecule, he does know 
som~ of Its subparts. From the fragments Identified 8$ present In the compound and those 
knoJwo to be absent. the chemist can derive a set of consrraintJ. A constraInt can be thought 
of as a piece of a graph that either must occur or must not occur In the final graph of the 
molecule. This Is how constraints are repr.sef,ted In the structure elucidation programs that 
we will discuss. 

Using the known constraints about a given molecule, it Is often possible to generate the 
graphs of all molecules that adhere to those constraints. An algorithm was developed by 
Lederberg (1964) to generate all possible acyclic molecular structures from 0 set of atoms; 
and Brown, et al. (1974) developed an algorithm without the acyclic constraint. Thus it Is 
now theoretically possible to generate every possible molecular structure containing known 
subparts, but It Is often prohibitively expensive to do so. However. the exhaustivo 
generation algorithm can often be constrained to produce a relatively aman set of molecular 
structures, one of which Is the unknown molecule. 

If the number of atoms In an unknown molecule Is relatively small and the number of 
known constraints Is larga, a chemist can flgur. out the molecular structure by hand . 

. However, the manual approach has b~c;; significantly augmented by computer programs 
developed In the DENDRAL p~"ject at Stanford University. These p;?grams do not generate 
all the possible moelcular structures and then discard structures according to the 
constraints; rather. they use the constraints to Insure that only a small subset of the 
theoretically possible structures are evar actually generated. 

Structure Elucld.tlon with Constralntl: trom "' ••• Spectrometry 

As we m~ntloned above, structure elucidation programs are designed to help organic 
chemlsb determine the molecular structure of unknown compounds. Experimental data from 
the uilknown may be gathered from many different analytic techniques Including mass 
spectrometry (MS). nuclear magnetic resonance spectroscopy (NMR). Infrared spectroscopy 
(IR). ultraviolet spectroscopy (UV). and Mwet chemistry" analysis. Ma •• apectro",etry !s still 
a new and developing technique. It Is particularly useful when the quantity of the sampltt to 
be Identified Is very smalli mass spectrometry re"lIlres oniy micrograms of sample. 

A ",ass spectrometer bombards the chemical sample with electrons, causing 
!r4gmtnt:o.,;ons lind rearrangements of the molecules. Charged fragments are col!ected by 
mass. Tt,@, data from the Instrument. recorded In & h!stogram known as a mass spectrum, 
show the roasses of charged fragments plotted against the relative abundance of the 
fragments at a given mass. AlthoUgh the mass spectrum fOl' each IIIOlecule may be nearly 
unique, It Is stili a difficult task to Infer the lIIOIecuiar structure from the 100-300 data points 
In the mass spectrum; not only does a spectrutll contain "noIs. peaks- and overlapping peaks 
originating from many parts of the lIIOIecuht, but the theory of mass 6ipectrometry Is not 
complete. 

Throughout this section the following terms will be used to describe the actions of 
moiecules In the mass spectrometer: 

Fregmentetlon--the breaking of a connected graph (molecule) Into fragment. by 
b~e.klng one 01' more edge. (bonda) wtthtn the graph. 
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Atom mlgratlon--the detachlllant of node. (.~om.) from one fragment and their 
reatt.chlnant to othttr frag",ent •. Tltls proce ••• Iter. the "' ..... of all of 
the fr.om.nts. 

Mas. ·,pectr.1 proc.a.··. fr.glll.nt.tlon followed by zero or r.-ore .tom 
mlgr.tlona. 

21 

Other analytic technlqu.s are comlllonly used In conjunction with, or Ins'ead .,f, mass 
spectrometry. Some rudlntent.ry capabINt". ex .. t :n structure .Iucld.tlon programs to 
Intarpret proton NMR and Carbon 13 (13C) HMR spectr •. For the moat pert, however, 
Interpr.t.tlon of oth.r ,"ctro,caple .nd ch .... lc.1 d.t. h •• ba.n la't to tho chemist. The 
program •• tlH need the c.pabUlty to tnt ..... ata the Ch ...... t'. partial knowledge Into the 
g.n.ration of .tructu,.1 alternative •. 

We will now con,lde, two programa th.t utiiiza "'... .pectrometry ccmstralnts In the 
elucidation of org.nic COftIpound .tructur •• : DEftIORAL .nd Met.-DENDRAL. 
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C2. The DENDRAL Proy,ama 

C2 •• DENDRAL 

In 1964 Joshur lederberg developed the DENDRAl algorithm. which produces all 
possible acyclic (urtinged) molecular structures. given a set of atoms. This algorithm 
enabled an e"hau~tlve approach to structure elucidation. In 1966 the DENDRAl project 
started at Stanford. One Intent of the proJect was to show that algorithmic programs that 
produce results exhaustively and at enormous expense could bq augmented by some of the 
heuristic knowledge used by experts to prodUce much the ume results with a fraction of the 
effort. The Heurlsttc [JENORAl Program achieved this objective by augmentir:g the DENDRAL 
algorIthm with a set of rules, those used by expert chemists to Infer constraints on molecular 
structures from mass spectrographic InfDl'matlon about the molecule. Unfortunately, pressing 
expert chemIsts to formulate rules about mass spectrometry was an arduous process. The 
theory of man spectrometry wa. IncOlllpl.~., and the rules about It were inexact and 
heuristic. in 1970, tha Mat.-DENDRAl project .ddr •••• d the problem of inferrIng tha r"las 
of mass spectrometry from two $ources of Information: molecular atructures, and their maas 
spectra. Meta-DENDRAl Is a continuIng project. 

In 1976, the CONGEN program beca",~ the center of att«.ntlon In the DENDRAl project. 
This program replaced Lederberg'a original Heuristic DENDRAl acycHc structure generator 
with a generator without Ita IImlt.tlon. CONGEN I, dlscuased In a separate article (C2tJ) 
because It has been used as a stand-alone Iystam by research chemists. 

DENDAAL 

The Heuristic DENDRAl progr.nl WIS desl~ned to find s rel.tlvely small set of possible 
molecular structures, gIven the atoma In the molecule and the maslS spectrum of the molecule. 
The limitations of the DENDRAl algorithm were such that Heuristic DENDRAl could ge'lerate 
only acyclic (unrlnged) structures: Ketone., Ilcohoi8, ethers. thiols. thloathers, and amine •. 

The program haa three func~al part.: Plan, generate, and test. 

1. PLAN: Planning In this context means redefining the problem In terma that will reduce 
the effort of th. problem solver--e.g.,redehne tha problem of finding .11 possIble 
cr.mblllationa of a set of atoms to the problem of finding all such combinations 
consistent with constraints derived from mess-spectrometry. Automatic Inference 
of thesa constralnta Is the planning part of HeuristIc DENDRAL Tha list of 
constrednt$ ttas two parts: a list ot moIecut.r fragm.nts (clusters of atoms) that 
mus\ be In ':h"j flnai moI.cular .tructure and a list of fragments that ar. forbidden 
to appear In ttte fln.1 structure. 

2. GENERATE: This part uus these constraints to prevent the DENDRAL algorithm from 
generating structur.s that Include forbidden subparts or that exclUde mandatory 
subp.rts. The generator was orIgtneltv derived from l.derberg'a algorithm. When 
CONGEN was ImPleMented IlS a .ta:',d-l.Ilone system, thase conatralnts were 
provided by the eha .... t. using the progr .... not by the planning part. 

3. TEST: Ttli. part rank. the resulting Nat of candldat. .tructur.. by .lnIUtatlng Ita 
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behavIor !n a mass spectromater. The at,ueture. ,eeUltlng In simulated spect,,, 
closp to the empirical one ar. ranked high. 

Heuristic DENDRAl thus ha. tfllO aeta of rules that encode the rna.. spectrometry 
knowledge: III) rule. u.ed during planning that Interpret maaa apect,al data and infer 
molecular fl'a"ment., and, b) rule. uaed during testing that slmulatll the action of the ma •• 
• pectrometer on the atructure(.) propos,d by CONGEN and that predict peak. which .hould 
be ob.e",ed in the .pectrum of the moI.cul •. 

P'!:"nlngl In'.rrlng Conatr.lnt. From The Ma •• 8pectruftt 

Heurl.tlc OENDRAl hi •• vall.ble to It the ma ••• pectrum .nd the atomic constituent. of 
• molecule. From the latte,' It can In'er the moI.cula, weight, M, of the molecule. Many of the 
rule. for Interpretlrlg m •••• pectra Include M; tor example, the followtna rule: 

If the .per-trum for the molecule tta. 2 pe.ka .t ....... . 
x 1 and x2 auch ~.t 

a. x 1 + x2 • M + 28, .nd 
b. x 1 - 28 Is a l'Ilgh peak, and 
c. x2 - 28 15 • high pe.t, end 
d. at least ane of x 1 or x2 Is high, .nd 

Then the mole cui. ~tatn. a ketone group. 

Rl Rl {xl) 

o • ~ fr.~nts into o • ~ and/or 

'2 RZ 

I ...... ~ I 
a.t-

Rl 

O. C 

'2 (x2) 

This plec. of knowl.dge about m ... apectrOlll8try .Iowa Heurtatlc DENDRAl to conatraln It. 
structure-generetlng algorithm to pro.1uce llldecule. with a ketane group as a mandatory 
eonatltuent. This rule, In addition to ... any alMllar ruler, -'tnIfICe"tty coon.t,alns th" number of 
!?Icl!'cule. aenerated by the .tructure ,ener.tor. Fer exa..,le, gtven the spectrum for • 
moiccule containing 8 carbona, 18 hyclrogenl, .nd 1 oxygen, the constraint-generating 
prograM can elhnlnata from conslder.tIon (I.e., place 0" a lfat of forbidden structure. called 
a.\DlIST) al r.,.stbl. structur.s .xcept thoM contaInInG ethyl ketone 3, Which reduce. the 
number of generated molecular .trueturu troll the tDPOloalc • ." ponlble 700 to a 
conatretned .et Df 8 (oaled the GOODlleT). 
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The Generator 

The algorithm for generating molecular struc~'.Ires Is complicated and has na AI content; 
we will discuss It only In general terms and refer the reader to Buchanan, Sutherland, 
Feigenbaum, 1969, for a detailed dl~cuss!ol"l. Tile following .rtlcle (C2b) discusses the 
current CONGEN generator. 

There are seve(~1 design characteristics ot the "enerator that are related to the 
enormous number of molecules comblnatorlallv possible In an analysis problem. First, the 
generator must be proved to be complete--It must te able to generate all topologically 
possible molecula, structures. It should also be non redundant, that Is, It should generate 
each structure only once. Redundancy WaS a probleln for structures with rings, because 
Lederberg's algorithm treated symmetrical molecules as unique structures. A third 
characteristic Is that the generator .hould be flexIble enough to be focused by constraInts 
tram the planning part. It should not blindly generate all possIble structures, but only thos," 
fulfilling the constraInts. If GOODLIST and BADLIST are empty. It should generate all isomns 
(structural variants) of the given composition. 

Some simple checks are made by the generator. The composition should be compatible 
with the constraints Inferred from the spectrum, anet the structures generated should have 
only the types and amounts of atoms specified In the composition. Flne"y, the ge"erat~ 
shOuld not produce a structure known by OENORAl to be unstable. 

The structure generator essentially ·grows· molecules, starting with a small fragment 
of the molecule and adding pillces of the composition to It. At any point In the growing 
process, there are numerous atom. or molecular fragments that can be added to the growing 
structure, and there are .. any pia c •• where these part. can be attached. But generally the 
constraints offered by GOODliST and MDLlST limit the nu",ber of pos.lble structures that 
might .,e grown at .ny point In the growing proc •••• 

The T •• tlng .nd R.nklng Program. 

The programs MSPAUNE and MSRANk (Varkony, Carhart. and Smith, 1977) use. large 
amount of knowledge about the process of molecular 'ragmentatlon In a mass spectrometer 
to make testable predictions from e.ch plausible candldlte molecule. PredIcted date .re 
~e :npered to the date from the unknown COIIIPOUftd, .nd SOIN candidate. are thrown out. 
while others .re r.nted. 

MSPAUHE works wlt~· (., a list of candidate structur.s from the .tructure generOilor, 
and (b) \':.e ma .. spect""" of the unknown lIIOIecuie. It use. a fairly simple model of mass 
spectrometry (encoded !n ru;e~~ to predict cOWllllOl'lly e"peeted fragmentationS for each 
candidate structur.. Predictions that deviate greatty from the observ • .:t apectrum .re 
considered prima /_£1, evidence of Incorrectness, and the corresponding structures .re 
pruned from the jist. M5RANK then uses lfIOf'e subtle ruiN of mass spectrometry to rank the 
remaining structures accorcMno to the nt.IIIIber of predicted pe.ke found (and not 'ound) In the 
observed dat., weighted by .,. ••• ur.. of lMport.nce of the proces... producing thoSe 
peake. 



C2a OENOAAL 'iii 

The Heuristic DENDRAl project, frOil g68 to the pre.ent, and Including CONGEN, has 
produced. number of results of slgnlflclnc. to chemist'. The .ffort has shown that It is 
possible to write • computer progra ... that equals the perfor ... ance 0' expert. I" .ome very 
,pecl,ttla" ar8as of ,clenc •. Publlsh.d pape,. on the program's analysis of allphatit. 
ketones, amlnel, ethera. alcohols, thlot8 •• nd thkHIther. (Dufflel~ et .1 .• 196Q; Schroll et tili., 
1969; Ou~hs et a", 1970) ",ake the point that .lthough the program does not know more than 
an expert (and In fact lcnowa f.r I •• s). It p.rforma wen beca,,.e of It •• y.tematlc search 
through the space of posalbllltl •• and Ita Iyetematlc u.e of _"at It does know. A p.per on 
the program'. analyals of .strogenlc Iterota not •• that the progr.m can lolva Itrueture 
elucidatIOn problem. for complex organic lItOIacuiea (S ... lth .t al.. 1972). Another p.per, on 
the analysis of mass .pectra of mlxtur., of estrogeniC at,roIds (without prbr purlflc.tlon), 
establishes the program's ability to dO betta, than expert. on .ome probl.ms (Smith et al., 
1973). With mixture., the progra ... aucc •• ds wher. peopl. fall; the task of correlating data 
po4nts with each posslbl .. fragmentatter of !Sach poe,lbl. component of the mixture Is too 
difficult for people to do. Several artlc ... b.~.:.1 on results fram CONGEN demonstrate Its 
power .nd utility for solving proble .... of •• etteal and bIochem!cei Importance (Smith. 1975; 
Smith and Carhart, 1978; Buchanan. tDTe. MItchell. 1918; and Varkony. Carh .. ,t, and Smith, 
1977). 

OENORAL programs have been .... d to aid In structure determinatiOn problema of the 
following kinds: 

terpenold natural products from plant and marine anl ... al aources. 
marine aterols, 
organic acids In hu .... n urine and other body fluta, 
photochemical ,.a"ange ... ent producla, 
Impurities In manufactured chemlcala, 
conJug.t.s of pesticides with IUglrs and amino aclda. 
Intiolotlcs, 
metabolites of mfcroorganlsm ••• nd 
Ins.ct hormones and pheremones. 

CONGEN (discussed next) has abo been appll.d to publllh.d structura elucidation probl.ms 
by students In Ofganlc che ... try cl..... to check the accuracy .nd completeness of 
pUbll.h.d .oIutlons. In lev.,.1 ca.... the progra... found structures that were plau~ble 
_".rnatlv.s to the published .tructur •• (based on probIe. conatralnts that Ipp •• red In the 
artlel.). This kind of InforWlltlon .erved .. a valuable check on conclUsions dr.wn from 
.xp.rllnent., dat •. 

S •• Lindsay. Buchanan. F.lgenbaUM •• nd Le.rb.,g (forthcOMIng) for a thorough and 
curr.nt tr.atm.nt of the DENORAL pragr .... Buchenan and Feigenbaum (1976) Is a recent, 
ahort description of ttt. progr..... AI8o ... 8uc:'~Qnan. &uthertand. and F.lg.nbaum (1969) 
end lederb.rg (1 ge4e;. 
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C2b. CONGEN and I .. Extension. 

CONGEN: Int.rpretatlon of Cor.str.lnts 

CONGEN (for CONstrained GENeratOf) Is a program that was designed In 1976 to 
replace the old DENDRAl generator of .cycllc structures. It hIS proved. powerful stand· 
alone program to assist the chemist In d(ltermlnlng tne molec,l!ar structure of unknown 
compounds. Its objective was twofold: ta) to .llow the user !o intlHactlvely specify certain 
types of structur.1 Inform&tion determined from any of several sources (e.g., spectroscopy, 
chemical degradation, method of Isolation, etc.); and (b) to generate an exhaustive and 
nonredundant list 0' structures consistent with thl.; In'ormatlon. Unlike the original Heuristic 
OENDRAL program, It does not Infer constrllintJ from mass spectra, but allows the chemist to 
specify them. Another difference between CONGEN and Heuristic DENORAL Is that the 'ormer 
can generate ryclte as well as 4",lic mrX«lllar srrllllur,s. The generation Is a stepwise 
process, and the program allows Interaction at every stage. Based upon partla' results. the 
c~emlst may be reminded ot additional Information that he cen specify, thus limiting further 
the number of structur~' possibilities. 

CONGEN breaks down the problem stetement given by the chemist In several different 
ways, for example: (a) hydrogen atoms are omitted until the flnl' steps of processing; 
(b) parts of the graph containing no cycles aro generated separately irom cyclic parts (and 
combined at the end); (c) cycles con'l)lnlno only unlabeled nodes are generated before the 
nodes are labltled with the names of r.hemlcal atoms (e.g., carbon Of nitrogen): and (d) cycles 
containing only thraa-connected r.odes (e.g., nitrogen or tertiary carbon) are generated 
before two·con.,ected nodes (e.g" .,xygen or secondary carbon) ere mapped onto the .,jges. 
At each step, sever.I constraints may be applied to limit the number of emerging chemical 
Graphs (Carhart et al., 1976). 

There are two algorithms at the hear' of CONGEN whose validity prodUCing 
nonredundant structures has b~8n mathematIcally prov.n (Brown & Maslnte" 1 974; Maslnter 
at aI., 1974) and whose computer Implementation has been well tested. Combined, they are 
designed to determine all ~opologlcally unique ways of assembling fI given set of atoms. each 
with an associated va'ence. Into _.cul., atructur.s. The atoms may be chemical atom3 
with standard chemical v_Iences, or they may be nameS' representing rtloitClllar !r"emlnts 
(supn4tOffls) of any desired COIftplexlty, where the valence corresponds to the total number 
of bonding sltas avallabl. within the super. tOIl. The algorithms can be thought 0' •• 
performing i',obitfft ,.ductUm, and '«OtIstructlon or sKbflrobi,,,, r«(lmposittcm on moIacular 
structures. The first, ~aTtltlo1ll"f' algorIthm break. doWn the problem of finding a complete 
molecular structure Into subproble",s; for exampl., to fInd the structures of the ringed end 
non-ringed components of the molecule. The second, ,,,,bfdtUn,. algorithm combines the 
substructure., found by partitioning, Into complete moIeculer structures. Clearly, neIther 
partitioning nor reconstruction can be unconatralned processes because of the combln:atoric. 
Involved: There are Simply too ",any possible subproblems to solve, and each of them may 
have many oolutlons. Consequently. combining subproblem solutions exhaustively Is not 
feaSible. In both a'gortthms. constraints are brought to bear to "mtt the sIze of thCl' problem. 
Three types of constraints ar8: 
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1. Graph thaor.tlc: Symmetric structur •• ara not considered unique. 

2. Syntactic: Structure. are conatralned by the valence. of the constituent 
atoms; for example, 

c 
c-l...c 

l Impossible because oxYo"n Is bivalent, I.e. ha. only two bonding altea. 

3. <Semantic): TI141 chemist provide. additional Information about the molecule 
that will help to determine Its structure. 

27 

SubstantIal effort has b"el'l devoted to modifying the two basic procedu'os. particularly 
the structure generation algoflthm--allowlnv It to accept a variety of uther structural 
Information (constraints) and using It to prune the list of structural possibilities. Current 
capabilities Include speclflc.tioo of good and bad substructural features, good lind bad ring 
sizes, prat()l'l distributions and connectlvltl.s of Isoprene unIts (Carhart and Smith. 1976), 
Usually the chemls~ has additIOnal Information (If only some general rules about chemical 
stability) 0: which the program has IIttte knowtedge, which he can use to limit the number of 
structural possibilities. For exemple, he may know that the chemical procedures used to 
Isolate the compound would change organic .clds to estera; thus, the program would not 
need to consider structures With unchanged acid groups. In CONGEN, he Is given the 
facilities to impart this knowt.dg. Interactlv.ly to the progra"'. 

To make CONGEN .a.y for r •••• rch ch.ml.ts to use, the program has been provided 
with an Interactive "front end." This Intarface contains EDITSTRUC, an Interactive structure 
.dltor; DRAW, a teletype-oriented structure display program: .nd the CONGEN "executive" 
program, which ties together the individual aubprograms and aids the usar with various tasks 
such .s deftnlnv super.tOftlS .nd aubstructures, tr •• tlng and edltlll" lists of constraints or 
superatoms, and .avlng and r.storlng .uperatoms, constraint., and structures from 
•• condary storage (dlec). Recently CONGEN was rewritten to •• arch dIP'" first so that 
.xampl.s could be produc.d right from the beginning of the computation. This often allows 
the chemist to see that a partlculaf preble ... has been poorly or Incorrectly constrained and 
to stop the computetlon .arly, saving lerue amounts of expensive computer time. 

The current syst... 's running on the SUMEX computInG facility at Stanford anlt Is 
avallabl. nationwide over the TVMNET network. It ha. recently been COMPletely ,.-written In 
the BCPL progra .. mtng language to run un a Vlrtety of other Machlne't. 

Limitation. and Exten.1oM 

A'though computer progr.ms, including CONGEN, now ex .. t to assist chemists in 
constructing structural ... er. ba.ed on tnforM.tton about partie' .tructure •• the programs 
have one sertous, common IImItltlon. Each progra", "",st use non-over'epplng structural 
fragments ss building blocks. Thill MMitation ... ds to It '.a.' two Important problems. First, 
the cheNt usInG such • progra", IlUSt .... ct non-ovartapptng partial .tructur.Sl otherwise 
an InCOlllPfet ••• t of IItructuraa will ,..uIt. Thia proc.dura, done .. anually t l8 t .... -c:on.umtng 
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and prone to error. Second, as a consequence of the first step, problems are solved ie,",. 
efficiently by the programs because a detailed environment of fewer atoms has been 
speclfled--to ensure the absence of overlaps. 

The IiOODlIST INTERPRETER Is a first attempt to remove this limitation by simiJlating the 
manual procedure that ·the chemist uses to arrive at a set of non-overlapping constraints. It 
Is designed to make more efficient use of Information about required (GOODLIST plus 
superatoms) structural features of an unknown. Some early SUCCClsses have demonstrated 
that new problems are brought within the realm of solution by the GOOOLIST INTERPRETER 
that are Impossible In CONGEN alone, due to the conat,alnta on computational resoorces. 

Stereocheml.try 

One of the most Important new additions to CONGEN deals with the problem of 
enumerating all the stereolsomers of a given compound. 

The mathematical problen, of enumerating stereolsomers was solved by Jim Nourse. 
Considerations of symmetry as embodied In the mathematical theory of groups played a 
decisive role In the solution. Coupled with the stereoisomer generator, and given an emplrlc~1 
formul" and a number of constraints, CONGEN cen generate an the stereolsomers that are 
poa-slble solutions to the unknown target molecule to be elucidated. 

While tho} solution to the enumeration of ,tereolsomers uses very little, If any, AI 
techniques, It solves a problem that nUmS" beings find very difficult to solve. Chemists 
usually learn to solve thhr problem by using visual Intuition. The mathematics Involved are 
deep en~gh so that the average chemist will not have the patience necessary to learn 
enough about the algorlthnt to use Its Insights In enumerating stereolsomers. One of central 
problems for AI work In chemistry now Is how to un this new facility In structure elucidation. 

EXAMINE 

Often In the course of a structure elUCidation problem, a large number of candidate 
structures, perhaps a hundred or more, ar. generated; and additional constraints must be 
derived, either from further data analysis or fn"" new experiments. The EXAMINE function 
Wtltten by Nell GrfiY Is us.d from within CONGEN to survey, classify. display, or discard 
structures. This function Is very useful to the chemist who Is searching for f.atures common 
to ,. large number of the structures or for faature, thlt Ire unique to certain structures. The 
InSights gained from using EXAMINE can b. used In planning new experiments or In further 
data analysis. In pursuit of th.se objectives, the chemist can define functional groups and 
other structural featur •• , or he cln work with a predefined library of them. The EXAMINE 
function Is then called, and It ax.ltin .. tha Hat of candidate .tructura. for the presence or 
.bsence of th ••• fe.tur.a. 

for eXlmple, the che_t can ask EXAMINE to look for all structures with exactly one 
labile proton. (A I.bll .. proton Is a hydrogen atom attached to a nitrogen atom or • hydrogen 
.tom att.ched to .n oxygen .tOll.) The che ..... t c.n represent this .tructure In EXAMINE .s 
an exclusive OR .t.t .... nt: .xactly one hydrogen attach.d to an oxygen atom In the 
structure OR (.xcluslve) ex.ctly on. hydrogen att.ched to. nitrogen atom In the structure. 
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lhe user can then roquest ~XAMINE to draw \"OSE' structure5 that have this 

characteristic and those that do not, In Ofder to produce summery statistics on Its frequency 

of occurrence or to discard those structures with or without It, While CONGEN Is always "ble 

to discard OC' prune away structures that do not satisfy certain constraints. EXAMINE 

provides the Interactive ability to develop booIe.n combinations of constr.lnts for pruning, 

8ubstructure search, or sub.equent cla •• lflcatlon. 

REACT 

Before spectroscopy became a major tool of the structural chemist, all structure 

elucidation had to be dona by maans of reaction cher.-Istry, and It Is stili a major tool in 

solving ~tructures. REACT 18 an Interactive program written by Tomas Varko,lY, Dennis Smith. 

and Cari Ojerassl (Varkony, Smith, and DJer.ssl, t978). Although It Is a close relative to the 

synthetiC programs described beloW (se. Irtlcle C4), Its purpose Is to aid chemists In the 

structure elu(:~datlon task. rather than to aid them In finding new synthetic routes. 

To show t.ow REACT can be u~ed to reduce the number of candidate structures found 

by CONGEN, consider the following example. A dehydr.· ion reaction can be e;l".pressed as a 

production rule of the form: "If you .ee the patterr, C ';-0, (,onver. It \0 the pattern C.:C." 

We 'now suppose that a dehydration reaction wa. applied to the unttilown III question and 

yielded three distinct .tructures. which happened becau.e the pattern C-C-O occurred in 

tile IIIolecule In three different place •. Thi. information can be used to eliminate structures 

from those under uonslderatlon: The atructur'J llat generated by CONGEN Is passed to REACT: 

the oehydratlon reaction Is defined by the u.e, and then appll6d to all the candidete 

structures; those that do not yield llloI.actly three products can be eliminated from 

consideration as candidate structures. 

Although REACT does not contain stereochemical information, conformational information, 

Of' electroniC information (the electro-negatMtles of Its atoms an~ groups), it still can be 

used reliably In Its $tructure elucidation 1unctlOn. R.actlons used for strur-ture determlnetlon 

tend- to heve high yield, to be r.llable, and to Involve simple sepf'lratlons, The n!·,~tlons 

operate under a wide variety of condltlona and usua~ Involve 'Ither simple change~ to the 

unknown molecule. Thus. the perception routines do not need the sophisticated 

stereochemical. conforlllattonal, and electronic Infontatlon of the ora-me synthesis programs 

dis cussed above. 

Research In the DENDRAl project has followed two thatne~: To build a perforruance 

program for enelysls of moIecutar structure., and to explor. tome problems of scientific 

Inferenc. using AI methods. The performance ('(' HeurIStic DENDRAl. has been evaluated In the 

same way as that of a r.s.arch ch ........ t: by publicationS. (Se. th$ conclusion of the article 

c;e on DENDRAl for r.ference •. ) In addition, CONGEN is used deity by chemlsts to aid tn 

soMl.g .tructure elucidation proble ..... 

a.cau.. of the combinatoriC .Ize of analyals proble., exhau.tlve problem-solving 

",.thods were not an option, and much thought was giver. to the knowledge that enabled 

ch ...... ta to 8OIv. the •• prob\e..... DENDRAl w .. ona of the fIr.t programs to demonstrate 
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the power of encoding domain-specific. heuristic expertise, and wa. therefore one of the 
first proJects to recognize knowledge acquisition as a major problem In AI (Buchanan, 
Sutherland, and Feigenbaum, 1969; Davil, 1976). The next .rtlcle (Cae) dlscus.es 
automatic Inferftnce of rule •• s one solution to the knowledge acquisition problram. 

In addition to the DENDRAl reference:: In the previous article, the following may be of 
Interest; Brow,.., Masinter, Gnd HJelmeland (1974), Brown and Masinter (1974), Carhart et al. 
(19;'6), Carhart and Smith (1976). M.slnt",r et al. (1974), Sheikh et al. (1970), and Smith 
and Carhart (1978). 
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C2c. Mete-DENDAAL 

The domain-specific rules tl,at constitute DENDRAL's knowilidge about mass 
spectrometry were derived from consultation with e"perts In that field. Since the 
consultation process Is time consuming, two alternatives to "handcrafting" knowledge bases 
were explored. One Is Intflractlve transfer of expertls. (stte article B). The other is 
automatic theory forma!lon. Meta-DENDRAl Is a program of tt'te latter type. Tho rule formation 
task that Meta-DENDRAl performs Is .1",lIar to the task en grammatical inference, seq'Jence 
extrapolation, and concept formation (Hunt. 1976; Hedrick, 1974; Winston. 1970). Programs 
that perform these tasks can a" be thought Cif as "lndrJctlon" programs because they 
formulate general rules (or concept., or pattema) from exerrrpies. 

Meta-DENDRAl Is designed to Infer theories (rulesets) for the Heuristic OENDRAl 
program (see artlclf' C2a). which reprllsents knowledge about mass-spectrometry as 
production rules. Automatic rule formation was chosen as a f;sredlgm for Meta-DENDRAl for 
two general reasons. First. this design poses Interesting epistemological questiohs. and, 
second. It Is an arduous task to derive ,.,1 •• from human consultants. espeCially when the 
task-domain has only. small number of experta (a. I. the c .. eln ma.s-spectrometry). 

Aepr ••• ntatlon of Knowtedge .bout M •••• p.ctrometry 

In DENDRA~, knowledge about the fr.g .... nt.tlon process •• In a mass spectrometer Is 
represented In the form of prod,"'iIm ru/,s. Each rule sJ)eclfl.as a bond Iral"'tntation In a 
particular context In a molecule. Th.s. rules are used b)' :lENDRAl during Its ust phase to 
predict mas. spectral data points, glv.n a certeln moIecu:ar litructure. For .xample. one 
Simple rul. !.: 

(R1) N - C - C - C ----) N - C • C - (; 

Aul •• ar. Interp!'Qted for .ach lIIoIacuie In ttle following way' 

(1) Find ... pIa c •• In the lIIOiacute that .. atch the .ubgraph .xpr •••• d by the I.ft­
hand side of the rule. 

(2) For lJach match, break the lIIOIecute at the bond ... rk.d witt! an asterisk In the 
right-hand .Ide of the rula and u\'e the fragllt8f1t a •• oclated with the atoma to the 
left ot the asterlak. 

(3) Record the .... as of ••• aved 'rag ... nts. 

Note that no migration ot atolna b.tween 'raglllent. Is predicted by (R 1 ). 

The languag. of processes (right-hand .Id •• of rul.s) Is relatively simple: One or more 
bonda 'rom the I.ft-hand side lIIay br.ak and zero, one, or lIIOfe, atoma may mlgrat. between 
fragm.nt.. Til .. Interpretation of rule R1 In the above ax.mpIe Is .tralghtforward: If II 

molecule ('ontalna a nitrogen atOll and thraa carbon atOlt. bonded as N-C-C-C, then It will 
fragm.nt In the ",a.. .p.ctralMter between the ntlddle two carbon atoms, and the N-C 
frag",ent will b. r.corded In the spectroMeter a. a peak at the point In the spectrUM 
corr.spondlng to the IIIIOIecular weight of W. fra~. 
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Formation of M ••• Spectre' Aule. 

The task of Meta-DENORAl Is to Infer rules (like R1 abov~) from empirical data. Meta­
OENORAl Is provided with descriptions of the structures of a related set of I'!,decules, and 
with the set of peaks produced by the fragmentation of each mulecule In the mass 
spectrometer. FrOl'n these data It Infers a small and fairly general set of mllss-spectral rules 
to account for the fra~mentatlons of the molecules and the cor"~srondlng spectral peaks. 

Training In.t.nca.. In order to learn rules, the Meta-DE:NOf1At urogram Is presented 
¥,"Ith many examples of actual I/O pairs from the mess spectroMeter. Elich 1/0 pair 
represents a molecular graph ~~~ucture, togother with a single data point from the nlass 
spectrum for that structure. The rules to be learned constitui ... !! representation or the 
relevant fragmentations In the mass spectrometer. Typically, the program starts with a 
trahllng set of six to ten related molecules and thalr associated spectra, each containing 
60-150 data polnt~--peaks marking tile masses of recDl'ded 'ragments (and the relative 
abundance of fragmenta at those masses). 

In a large molecule, rule (R1) may apply more than once. For example, the spectrum of 
CH3-CH2-CH2-NH-CH2-CH2-CH2-CH3 will contain data points at masses ., 2 and 86 
corresponding to the two fragments derived from the application of this rule: 

CH3-CH2-CH2-NH-CH2 

and 

CH2-NH-CH2-CH2-CH2-CH3 . 

For a numbar or reaaon., data points are not associated unlauel~ with • ~I~:!~ !r:~'7.~;-,~.i.i,," 
and 8tcm m!;;~::;t:u.. j:I'ut<8S8 ,rUle;. ~or s~t.II"ple, a slngla process may occur more than once 
In a molecule (as above), or 1IIOf8 than one process may produce Identical fragments, 
producing peaks at the same mass points In the spectra. 

Sp.ctral Data Potnts and Ma.s-.pectral P;oo ..... , 
atatlstlnl and Semantically Conatrlilnad ... oclatlons 

Purely atatl.tlca' "amlng program. (Jura. 1974) find aSSOCiations Indicated by the 
data without judging the meaningfulness of theaa Issoclatlona. This felture can be 
advantageous; at tlmas an investigator's bias inhibit. his s.elng associationS, or an 
Inveatlgator may be looking for all possible a .. oclatlons. But It Is a disadvantage when the 
number of a.soclatlona 'a so large thet the ..... nlngful one., unm.rked, get lost In the crowd. 

In contraat to at_tlstlca' approech •• , M.ta-DENDAAl utilIZe. a J""antk ",od.' of the 
domain. Thla model ha. baen Includad for two Important r.asons. First, It provides guidance 
for the rula formation program In • IIJ'.ce of ruI.a that Is much too 'arge to .earch 
exhaustively .nd In a domain of Input data thet Is oftfln .mblguoua. Second, It provides a 
check for the .. eanlngfulne .. 0' .s8OClaUona produced by the progra",. In • dome ... where 
th .. trMa' or ..... nIngIe .. aMOelationa f •• uutnuIIIber tho HIportant ones. 
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Semantic model of the domain. The base-level, or zero-order, theor) of mass 
spectrometry states that every aubset of bonda within a moIetill:e ",ay break and that the 
resulting fragments. plus or minus migrating atoma, will an be recorded. This zero-erder model 
of mass spectrom'ttry Is not specific enough to effectively cor.straln the rule search. 
Therefore, some general guidelines have been Imposed on It, the so-called !talf-()rdtr theory. 

The half-order theory asserts that bonds will break and atoma will migrate to produce 
data points. This theory orders the breek-and-lIlgrste process according t-:J the following 
conatralnts: 

Constl"lnts on fragm':mtatlons: 
Double bonds and triple bonds do not break. 
No aromatic bonds break. 
Only fragments larger than 2 carbon atoma show up In the data. 
Two bonds to the same carbon stom cannot break together. 
No more than 3 bonds break In anyone fragmentation. 
No more than 2 cnmplete fragmentation. occur In one process. 
At most 2 rings fragment In a multiple-step proceas. 

Constraints on atom migration: 
At most 2 hydrogen atoms can migrate after a fragmentation. 
At most 1 H20 unit Is lost efter any fragment.tlon. 
At most 1 CO unit Is lost atter any fragmentation. 

One of the most helpful feature. of this model Is Its fltxibtll,,: Any of the perimeters can be 
easily changed by a ci':emlst wltn other preconceptions; eny of the.e assumptions can be 
removed and, as discussed In the foUowlng section, addltlona' statements be substituted or 
added. This power to guide rule formation results In the program's dlscoverlno onl)' rules 
wtthln a ""ell-known framework; on the other hand, It also results automatically In rules 
meaningful to the domaIn, 

A chemist will often know more 8bout the mass srectrometry of e class of moleCUles 
than Is e"'bodled In the half-order theory. It Is Important then to be able to augment the 
program's model by speclfytng cia sa-specific knowledge to the program. This capability 
provides a way of forming new rule. In the context of additional Intuitions or biases about 
",.s. spectrometry. A chemist c.n thus .ee the -moat Interesting- rules (aa deflnrd by the 
augmentations) bef."e the other rulea. FOf example, one ""ght b. inter •• ted first In rUle. 
tltat mention at least one nttrogen atom before tH numerous (and generelly Ie •• Interesting) 
rul •• that mention only carbon and hydrogen substNcture •• 

Le.rnlng strategy. Th. Meta-DENORAL progr.m I. baset' on a gen"rator of production 
rules that uae. predetenftlned syntax operating under the constraints of a a"J",antlc world 
model. The operation of Meta-DENDRAL can be aUlllllarized a. follow.: 

Input 

a. the .tructure of each of a set of related molecules (rec.II thl t Meta-DENPAAI 'S not a atructure eluCidation program but Infera rul •• of ..... pectrometry, which 
assoclat. tftOIecular atruelur •• and their ..... pectra), 

b. the spectra' data pOInta (peak.) ~ each of the Malecules, • nd 
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c. the half-order theory (or .ome .emantlc theory to constr.ln the generation of 
rule.). 

Step 1. (INTSUM) 

For each molecule, explain each pe.k In It. .pectrum by finding one or more 
fr!llgmenl.tlon processes thltt would .ccount for the peak. The number of pl.uslble 
fragmentation processes Is limited by: 

a. considering only the fragmentatloos which are allowed by the half-order theory 
(e.g., no spectr.1 peak c.n be explained by • fr.gmenl,tlon process that Involves 
breaking a double bond), .nd 

b. considering only fr.gmentations which produce fragments with • molecular 
weight corresponding to the weight represented by the peak. (Recall that each peak in 
" m~~~ ~~~".!trt:m rep.esents /I num!)er of moIecul.r fr.qments of a given mass.) For 
example, If the total wp.lght of the molecule under Inspection Is M, and the spectrum 
has a large peak associated With a molecular weight of M-47 mass units, then the only 
'ragmentatlon processes considered as explanations for this point would be those that 
produce a fragment with a molecular weight of M-47. The tens, or hun·.ired::, 0: o::-,oa. 
processes that 'ragmentatlons are consistent with the half-order theory, like cleaving 
off a hydrogen atom, are not even conSidered. 

Afte, each dllta point In the spectrum for each molecule has been explained by • 
plausIble fragment ... tltJn prO'!@!!, the !!~t of .. r\iC'h.~~a is summarized, since the same 
fragmentation processes wiN often be found to ICCOWlt for many spectral data points. 
Thill flna' product of INTSUM Ie • list of fragm.ntatlon proc •••• s with the tot., .vldence 
for each luch process. 

Step 2. (RUlE6EN) 

The rule. provided by INTSUM .ach account for • lingle fragmentation process In 
,he context of a .Ingle lIIOIecuie. As such, they a,. not general. The problem with 
general rules, on the other hand, Is that a single one may subsume several of INTSUM's 
very specific fragmentations, hlt Glso fr.gmentatlons not represented in the set 
produced by INTSliM. That Is, a gen.ral rule may correet", explain many deta point:s in 
ma.s spectre, (positive evidence), but ""y al80 predict points that do not occur In any 
of the spectra (negative evidence). The purpose of RULEGEN Is to find • eet of ru'ell 
which ~,e more Dene'a' than thaae of INTSUM, using positive evidence as a criterion ot 
succe.s. Negative evidence Introduced by the,e rule, Is handled by • late, step. 
c.Had R~EMOO. 

RULEGEN works by -growing- 11 tree of frag.entation rules, starting with one that 
Is overly genera' end acldtng fe,.'ures to It sO that It beeOllles more constrained. The 
rule that RUlEGEN starts with b X • X. that Is. the bond between any atoms wiH break, 
and the ",ass of fragment )( wi! be recorded In the mass spectrometer as a peak. 
Obviously, every tragmentatlr.n rule Ie a .peclallzatlan of this one, and It Is too gener.' 
to be Inte'.~ting. But by apeclfying values for four '.atur •• --the telenttty of X, the 
numbe, of non-hydrogen netghbours X haa, the ...... r of hydrogen n.lghbors )( h •• , 
and the nulllber of doubly bonded roetghbcn X. h.s--the g.neral rut. X • X can be -grown- Into _thing .,..e Interestlnt. 
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Step 3. (RULE MOD) 

RUlEGEN can generate rules that predict nonexistent data points In the mass­
spectral data. This nega.lve evldftnce Is the cost of the coar.e method used by 
RUlEGEN to find general rules. qUlEMOD "tidies up" thft rules produced by RUlEGEN by 
,nerglng rules, eliminating redandaftc1es, and making rules more specific or general. In 
addition, If a rule has been used auccetlfully for • time, but an Instance Is fourld In 
which It Is Inappropriate, RUlEMOO can modify the rule accordingly. 

Output. 

Output Is it .et of mass spectral fragmentation rules which are sper.lallzed enough 
to be Interesting, but ger:eral enough to be .fflclent and nonredundant. 

The M.ta-DENt\RAl program 

The progranl Itself Is organized as a .erles of pla1l-t,ntrtltt-t"st steps, as found In many 
AI systems (Fel,enbaum, Buchanan, and lederberg, 1971). After pre-scanning a set of 
several hundred molecular structure/spectral data-point pairs, the program searches the 
space of fragmentation rules for plau.lble explanations and then modifies ItG rules on the 
bc:s!:. of detailed ltlsling. when rules gen.rated from .. training set are added to the m:>del 
and another block of data Is examined, the rule set Is extended and modified further to 
explain the new data. The program Iterat'v.'y modifies rules formed from the Initial training 
set (adding to them); but It Is currently vnabl. to "undo" rules. 

Int. grating Subsequent Oata. A requirement for any ",actlcal le.,nh.g program Is the 
ability to Integrate newly acquired -tata In an evolving knowledge base. New data may 
dictate that additional rules be added to the knowledge base or that existing rules ba 
modlflad or eliminated. New rulea may b. /UUH to the rule baae by runninG RUlEGEN on the 
new dete end then running RULE MOO on the combined eet of new and previously generated 
rul ••. 

Wh9n an existing rule Is JIIodJflld, It fa Important to maintain the Integrity of the modlflad 
rule over past trelnlng Instances. Consider the following exempl,,: A new training Instance Is 
acquired and, after credit assignment queatlons are resolved, It Is decided thet rule R wes 
Incorrectly HtrlggeredH by some situation S. The left-hand .Ide of rule R must be modified St" 

that It will no longer match S. In gener.'. th.r. would be many changes possible to P. Ihat 
would kill the match to S, but some ar. better than othera. Th. correct changes to Rare 
those that do not .'ter past -:orrect appHcatlona of R. Of course there Is no way of knowing 
which of the possible change. to R will tum out to be correct for future data; and once a 
change la aelected. the possibility stili exlata for backtracking at 80IIIe future point. 

A method has been developed for representing al' versions of the left-hand side of a 
rule that ara conSistent with the ob.erved data for an Iterations thus f.r (Mitchell. 1977). 
This repreaentatlon Is referred to .s the wrslon spae, of the ruI.. By examining the version 
space of R, one can answer the question "WhIch of the recOlimended chang.s to R wl/l 
preserve Ita performance on past lnata~s?· The answe, Is simply "Any change. that yield 
a vets~ of the rule contained In the veralon apace." Ualng version apace. avoid. the 
problem of .electlng • alngl. unretr.ctable MCIIflcation to R .nd t ...... for. .HIIIlnate. the 
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need for backtracking. For example, all the elements of the version space that match some 
negatlv3 Instance S are eliminated. Similarly, when new data are encountered in which a 
situation S' Is found to correctly trigger R, only thoe. elementG ot the version 3pace that 
match S' are retaln.d. 

One measure of the proficiency 0' Meta-DFNDRAL Is the ability of a OENDRAl program 
using the learned rulea to predict correct spectra of new molecules. One of the DENDRAl 
performance programs ranks a list of plausible hypotheses (candidate molecules) according 
to the similarity of their predictions (predicted apectra) to observed data. The rank of the 
,=orrect hypothesis (I.e., the molecule actually asSOCiated with the observed spectrum) 
provides a quantitative measure of the -discriminatory power- of the rule set. 

The Meta-OENDRAl program has successfully ,edlscwered known, published rules of 
mass spectrometry for two classes of tnoIacules, Inc!o;,ding the aliphatic amlnes ur-ed as 
examples above. More Importantly. It has dlscove~.d new rule. for three closely rele'ed 
families of structures for which rules had not previously been reported. These are the 
mono-, dl-, and trl-keto androst.nes which sher. the common atructura: akp.leton shown In 
figure 1. 

R" 

R'" 

Flgur. 1. Structural Sk.leton fOf Thr .. Cia .... of Androstane •. 

Meta-DENDRAL'. rul.,·,Of thes. cl ...... have b •• n p'JI)Hthed In the ch.m18try lit.ratur. 
(Buchanan .t al., 1 g78). Evaluatlona of •• five .ets 0' ruI.s .r. dI,cun.d In that publication. 
This work demonstrate. the utility of M.ts-DENDRAl far , ..... forMation In ...... spectrometry 
for cl.,.,e. of structur ••• 

The recent app"c.tlon of Mata-DENDAAL has been to a .econd .pectroscOPIc 
t.chnlque: I.Je-n,,"., rup«le " .... "', apectroacopy (MItchel, 1078). This new v.rsion 
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provides the opportunity to direct the induction machinery of Meta-DENDRAL under a model of 
13C-NMR spectrosCCIP/. It generates rul.s that ... oclat. the resonance frequency of • 
carbon atom In a magnetic field with the local .tructur.' environment of the atom. Note that 
for 13C-NMR spec~roscopy there Is no requirement tor a halt-order theory alnc(O there Is no 
equIvalent to the fragmentatm proc ••••• which occur In "' •••• pectroscopy. E.ch d.ta 
point Is t:sslgned to. unique atom In the lIIOI.cul. prior to the Meta-DENDRAl run. Thus there 
Is no analog of the INTSUM pha.. which I. required by the mu. .pec lroscopy version. 
Inatead, an •• slgned spactrum (atoma to data points) I. given directly to RUlf~EN. 

13C-NMR rules have been generated and u.ed In a candldata molecule-ranking program 
almllar to the one de.crlbed above. 13C-NMR rul.. formul.t.d by the program for two 
cl ••• e. of .tructur.. have be.n lucc ... fully Ll8ed to Identify the spectra of additional 
mot.cul •• (of tha ...... cl •••••• but out,Ma the 'et of training data used In gene,atlng the 
rules). The rule-ba.ed MOI.cule-ranklng r>rogram parforms at the le"el of a well-educated 
che""'t'ln both the ",.s. spactral and 1 aC-NMR doMatna. 

Raf.ranc •• 

See L1nd.ay. Buchanan, F.I~.nb,ulI, and Lederberg (forthcoming) for a thorcugh end 
current treatment of the DENDRAl. progra.. Buchenan and Felgenb .. "m (1978) I. a recent, 
.hort d •• crtptiort of the progra",. The the,. by MttchaU (11178)".110 recommended. 
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C3. CRVSAlIS 

The CRYSAlIS system, which is s\ll, In the development StugE!S, is an attempt to apply 
Artificial Intelligence methodology to the task domain of protein crYHtaliography. Although the: 
computer has been an assAntla' tool In x-ray crystaliograpilY res ~ar':h for many yea,s, near'" 
all Its applications have been In the areas flf data celiectiM, dat,' reduction, fourier ana'ysl! •• 
graphics, and .,the, ess~ntllllly numerlca' tasks (felgenbaum, Enge'm."e, and Johnson, 19(7). 
Those aspects of molr:cula, structure Inf.rence that require symhol't, reasoning or that use 8 

significant amount nf Judgmental knowledge hava tradltionaily boen performed manually. A 
prime example Is the task of ti«tTOfl demit, Ifttlp Interpretation, 

'"the course of deriving a protein structure, the crystallugrapher gene,ates an 
olectron density mllp, a three-dimensional descrlpt.on of the electron density distribution of a 
molecule. Due to th6 resolution Imposed by the experimental conditions, the electron density 
map Is an Indistinct Image 0' the structure that does not reveal the posltlo!ls of individual 
atoms. The crystallographer must Interpret the map In light of auxhlary data and general 
prInciples of protein chemistry In order to derive a complete description (If the molecular 
structure. The g01l1 of the CRYSALIS system Is to Integrate these diverse !Jources of 
knowledge and data to try and match the crystallographer's level of performance In electron 
density map Interpretation. Automation ot thla task would shorten the time taken for protein 
structure determination by severa' weeks, to months, and would till In a major gap In the 
construction of a tuhy automated system tor protein crystallography. 

O.,scriptlon of the p-oblem 

When crystallographers use the term "electron density map,- they usually ha"e ',n mind 
some pictorial representation of the electron density defined ove, a cel·taln region of space. 
The most commonly used representation Is a three-dimensional contour map, const.uctad by 
Jl;tflcklng IIIYfJr8 0' conventional two-dimensional contour maps drawn on transparent !Sh@e~s. 
By carefully studying the map, the experienced protein crystallographer can find features 
that allow him to 'n'er approximate atomic locatlol1s, molecular boundaries, groups of atolns, 
the backbone ot the polymer, etc. After several weeks (or months), he has built a model 0' 
the motecul.r structure that conforms to the electron density map and Ie also conSistent with 
his knowledge of protein chemistry, stereochemical constraints, and other available Cllen"i)ca' 
and physical data (e.g., the amino acid sequence). Figure 1 shows a portion of a prot"in 
s,,,,clure and the associated .Iectr~ density map trom which It was Inferred. 
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The automation of this t •• k woukI requlr •• COIIIPut.tIon.1 .ystem that could generate 
Its own structural hypoth ••••• a. well a. dl.play and verify them. Thla capability requires: 
(a) a representation of the .I.ctlan d.nslty function sult.ble to machine Interpretation, (b) a 
subst8ntlal chemical and st8NOChetRlcai knowl ...... b •••• (c) a wid. a.sortment of model­
building algorithms .nd heuristics, Cd) a coIectIon of ruI.. .nd aaac.cle.ted proceduf es tor 
using thl_ knowledge to .... k. Int.eno •• froIt the experltaent.i d.ta •• nd (e) a prohlem­
aoIv1ng strategy for applying the knowledge eource. (Kia) eff.ctlvely, so th.t the 
approprlat. proc.d .... lir. executed at the t ...... that th.y .r. most productlv •• 

Protein crystallographers who build r.:oc!'" lIOVe contlnu.1Iy across • large field of 
basic t.cts. speclld f.atures of the data .nd lIIpIIcatlanal of the p.rtlal model(.) already 
built. looking for .ny and .11 opportunities to acid another piece to their structure. There .re 
s.v.ral d • .ad.rata to working In _ ·~ponunlltlc· mNIe of hypothesis formation: (a) Th .. 
Interence-;eneratlng rules and the e"ategl... far th.... deplgylw ... , should be •• parate, 
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(b) the rules should be separate from lhe mechanics of the progr.m In which they are 
embedded, and (c) the represent.tlon of the hypothesis at>la.-:e should be compatible with the 
kinds of hypothesis-generating rules available. The modularity of such a system would allow 
users to add or change rules for manipulating the database, as well as to Investigate 
different solution strategies without having to make major modifications to the system. 

The CRYSALIS Archlt.cture: The 8lae:kboard 

A problem-solving paradigm that ftleets the above specifications, to a large degree, Is 
that of HEARSAY-II (see article Speech.D2)--speciflcally with ,es?ect to the Issues of 
knowledge Integration and focus of attention. In Hearsay-II, an "Iterative guess-building" 
process takes place: A number of different hDUlltdft sources (facts, algorithms, heuristics) 
cooperate when working on various descriptions of the hypothesis. In order to use the 
knowledge sources efficiently, a global database--the "blackboard"--Is con:!tructed that 
contains the currently active hypothesis elements at all levels of current description. The 
decision to activate a particular knowtedge source ia not preestablished but depends on the 
current state of the solution and what avalleble knowledge :sotlrce is moat likely to make 
further progress. The control Is. to a large extent, determined by what has Just been 
learned: A small change In the atate of the "bllllckboard- may provide the preconditions to 
Instantiate further knowtedge sources (an illustration of this process In the context of 
electron den.,ty mep Interpretation I. given below). 

. Figure 2 .hows the types of data end hypotheses that are used Ir'I CRYSALIS. As In 
tiearsay-II, the hypotheses are represented In a hlerarr.hleal data structurll. In our case t"e 
different Information IAvel. can be partitioned Into three. distinctly different "panels." but 
the concept of a globally accesslbl. space of hypotheses Is essentially the same for both 
systems. figure 2 also Illustrates how knowtedgA lource. (only a .mall .ubset Is shown) 
play the same role as In Hearsay-II: adding. changing, or testlno hypothesis elements on the 
blackboard. Further explanation of the,~ dlagralM Is given In Engelmorft and Nil. 1977. The 
processes of generating or IIIOdlfylng hypothe •• s and of Invoicing knowtedge .ources Ie 
nearly Identical to tl108e de.crlbed for the AGE ayate .. (Niland AI.IIo. 1 Sit 78). 

R.pre •• ntatlon of K~edl' In the Sya'em 

As mentioned above. there are many diverse .ource. of Information use,· In protein 
structure Inferenc8. The problem of repr.santlng all the knowledge In a form n ... t allows its 
cooperative and efficient use In th. search for plausible hypotheses I. of central concerti to 
the developers of CRYSALIS. The ay.tall currently under development draw. upon many 
concepts that have .... .,gJtd In the de.1gn of other ",ge knowtedge-ba.ed .y.t ..... --•. g •• 
the us. of production rules and blackboards. We describe h.,. how these conc.pt. have 
been adapted to our particular tesk. 
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Stereotypic --------------

Superatomic' 

Ato!ll1.c 

'l'opographical 

Skeleta:t 

Bodal 

Parametric 

DENSI'XY PLANE 

"" 

CHEMICAL PLANE 

Knowledge Sources 

1. Peak finder 
2. Heavy atom hypothesizer 
3. Heavy atom veri~ier 
4. Co-factor hypotbesize~ 
5. Co-fact.or veri f'ier 
6. CO-f8~tor locatioD 

yer.: t'l.er 

Figure 2. Panels ot the CRlSALIS blackboard, and examples ot the application ot 
knowledge sources. 
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Knowledge consists of facts, algorithms, antt heuristics (Iules of good guosslng). facts 
required for protein atructcra Interence are veneral physic a'. chemica', atereochemical, and 
crystallographic constraints. Typical factual knowledge stored In the system Includes physical 
prope.tles of the element. commonly found In protein., the molecular structur. and chemical 
properties of the twenty amino acids, the bond langths, and the symmetry properties of 
various crystal structures. These facts are encoded .s tables or as property lists attached 
to spaclflc structural antltlas. 

Algorithms and heuristics COOIJ)flss both the formal and Informal knowladga that 
generates or verifies hypothesis elements. The representation of this type of knowledge In 
CRYSALIS follows two general principles: 

1) Dacompose Identlftable areas of knowledr,e Into elementary 
units, where each unit Increments the hypoth&,ls when spec!fled 
preconditIOn, are met. 

2) Repre.ent the elementary units a. sttwsflMl-acfiDn rid,s. 

To Illustrate: 

IF: the name of the current-residue Is GlU, and 
the shape of tha aubgr.ph I, forked, and 
the length of the .ubgraph I. b.tw •• n 40 and 75, and 
the number of associated pea!!a of the .ubgraph Is 

gr.ater th.n 1 

THEN: conclude th.t the aubgraph 18 matched, and 
gen."te a n.w sup.ratOln on the bi.ckbcMrd, 

wtth the following prop.rtl •• : 
Typ ... 'aide-chain 
Belongs to currant-re.ldue 
Data-link to .ub.aph wtth certainty factor 600 

Not. that .eV.rat actloM may be perfurtll.d for a given sltu.tlon. Not shoWn her •• but 
present In the liSP Impt.",.ntatlon of th." rule., Ie a position In the rut. for variabl. 
binding., to avoid repetlttou. calculation 0' paramet., app.arlng In .ev.rat .Ituatton·actton 
claus... AIao note that at .... t on. of the actlonl of •• ch rule .. to plac. a tok.n on .n 
tvfflt list. In the actu.' .... pl."'.nt.tIon. the syntax of the -actton- claus. Is r.pre •• nt.d ••• 
single function. An .x ...... follows: 

syntax: «In'.,enc. type> <.i ..... ent being changed> <aU-v.1ue p.I,a» 

ex.mple: (SUBGRAPH.MA TCHEO (GENSUPATOU)«TYPE 'SIDECHAIN)(BELONGSTO 
CURRENT.RESIDUE)(OATAlINK (SU8GMPH • 600)))) 

In this example, an ev.nt, SUBGRAPH.MATCHEO, wilt b. g.nerated and qu.ued on the .vent 
ttst. The .v.nt·Ilst Ia .... d by the Int • .",.t., (cllac .... eclin the next ,.ction) to determine 
what to do next. that la, Whlch aet of knowtedge ..urcea to Invok. after the current event 
ha. been proc •••• ct. 
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Event-driven control 

The CRYSAlIS system uses an ,vt71l-drivna control sm«tu". /',1 this scheme, the Cllrrent 
state of the hypothesis space determines what to do next. Th", monitor continualiy refers to 
a list of current events--!he event-lIst--that Is used to tr'wger those knowledge sources 
moat likely to make further headway. As a knowledge source makes a change In the current 
hypothesis, It also places an Item on the event-list to signify the type of change made. 
"!'itua, as eventa are drawn from the eVAnt-llat for processing, new events are added, so that 
under normal conditions the monitor alway. has a means for choosing Its nelltt move. 

The normal Iterative cycle of problem solving uses the event-list to trigger knowledge 
sources, which create or change hypothesl~ .Iements and place new events on the event­
Usts. Th6 system's behavior la O,pqrtu1Usttc: It Is guided primarily by whet has been most 
recently discovered, rather than by the requirement to s.ti.fy subgoels. An event-d,lven 
control structure wa. chosen partly to be efficient In selecting appropriate knowledge 
sourcea, and partly to conform Mth the atructure-modaling process normally employed by 
protein crystallographers. 

Rule. 

The formal and Informal procedures that comprise our knowledge sources are 
elltpressed as rules, as discussed above. These rule. are collected Into sets, each st>1 

being Judged appropriate to use when particular types of events occur. The events 
generaUy reflect the level at which the Inference Is being made, which In turn reflects the 
model's level of detail. The correspondence between tvt7lt ci4SJ'S and rule sets Is established 
by another aet 0' rulea, the 14sl rul,s. The task rules are used to decide which KS or 
sequence of KSs to can In order to perform one of the typical tasks In building the structure­
-e.g., tracing the protein backbone between two anchor poIn'~. The decision Is based on the 
atate of the blackboard and the Items on the event Ilat. The tuk rules thus 'orm a second 
layer of rules, which dlrecta the ayate ... ', choice of knowledge sources for a given event, 
reflecting the system's knowledge of what It knows. 

Once a task la either completed or faHa, the ayste ... toolea to a hlghel level of control to 
determine what to do next. At thla higher level--tne atrategy level--the atru~ture-bulldlng 
process can either try to solve the current subproble .. by another method or shift attention 
to another region of the structure. Strategy leval declslana are also expressed as rules and 
make use 0' the current atate of the blackboard and event list. For elltampie, one atrategy 
rule Is: 

If: the Initialization taak Is complete, and 
the Iocatlona of two or more atoma a,e known 

(also called 'toeholds'), and 
these toeholds are aeparated by Ie •• than 6 ,e.ldue. 

• In the amfno acid .equence, and 
none of the intervening ,.sldues are Identtfled trom the data, 

THEN: •• Iect tM two-point chaln-tracmg task end focus on the 
aub8equance bounded by the toeholds. 



44 Applic.tiona-ori.nt.d AI R •••• rch: Scl.nce .nd Math.matlc. 

The part of the monitor that Interprets lind Obeys the event rules may be likened to II 

middle-level project manager who knows which spflclallsts to call ill as new. part'a' solutions 
to a particular prot>lem lire discovered. Continuing the analogy. the middle-level manage .. 
occasionally gets stuck and needs help from h!gher 'evel m8nay~ment. As mentioned earlier. 
some hlgh-'evel decision (such as merging two I)f more ev~nts to produce II new event or 
shifting attention to another part of the blackboard). is required. This level of decision making 
Is embodied In a set of stratogy rules which afe used to dimct the top-level flow of control. 
We tnus have a completely rule-based control structure that employs three distinct levels of 
rules (or knowledge): the specialists. commonly called the knowledge SOUfces; the task 
rules, representing knowledge about the C'apabilltles of the specialists; and the strategy 
rules. whIch know wt.e" to use all 8va:!able knowledge to solve the prc.olem. Although this 
pyramidal structure of rules and mete-rules could continue indefinitely. the flexibility of 
knowl~dge deployment offered by :MIr three-tiered system appellrs sufficient for this 
problem-solving system. Simll.r Ids8S In •• Impler \:ontaxt have been e,,;piored by Davis, 
1 9 76 for the MYCIN system. 

Sy.tem Performance -- An EXample 

To give some Indication of the system's current level of performance. we present an 
annotated typescript In which a typical hypothesIs formation task Is completed. The example 
Is the subproblem of extending the model from an "island of certainty," or anchOf point. by 
using the crytal\ographlc data to determine where to extend the model in space and by using 
the amlnt' !!Icld sequence to gener.te expectationS of features that ought to be present In 
that region. The knowledge sources Invoked In this example use an abstraction of the 
density map caned a subptJ'''. A subgraph IS a collection of segments obtained from a 
skeletoillzed density map, which hopefully matches an Identifiable substructure In the 
proteln--e.g., a side chain. The amino acid ~equence assumed here Is METhionine, LYSine, 
!. YSlne. TVRoslne, etc. (the example uses data from the protein Rubredoxln), The example 
starts after passing control to. knowledge source called ANCHOR.TOEHOLD. The toehold of 
Interest h this elise Is the sulphur atom In the methionine aidachaln. This toehold Is Just • 
point In apace and must be connected t~ the skeleton. 

INFERENCE: EVENT-' BY RULE 1 

EVENT NAME: TOEHOLD.ANCHORED 
CURRENT HYPOTHESIS ELEMENT: SA2 

IN RULE SET ANCHOR.TOEHOlD 

tltEW PROPERTIES: (TYPE SID~CHAIN) (BELONGSTO (MET. 1» 
(SEGS «(1 SEG240). 100) ((1 SEG238). 100») (MEMBERS (A3))) 

The ANCHOR.TOEHOlD knowledge source h •• found aubgraphs of the skeleton, but Its 
limited knowledge cannot assign much certainty to the Inference. The ",e.l" matching of 
skeleton parts with upected residue Is accomplished by MATt'H.SDCHN. This knowledge 
source uses the shape of the subgraph, Ita length, the number f)f peaks IISaocleted with the 
candidate 8ubgraph, and their heights. If a certainty factor (CF) of 600 or mare Is .sslgned, 
the sldae.heln Is eonslde,ed located (CF's heve. ,enge of -1000 to 1000; the CF comblning 
function being the .ame as that used by MYCIN: •• e article ~). 

INFERENCE: EVENT-2 BY RULE a IN RUlESET MATCH.SOCHN 



C3 CRVIALII 46 

EVENT NAME: TOEHOlD 
CURRENT HYPOTHESIS ElEMENT: SA3 
NEW PROPERTIES: (SEGS «(1 :lEG238). 823) «1 SEG240) • 666)))) 

If • aide chain Is found, the trice trle' to find the alphl carbon location by finding I p.alr of • 
certain type near the root 0' the Iidechain. The KS ....... d !., propose en alpha carbon position 
Is caUed POSSIBLE.CALPHA. The system a •• ume. that the Iocltlon of thla pelk Is I lII0I'. 

accurate guide then ttte skeleton for locating this cl ••• I)' atom. 

INFERENCE: EVENT-3 BY RULE 6 IN RUlESET POSSIBI..E.CA.lPHA 

EVENT NAME: C.AlPHA 
CURRENT HYPOTHESIS elEMENT: A4 
NEW PROPERTIES: «TYPE C) (NAME CA.) (BELONGSTO (MET. 1» 

(D.PEAKS «PK076 • 600»» 

Once the toei,~lrt has been anohored, thl. trlc. become, e •• entlally a generate-and­
te.t .earch. heavily con$\~ .. lned by the sequence. The basic control cycle for the t,ace Is: 
Propose a aldechaln, match It; ~!'OpOSe a p~ptlde, match that, and loop until a match falls. 
Sometimes the carbonyl group pr ••• nt In each peptide will appear as a smlll .Id.chaln. If 
this happens, the proposed peptide wll extend only from the last aldect.aln up to this 
pseudo-sldechaln, and the peptide will fall to match. This failure prompt. the system to try 
matching the "sldecheln· as a carbonyl. Success of thl. ",etch would ",ean thet only helf of 
the peptide has been found; the ,yate", can then propoee a la,oe, peptide, which contalne 
the old one, end pr<lCeed a. "'«e. 

INFERENCE: EVENT-4 BY RULE 41N RUlESET MATCH.PEPTIDE 

EVENT NAME: PEPTIDE 
CURRENT HYPOTHESIS ELEMENT: SA4 
NEW PROPERTIES: «TYPE PEPTIDE) (BELONGSTO (MET. '») 

(SEGS «((SEGe SEG8) • 84») (PEAKS (PK078 PK078))) 

INFERENCE: EVENT -5 BV RUlF. «; IN ALl.ESET MATCH.CAABONYI..SC 

EVENT NAME: CARBONYl.FOUND 
CURRENT HYPOTHESIS ELEMENT: A6 
NEW PROPERTIES: «TYPE CO) (NAME CARBONYl) (BELONGSTO (MET. 1» 

(SEGS «(1 SEGS). 681))) (PEAKS (PKOa8m 

INFERENCE: EVENT -8 BY RUlE 4 IN RULESET MATCH.PFPTIDE 

EVENT NAME: PEPTIDE 
CURRENT HYI'OTHESIS ELEMENT: SA4 
NEW PROPERTIES: «SEGS «(SE6O SEGS 8£G10). 420))) 

(PEAKS (PK078 PK078 PKoa8))) 

INFERENCE: EVENT-7 BV RUlE 7 IN AUlE8£T MATCH.8OCHN 



.N': SAO 
EVENT NAME: SIDEC~' 
CURRENT HVPOn:~ 
NEW PROPERTIES: 

(SEGS «(1 SEG~, 
OECHAIN) (BElONGSTO (lYS. 2» 

-7)))) 

INFERENCE: EVENT·6 B. RULE 6 IN RUlESET POSSIBLE.CAlPHA 

EVENT NAME: C.ALPHA 
CURRENT HYPOTHESIS ELEMENT: A8 
NEW PROPERTIES: «TYPE C) (NAME CAl (BELONGSTO (LVS • 2» 

CD. PEAKS «PK078 • 6(0»» 
INFERENCE: EVENT-9 BY r.uLE 4 IN RUlESET MATCH.PEPTIDE 

EVENT NAME; PEPTIDE 
CURRENT HYPOTHESIS ELEMENT: SAS 
NEW PROPERTIES: «TYPE PEPTIDE) (BElONGSTO (LYS • 2» 

(SEGS «(SEG232 SEG16) • 800))) (PEAKS (PK017 PK 126))) 

(T leret ",orl ItICnts, st",U4r to tllosl ImcHlftf, 114W HIll OtIltttld.) 

INfERENCE: EVENT-13 BY RULE 6 IN RULE SET MATCH.SOCHN 

EVENT NAME: SIDECHAIN 
CURRENT HYPOTHESIS E'-EMEI!T: SAS 
NEW PROPERTIES: «(TVPI: SIOECHAtN) (BELONGSTO (TYR • 4» 

(SEGS «(6 SEG212 SEG40 SEG38 SEG36 5E6228) • 602»))) 

The matching cycle terminates In one of two way.. If the skeleton becOft\es so 
overconnected that the access function cannot proPOSe the next .ubgraph (sidechaln or 
peptide), the trace falls; or If the certainty of a ",atch Is too low and there are no rules to 
.ave the situation, the trace 'aHs. Upon tenllination. one final knowledge aource Is called to 
link together hypothesis ele ..... ta belongfng to the ..... r.sldue, creating .n <!)fganlzlng 
"b.ckbone." 

INFERENCE: EYENT-14 BY RUlE 8 

EVENT NAME: LlNK-CA-To-PEPT!DE 
'CURRENT HYPOTHESIS ElEUfflf: SA4 
NEW PROPERTIES: ((MEMBERS (A4))) 

IN RUlESET TRACE.CLEANUP 

(TfIIO ",or, IW'IIts, itA' tit, ~"IdlYIt "" ,r, ",.",,,, It",.) 
INFERENCE: EVENT-17 BY RUlE 7 IN RUl:;SET TRACE.CLEANUP 

EVENT NAME: BACr &»HE: 
CURRENT HYPOTHESIS ELEMENT: ST1 
NEW PROPERTIES: «TYPE BACKBONE) (CF 611) (DIRECTION 1) 

(RANGE (1 • 4)) (MEMBERS (SA 1 SA2 8A3 8M SA5 SAO BA7 NIL») 
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Summary 

At llle present time, CRYSALIS Is capable of performing only a ama" portion of the total 
task of e',eetron density .... p Interpretation. The develppment and Implamt,ntatlon of all the 
knowfe~ge sourcea required for the complete taak Is a long-term effort. CIWSALIS currently 
contabls a ,elatlvely small knowledge base that permlta the Interpretation of portions of hlgh­
quality, high-resolution (2.0 Ang&tro.ft. or better) electron density maps, Ttle system is 
expected to evolve toward an ex~.n.lve knowledge-ba.ed problem sOlv~r capable of 
complete Interpretation of medium-quality, ",edium-resotutlon (2 to 2.5 Ang.) electron density 
"'''PIS. Although CR'fSAlIS Is not yet worthy of serloU. attention by the proteln­
crvstallographlc community, Ita defects lie primarily In Ita relatively m •• oer knowledge base 
and not In Its detllgo. As new knowledge touroe. ere added to the .ystem, Its level of 
performance I •• "pec-ted to rl •• to the POInt where Ita uae will be a significant aid In the 
determination of new protein structur ••• 

Reference. 

Se. Engelmore and Nil (1D77), Engellftore and Terry (1D78), and Feigenbaum, 
Engelmore, and Johnson (1877). 
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The synthesis of org4nlc compounds Is cantral to the creation of new chemical products 
and more efficient processes for manufacturing old products. However, the synthesis 
process for a particular prtjduct Is typlcaily very axpenlCl"c to run and very hard to design. 
Therefore, '.here IS great Interest among both acadamlc and Industrial chemists In new tools 
to aid in finding naw synthetic route~. 

A synthesla problem begins with the structural description 0' a compound that someone 
wants synthesized, often because the compound has useful properties (e.g., a drug or a 
vitamin). SyntheSiS can also be a dettnltive confirmation of a postulatea structure far an 
unknown compound In an analysis problem, alnea the syntheslzad compound and the unknown 
compound Will, If Identical, produca Idantlcal ta.t ra.ults. 

Chemists use the computer and AI techniques to systematically explore the s,"tluSis 
(rlt and to help organize the Immense body of available knowledge about chemical reactions. 
This approach of exh6ustlllvly 9Apioring the Interesttng branches 0' the synthesis tree was 
celled the logic-centered approach by Corey and Wlpka, who first explored computer-aided 
organic synthesis. "Interesting" branches are those most likely to produce the desired 
resutt. "Interesting" Is an .. xtremely difficult concept tc define and to cast Into an algorithm, 
therefore, for !'lOW, thEr search must be guided Interactively by the chemist. S0I'I8 of the 
relevent conSiderations are: the efficiency of • reaction, the cost of mate,lals, and the 
difficulty of meeting the experimental condltlona that aUpport a reaction. 

The Chemist represents tha "target" structure graphically and relates it to Simpler 
chemicals via known chemical reactions. He relates those to stili simple' ones, until he 
reaches a set of commands, comparable to starting materials re~dlly available from chemical 
supply hoUses or which can be easily synthe'}lzed In a few steps In the laberatory. One plan 
for synthesizing the compound, callad a "synthetic route," may Involve dOll~ns of separate 
reactions. If the moIocuie Is at all complicated there are an Itnmense nun'ber of distinct 
synthetiC routes. For eXa"'ple, a slmpla atarold composed of about 20 atoms has over 

2.4 x 101• possible direct routes. 

SynthetiC routes can be visualized using an AND/OR tree (see section search-A2). The 
tree descends from the goal node, the target molecule, to the terlline' nodes, eQuiv.lent to 
the starting materials. Th. branches connecting the nodes ara chemical reactions. Since a 
synthesis plan Involves c:ombInlng compounde In reactlona, the AND-links of the treft are 
pre.ent In anyone ayntheab route; .ltemattv. w'Y' of ",.klng a compound anywhere within 
the plan ere repre.ented by OR-node •• 

rIt. Thr •• Major Program. 

There .re thr.e major programs In computer-aided org.nlc syntha'la. Ttl. earliest Is 
LHASA (Logic and Heuristics Applied to Synthetic Analysis), which w .. written by Cc·rey and 
Wlpke at Harvard and Is maintained at Harv."d by Corey and his rasearch group. SEeS 
(Simulation and Evaluation of CheMical Synth.,ls) Is an outgrowth of LHASA, written by Wlpke 
and maintained ;,y Wlpke and his re.earch group at the UnIversity of California at Saflta Cruz. 
It extended the LHASA paradlp by the Inclualon 9t' at.reochallllcel and conformatlonel 
InformatlOft lnto 61: aspects of the COIIIPUter P'VIra •• The third Major progra .... SVNCHEM 
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(Synthetic "hllmlatry). written end melntalned by H. l. Gelemt.r and his research group at 
the S at. University of New York at Stony Brook. The mllill featu,.s of these three programs 
ar. summarize" In rable 1. 

Table 1 
Chemical Synth"s'a Program. 

Principel 
Proor.. Oe.ioner Metn Felture. 

LHASA 

SEtS 

E. J. CorlY Lerge procldur.' knowledgl ba'i Df atr.nsfor.s.­
!nter.ctivi. htgh-perfor .. nce. 

V. T. Vlpk. S.p.rltl knOW'ld~e blSI of .eny atrlnsfor~~· 
with splctll tnterlcttve 'Ingulg, for deftnlng 
new ones (ALCHEM). Inte"lcttve grlphtcs. end 
high-perfo~nce. 

SYNCHEM H. S.l,rnt,r Mottvlt,d by AI "Irch probl •••• EVllultton 
durtn, s •• rch don. by the proori., not by a ch •• ist. 

Since SECS was designed to elttend the ",ethods In LHASA, ",uch of the dlscue.1on of 
SECS Is true of LHASA. Howeve" SECS h .. addltione' featur •• that a,e of Inte, •• t to 
comput., SCientists. 01' the three, only SECS Is dHlOnStrably ",achtna Independent. 

Two Differ.; ,t Approach •• 

A "'ajor distinction betw •• n SEeS (and LHASA) .nd SVNCHEM Is that the forme, 'S 
oriented to high performance. while SVNCHEM .. oriented lIIOfe to AI "ausa. As • 
con •• quence of this feet end the fact tNt cheMts· Intuitlona about -interesting II pathways 
are hard to define, SECf: relies on a chelllst" Inter.ctlng with the program. SYNCHEM. on 
the other hand, ,e.rches the ,pace without Intereettvll guidance frolll • cheMt. (This" not 
to say that SECS and LHASA lack Inte, .. t or that SYNCHEM Ie Incap."" of high 
performance.) 

In opera tiona' ttl,...s, the III II In difference Ie whether the eva/u.tlon function for the 
.e.rch procedure Is explicItly ~Iv.n to the ..... _ and used without guidance from the 
chem'st (SYNCHEM) or whether the ev.luatlon function Ie not explicitly ~t"en to the progr .... 
(SECS and lHASA). Th .. e.re cehd the noNnteractlve and Int.actlve a~che. below. 
SECS eel' be reconftgurecl to M'I nOfllnt.acttvely. althoUgh • c ..... t'. guidance tends to 
give bett .. r re.utta. 



50 Appllcatlon.-orlented AI R ••• archl Scl.nc. and Mathematic. 

Th. Chemical Knowl.dge aa •• 

The primary Item of knowledge In chemical synthesis Is the chemical ,eaction-~a rula 
describing a situation In which a change can occur (to a Inolecular structure) plus .. 
d,scrlption of that changa. For example, the reaction shown In Figure 1 describes a change 
to • molecule containing the sUbstructure o-C-C-CaO In the presence of the re.gent oxalyl 
chloride. 

O;;;C-C-C:O + OXIlyl Chloride -----> O-C-C-C-Cl 

Figure 1. Graphical representltlon of I chemlCl1 relctlon. 

To design a synthesis route from stlrting miterilis to target molecule, knowledge of 
reactions can be used In either 01 two wIY.: 

1. Forward directIOn: Apply known reactions to starting materials, then to the 
products of those reactions, the products of products, etc., until the target Is 
reached. The comblnatOl'lcs of this approach make it ImpOssible in practice 
because there are thou.ands of possible starting compounds and only one target. 

2. Reyar.. direction: Stlrtl"9 with the target molecule, determine which 
reactions might produce It. Then IooIt for ways to make the precufilors, and the 
precursors of precursors, at.:;., u!'!tll starting materials are r.ached. Storing the 
r.actlons In the rever •• direction "'ekes It •• sler to ,earch the treE. of possible 
pathways. 

All three programs have • Ilrge knowledge base of rlVlfs, tIt''''ical "actions called 
tranaforms--productlon rule. of the condition-action form, with the left-hand .,do being a 
aub3tructure pattern to be matched In the target structure (or Intermediate structure) and 
the right-hand side being I de~crlption of precursors that will produce the goal atructure 
under .peclfled reaction condttlons. Each of the three projects have dealt with the problems 
of constructing a knowtedge b ... In Yery dIfferent way •. 

1. The LHASA knowledge ba •• Is I s.t of procedure.. Although It contelns very 
sophisticated ch"",latry knowledge, It Is difficult to mocHfy. 

2. The SEeS knowledge bese contelns about 400 separate transforms. N.w 
transforma can be defined by users and entered Into the knowledge bese 
without chlnge. to the Progfl... Beceuse of Ita clarity, It I" used for 
illUstration and Is dlscu ••• d In detlll below. 

3. The SYNCHEM knowledge bl.e Is. library of r.actlon. that can be updlted by 
chetnlsts WIthout re"rogralftllllng. Each r.actlon Is automatlcatty COMpiled Into 
a rey.rae ,eactlon. In addition, the knowledge ba •• contllns a large Hbrary of 
starting compounds t:."t ar. Ivallable commercllly. 

Each of the SECS t,anstonu Is stor.d on extemal storlg. Independent of the SECS 
program; this f.ltur •• n ••• the knowteclae btl •• to be t_lIDred to a specific problem 
domain. Further, the ftUtlber and COIIPIexlty of traMforIIa Is not ..... t.d by the alze of cor. 
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memory. A simple, flexible language, r,;all.d AlCHEM, Ia provided In which chemists can ent3r 
new transforms Into the knowledge t, •••• 

AlCHEM embodies. model of What Inform.tlon I. n •• d.d In order to .dequately 
describe .. react~. According to thl. 1IIOd.1, a tranalorm conallta of tha following al;( 
.ectlons: 

(') Tran6form name. 

(2) Substructure ~ey or pattern to be matched. 

(3) Character--used to help Judge the ralevance to .trat.ole planning. 

(4) Scope and limltatlona. 

(5) Reaction condltlons--whlch must not be v!.JI.t.d by the '9m.lnde' of 
the molecule cont.lnlng the substructure key. 

(6) Manipulation atatement.--deacriblng the graph transformations to be 
performed. 

This will be cl.rlfled balow with an .xa....,I •• 

In the reaction showlt In Flgur. 1, ona of the Oxygen. double-bonded to Carbon Is 
replaced by a .Ingle bond to a Chlorln •. To go from • Graphical repra.entatlon of .. synthetic 
reaction to the graphical rapre.entatlon of a SECS tranaform, we rev.r.e the laft- and 
right-hand ald.a a"d apeclfy additIOnal ""portant condltlona. Ualng the ALCHEM languaga, tha 
Cheml.t could Int&~actlv.\Y antar the followtng rapresentatlon of this transform. 

Comment: Chloroenone., oac-C-C .. CL goaa to o-C-C-C"CL 
Reagant: Oxalyl Chloride 
R.f: H.athcock and CI.rk (1978). 

Transform nam.: CHlOR-ENONE 
Substructur. kay: O-C-C-C-Cl (1 - 2 - 3. 4 - 6) 
Priority: 100 

Character: CHARACTER At TEAS GROUP 

Scope IF ACID IS OFF PATH THEN KIll 
and LlmitatIDM: IF ESTER IS OFF PATH THEN KIll 

If HYDROGEN IS AlPHA TO ATOM A THEN 
BEGIN 
If HYDROGEN IS AlPHA TO ATOM2 
THEN SUBTRACT 7& FROM PRIORITY 
DONE 

Ma.,lput.tlon: BREAK BOND 3 
Stat ... ant.: DELETE ATOM & 

ADO 0 Of ORDER 2 to Al'c.M 4 
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In tltt actual rfcKtion, 01 cours" 'h' cAI.ri"'.otlCl cO"'~71d 
,o".,.~ Irom tilt fJTtcJlrJor. 

Referring to the manipulation atl"tementa, "BREAK BOND 3" refe,a to the third bond from the 
left ITl the substructure key; the double bond be~w.en the two carbon~ la ,educed to a single 
bond. Similarly, "DELETE ATOM 6" refera to the Chlorine atom eL, the 'Ifth atom from the left. 
When thO program Is actually run, a compIle, .:atled SVNCOM tranalates the ALCHEM 
st.ateMents into machine r.adabl. for", before the program I. run. 

A e.r.ef De.crlptlon of I~CS 

SECS and LHASA have been designed to divide the work between the chemist end the 
compute, In the most optimal way. In a ,ecent pap.r Wlpke et al. (1977), explain their 
philosophy. 

Our perfermance goal for the program was that the progrem should be 
able to help a chemist find many more good and Innovative syntheses 
than the chemist could working alone. Because of the cl)nlpjexlty of 
the problem domain, we felt the chemist and computer working 
together with each assigned tasks for which they are best suited, and 
with efficient Interaction between the two, would be more effective 
than either working alone. Our goal was not to replace the chemist, 
but to augment the chemist's proble ... oMng capabilities. 

Graphics. The chemist communicates with the SEeS program using a graphics terminal 
with. CRT •• mlnl·computer, a keyboard, and a Nght pen. Using the pen, the chemist draws 
on t". acreen the graphical structure of the "target" molecule to be synthtlslzed. Much 
effort has gone Into human engineering. The SEeS gfaphlcs routines are do signed to be as 
neer as possible to the chemists' normal mod •• of thought, which Is the structure diagram or 
the molecular model. There are slmHer facHltle. In LHASA. By convention, hydroge:, atoma .,e 
suppressed, a. discussed above. Another conventton .. that only noncarbon atoms (called 
"het.roatoms") a,e labeled. This convention Is useful since the majoftty of nonhydrogen 
atoms In organic moI.c ..... are carbon. 

Appllc.tlon of a Tranlfarm. Applying a transfortll Is not Simply a matte, of ",atching 
the .ubstructur. key to a tftOfecuie and, if the aubgr.ph fit., executing the gr.ph 
manlp:Jlatlon statements. The scope and ""'Itatlons dehrmlne much of the context In which 
the transform will be appHcable. Also, It Is necessary to check three-dimensional information 
and electronic environment information (that Is, the tem .• eney of the atoms In the molecule to 
be positively or neg.tlvely charg8d) In or_ to IMke an accurate ...... m.nt about Whether 
a traneform Is appllcabl.. A COIIIIIIOn .ltultton In aynthetk: chellllst/)' Is that we havo • 
functlon.' group to MOdIfy .nd a r.ag.nt to ch.ng. It, but the function" group .. hlnder.d 
(apettlt"y) by anoth.r functiona' group or lnother portion of the mot.cule. In .uch c ••••• the 
reagent lIKJIecuie. cannot react with the group and change It; although they "'Ight In oth.r 
sp.tI., cont.xt •• 

Without the thr •• -dllMr.elonal Infor .. tton given by the ao-c.ll.d -lIIOdel-bulldlng" 
routines, the progr ... h •• no way of k~wtnt that the trenafora cannot apply. After the 
epatl.1 MOdeling he. be.n done, th" progr.. CI" perceIVe thalt even thour,h the required 
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functional group Is present, the tranefor", cannot be applied directly b8cal~,"e It Is 
Inaccesalble to the reagent lftOIecuiea. It tha traneform Is very hlgt\ prlorltv, ames"·. · .. nd 
analysis can be done to find way. of alte,lng the moIacul., so that th~ ;I;,en functlon.' group 
Is accessible. 

A BrIef De.crlptlon of 8YNCHEM 

Th. alms of Gelernter'a group on SYNCHEM ara stated v.ry clearly In Gelerntar at a", 
1977: 

Extram-dlnarlly rapid progress during the early stages c·f an attack on 
a new problem ar.a I. a rather common occurrence In AI re3earch; It 
merely algnlfles that the test cases with which the system has been 
challenged are balow tha leval of difficulty where combinatorial 
explosion of the numb., of pathways In the problem apace sats In .... lt 
Is the goal of AI research to IIIOva that threshold higher and higher on 
the scale of problam complexity through the Introduction of heuristics­
-heuristics to reduce the 'ate of growth of the .oIutlon tree, 
heuristics to guide the dev.lopm • .,t of the traa so that It will be rich 
In pathways leading to .atlsfactory problem solutloM, and heuristics 
to dlract the •• arch to the -bast· of tha •• pathway •. 

SYNCHEM Is nonlnt."ctlv •. The moIecui. to be aynthesized la Input, .nd the program uaes 
heuristic .earch to look for the be.t :.rl1thtttlc route. The program dec:des which nod. of the 
tr •• to d.v.1op further, by •• tlmatlng the ·coat· of r.achlng the IJOIII from that node plus the 
e.tlmated ·cost· of reaching that node fl'Olll atartlng materials. One of the Interesting AI 
la.u.s Is that the prouram'. d.flnltlon of ·cost· depend. on the cont.xt of the problem •• 
well a. on .tatlc f •• tur •• such as .fficlency of r.actlon., the monetary C03t of ",.t.,lal., 
etc. For .xampl.,· co."t. ar. "'.ssurad dlff.rently In an .xplor.tClfY r .... rett context th.n In 
sn Indualrial production context. 

The long-range hope of the SVNCHEM group .. that the study of AI In this domain will 
le.d to new insights In Al and alSo .vantuelly to a nonintaractlv. aya'em that WI" b. of us. 
to ch.",lsts. 

t 
8YNCHEM 801utton Evalu.tlon. The folowtng quotation (G.larnt.r .t .1., 1917) 

Illustrate" the dlfferanee batween organic .yntha... and a more famlltar dom.1n such e. 
theore. proving. 

Unlike much o.f the earlier weft In prabIa .. -aoMng .... wha'. .ny "alld 
sequence o.f traMforMtlona fre. "'....... to goal provided an 
acceptabl. solution, we were not to be .atlsfl.d by an Indicated 
.ynth.sls rout. of very low yield, or on. r.Qutrlng difficult or 
inefficient .ep.ratlona of goal molecule. fre. by-prodtacta along the 
way, at I.a.t not befor1l te. .. achlna had triad .nd faHed to find II 

mora efficient proc.dur. of higher yleld .... lt .. the question of r.l.tlv. 
merlt of propoted aoIutIona undar the conatralnta of the prabla .. tha' 
rapra.ent ...... t.ntiat ...... rtur. f..- .oat of the won reported In 
the IIteratura of .rtlflclallntallganoa. 
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The complexities of (he domain are highlighted by the fate of one of the most 
slgnlflr-ant results produced by the progralll. SVNCHEM proposed a synthetic route for a 
naturally occurring antibiotic: that was at that time under development by A. R. Rinehart's 
group at the University of Illinois. The route was considered Interesting enough to merit a 
laboratory Investigation. However, the laboratory attempt failed. One of the crucial steps in 
the Eynthesls route cOlJld not be accomplished In the laboratory and the proposed route had 
to be reluctantly abandoned. No successful routes to the molecule have yet been found. All 
synthetic routes, whether proposed by a computer program like SYNCHEM or by a person, are 
provisional until they can be verified by experiment. 

SYNCHEM Se.rc:h Strategy 

SYNCHfM'S search strategy algorithm first expands the goal node to find all Its 
precursors. Next It computes the cost of reaching the target molecule from tt,e precursors, 
taking Into account the efficiency and difficulty of the reactions. It also estimates the 
difficulty of synt:,eslzlng the precursor n>des fro'll the available starting materials. Subgoal 
selection criteria are a function of both the accumulated heuristic estimates of reaction merit 
and yield along the path from subgoal to gosl, and of a prediction of the probable reaction 
merit and yield along the best path from atartlng m.te".ls to the subgoal. SVNCHEM upd.tes 
the merit r.tlngs with information associated with each Intermediate structure. Merit, as 
mentioned above, Is based on moat recent estimates c-f compou~d complexity (i.e., difficulty 
In synthesizing It) and reaction path merit (yield, cost. etc.) after each cycle Df subgoal 
g~neratlon. The selection of a new subgoal alw.ys begins with 81 new scan of the tree from 
the top. Thus the search Is performed In :l best-first manner: If newly acquired Information 
changes the ratings for subg.....ls, the next subgoal selected c.n lie on • cOftlpletely different 
branch of the tree. In this way. the progr.m w"1 never develop .n unfortunate choice 
(pathway down to starting ",aterlals) before b.cktracklng end exploring more fruitful 
br.nelles. 

Computer-aided chemical synthesis Is e potentially powerful new tool for both rese.rch 
and Industrial chemists. The utility of any of the programs discussed here <::-Tltlcelly cf3pends 
on the .ize and .ccur.cy of thAir knowledge b ••• of organic chemlc.1 rellctions. Although 
far from complete, the knowledge b .... now cont.ln highly det.lled descriptionS of numerous 
synthetic reaction •• An of the progr.ms h.ve convincingly demonat(;Jted their .bHlty to find 
plausible synthetic route. for IInpor~8Int organic m.terl.ls, often In less time than chemists 
working llione. The SEeS program h.s • us.r community of chemists in Europe .nd N~.·th 
Alllerican, Who .dd new transforllS as well as use the progr.m for synthesis pl.nning. The 
effort spent on hum.n engineering for cheml8ts has lII.de It possible for chemists to use the 
program ~ffectlv.1y (.nd w.nt to usc. It) and Independently of the prograM's deSigners. On. 
of the long-range hopes of chemtsta and COIIIputer scientists working In computer-ald.d 
organic synth •• ls Is that thta work on knowle. banG wtI I.ad to an Improved classification 
of chemlc.1 reaction •• 

Bec.us. the heuriatlc se.rch paracttg. flta the ayntheals planning "roblem .well. AI 
r •••• rch h.s had Much to off.r. In addition, curr.nt AI work on knowledge-based expert 
systems provide. conc.pta and toola tor ,epr.entatlon and .. anag ... nt of th....... '.rge, 
.v.r changing •• t. of cltellle •• facta and relatlona. 
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s •• Cory and Wlpk. (1IJOO), Gelwntef .t al. (1817), Gund. Andoee, and Rhod •• 
(1077). and Wtpk •• t al. (1071). 
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D. Applications In Mathematici 

D1. AM 

AM Is a computer program written by Douglas Lenat (1976) that explores the field of 
elementary mathematics, enlarging Ita vocabulary c~ u'ljects and operators by d~finlng new 
ones, gathering empirical data abOut the concepte It pl..'8se!lses. and making conjectures to 
connect some of these mathemaUcal entities. 

The program began Initially with a collection of one hundrl!d ccmcepts selected from 
finite eet theory, and In a couple hours It had defined about three hundred new concepts, 
half of which were quite well known In mathematic •. One of the synthesized concepts was 
equivalent to natural numbers. AM rated thIS highly and spent much time developing 
elementary number ttleory, Including conjecturing tha fundamental theorem of arithmetic 
(each number has a unique prime factorization). This" of course much better behavior than 
one could expect from blind search through th' epace of legal mathematical definitions and 
propositions. In AM .earch Is not blind; At any moment It cail justify Its current efforts merely 
by printing out the symbolic r.asons for the ta,.k It Is WOiklng on. 

Th. design of AM Is a blend of four poWerful methods: fr.me represent.tion, Irturist" 
slar,,,, production systems, and btst-flrst star,II. The concepti that AM disc~ilets .nd 
explor.s are represented as frames (see article Repraentatian.C7). each containing slots 
that ar. appropriate to the type of concept. For example, mathematical op,rations such as 
Addition It.ve a Domaln/Range slot that would be absent In frames that represent 
mathematical objtcts like 5eb or Bags. The goal of AM is to develop Its knowledge of 
mathematics by filling In Qmp~y slots In a concept and, occasionally, by defining new 
concepts. These tasks ere suggested and performed by heuristic rules, r.presented as 
productton. (see artlcie ~ .Mntetion.C3). AM Is constrained by these rules to explore 
potentially inter~et:nQ concepts and aspects (slota) of concepts. Mter a heuristic has 
suggested that a slot be filled or a concept created, the suggested task mt.At compete with 
9ther. on an tJK'lId4, a job-tlst of plausible tasks. each task Is aupported by a set ot symbolic 
reason.. And has a numeric weight representing Ita -Intere.tlngne ••. - At each mome"t, AM 
directs Its att.ntton to the ta.k with the highest weight. 

The significance of the project Hea both In the archltectt.r. of the program and in the 
fact that the progr.m behave. weR: AM.. an .xlatence pr,,'f)f that open-ended math 
res.arch--theor.m tropost", not theore... provtng--can be adequately represented (and 
automated) as a heuristiC search. It Is worth noting that the ultimate Impediment to AM's 
progr.ss was Its InablNty to discover n.w heurlatlc ru.... a. it had dlscov.red new 
mathematical concepts. By constructInG and .xpe,.....nttng with the program It b.came cl.ar 
where the next r •••• rch thrust should be: along the direction of automating the dlscov.ry 
and .valu.tlon of heun.tlc •• 

In the rest of thl_ article, the nature of .athe.atlcal discovery Is discussed. These 
Ideas ar. then carried ova, Into a deacrlptlon of the .algn of AM. The methods of knowledge 
reprE)sentatton and control are covered In depth. and special .ttentton Is given to the tasks 
th.t AM performs. An excerpt ffOll a ...... run of AM Is g1wn lllustr.tlng ttl discov.ry of 
prime numbera and perfect a ... , ... Finally, AM .. evaluated .s a _the.attelan. and Ita 
IImttatioM are noted. 
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A Mod., of Math.ma.'ca' R •••• rch 

Lenat's thesis was concerned with .he mechanization of a particular type of 
mathematical activity (apart from thsorenl proving): the definition of new concepts and the 
recognition of plausible conjectures. The AM system has no proof capabilities. Below Is the 
model of math research that AM was based upon, pieced together from the wrltir.gs of 
Po/ncare, Po/ya, lak.tos, Hadam.rd, .nd other.: 

1. The order In which a m.th textbook presents a theory Is almost the exact opposite 
of the order In which It was actually discovered and developed. In such III text. new 
definitions are presen~ed as they ar. needed, with little or no motivation to state the 
next big theorem, whose proof then maglcfllly appears. In contrast, a mathematician 
dolrlg research ex.mlnes some already known concepts .nd tries to find some 
regularity In experimental data Involving them. The patterns that he notices are the 
conJe-::turea that he muat Investlg.t. further, and these relatlomi"ips directly 
motivate him to make new definitions. 

2. Each step that the researcher takes while developing a new theory Involves choices 
from a large aet 0' "legal· altematlves. The key to keeping the search from 
becoming blind .nd e;o.:ploslve Is the prop.r us. of evalu.tion criteria. Each 
m.thematlcl.n uses his own p.raonal lI.urletlce to c~. the Mbe3tM alternative 
available .t .ach mom.nt. 

3. Non-forma' criteria (aesthetic Inter.stlngness, Inductlv" Inference from empirical 
evldeilc., .n.logy, 6nd utility) .re much more Import.nt than form.1 deductive 
methods In developing mathematlcaMy worthwhile theorle., and In avoiding barren 
diversions. 

4. It Is .ufflcl.nt, .nd pr.gmatlc.lly n.c .... ry, to h.v •• nd use. I.rge set of Informal 
heuristic ,,,Ies tn.t dlr.ct the •• quenc. of the re.earche,'s activities, dependino on 
the currer.t situation. In .ddltlon, the.e rule. can be .ssumed to supe,lmpose: The 
cOntbln.d .ffect of s.ver.1 rul .... just the aUIil of the Indlvldu.' effects. 

5. The necess.rv heurtatic rul •• ar. vlrtu.Ny the .am. In all br.nchea of mathem.tics 
and at all 19vels of sophistlcetlon. Each Ipeclall7.ed field will h.ve aome of Its own 
heurlstlca; those .re nor •• lly much more powerful th.n the gener.l-purpose 
heurlatlea. 

e. For true understanding, the rese.rch.r .houId gr.sp--th.t la, have .ccess to, relate 
to, atore, be able to m.nlpul.te, be .bI. to answer questlona .bout, etc.--e.ch 
concept In' several WIY', declar.tlvely, I.,.tr.ctly, .nd oper.tionally, ."d ahould 
know It. ,elevance .nd ex ...... of It. 

Discovery In Mathelllatics 

Before dlscuealng the l1'I'I!IJU a new "'ltt-e"'ltlc.1 theory. we cooslder briefly Its 
47tal,sis, or how to u,netruct • rl>tualbla chIIln of re.sonIng th.t stretches from a given 
r.alecov&ry .,1 the way back to Well-known concept •• 
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One can rationalize a given discovery by working backwards, by reducing the creative 
act to simpler and simpler creative acts. For example, consider the concept of prime 
numbers. How might one be led to define such a notion If one ha,j never heard of it before? 
Consider the following plausible strategy: 

If f Is II function which transforms elemants of A Into elaments of B, 
and 8 Is ordered, then consider Just those members of A which are 
transformed Into ,"trtmai c.iements of B. This set Is an interEolsting 
subset of A. Name It snd study It. 

When f(x) means "divisors of x" and the ordering Is "by length," this heuristic directs 
one to consider those numbers that have a minimal number of factors--Lhat Is, the primes. So 
this rule actually rtducts our task from propoSing the concept of prime numbers to two more 
elementary problems: (a) d'scollerlng or"~rlng-by-Iength and (b) Inventing divisors-of. 

Now suppose we know this general rule: "If f is an inttresting fUT!ction, coY/sid,; its 
i",~rst." It reduces the task of discovering divisors-of to the simpler tulr of discovering 
multiplication. Eventually," followed far enough, this task reduces to the diecovery of very 
basic n"tlons like substitution, set-union, end equality. To explain how a given researcher 
might have made a given discovery, auch an analysis must be continued until the inductive 
task Is reduced to "discovering" the notlo"s that the researcher started With, which were 
his conceptual primitives. 

Svnth •••• of DI.coverle. 

Suppose a large collection of these heuristic strategies has been assembled (e.g., by 
analyzing a great many dIScoveries and writing down new heuristic rules whenever 
necessary). Instead of using them t(\ ",plain how a given Idea might have evolved, one can 
Imagine starting from a basic core of knowledge and "running" the heuristics to gtn"att new 
concepts. It Is simply the reversal of the procesl! described In the last section: not 
~xplanGtt01l, but gt1lnation. 

Notice that this !",1IIard ,""It Is much "bushler"--I.e., more branches or paths to follow­
-and mur.h more explosl\'e than the backwards analysis previously described. It Is a much 
hluder tnk to actually make a discovery than to ratlonallze--by hlndslght--one already 
made. 

Unconstralnwd forward search 16 too explosive (see Combinatorial Explosion In article 
S_rch.OvervillW); thus, we can hypothesize that the SCientist employs some kind of Informal 
rules-of-thumb or heuristics to constrain It. That la, he doesn't really follow rules like "Loo" at 
til' inwrst of ,aclt hOI'" fu:nctitm j". because that would take UP too much time. Rather, his 
heuristic rules might be more naturaMy stated atl productions (condition/action rules) like: -If 
f Is 1-/ and Rangtif) « DO'6ItUn(f), T Itm 1001 ., f-i'llWTS'." Hennlforth, heuristic rule will mean 
such a conditional rule-of-thumb. In any particular situation some subset of these rules will 
"trigger" and suggest a manageable space of plausible actMtles to perform. After exploring 
that space for a whle, the situation will ha"e changed end the cycle will begin anew. 
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D •• lgn of the AM Progr.m 

Mathem.tlcal Inductive synthes •• ar. preclaely what AM doe.. The program consists 
of • large corpus of primitive mathematical concepts, each with a few associated heuristIcs. 
Each such heuristic Is a situation-action rule that functions a. a local plausible move 
gene,ator. Some suggest t.sks for the ayatem to carry out •• ome suggest ways of 
satisfying a given task, etc. AM's activities all .erve til expand AM Itself, to enlarge upon a 
glv8n b~dy of mathematical knowledge. AM uses Ita heuristics .s judgment.1 criteria to guide 
development In the most promisinG direction. 

R.pr.a~nt.tlon. Each concept Is represented as • frame-like data structure with 26 
different facets or slots. The types of facets Include: EXAMPLES. DEFINITIONS, 
GENERALIZATIONS, DOMAIN/RANGE, ANALOGIES, INTERESTINGNESS. CONJECTURES and many 
others. Modl.lar repr.sentathln of concept. provlde~ a convenient sche;ne for organizing the 
heuristics; for example, '~e followfng .trat.gy flta Into the EXAMPLES facet of the 
PREDICATE concept: 

If, empirically, 10 tlmea aa many .I .... ent. fAIL aome predicate P, as 
SATISFY It. then S0III8 IlfltTfJllzctlDn (weakened version) of P might be 
more Interesting than P. 

AM considers this .uggeatlon after trying to fill In example. of each predicate. In fact, 
after AM .ttempta to find examplea of SET -Ef2J ALITY, .0 few are found that AM decides to 
generalize th.t predicate. The reault la ~ne cr.atlon of •• vera' n.w pr.dicates, one of which 
happena to ,neen ·H •• -th.· ... m.-'.ngth-•• ,· that ", a rudimentary precursor to "atural 
numbe,s. 

Below Is p.rt of a typical concept, PRIMES, In a atat. long after AM defined and 
explored It. 
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NA"E: Prime Numbers 
DEFINITIOMS: 

ORIGIN: Number-of-dlvisors-uf(x) • Z 
PREDICATE-CALCULUS: Prime(x) • (Vz)(zlx :) z.l III z.x) 
ITERATIVE: (for x>l): For 1 frOli Z to Sqrt(x). \cilx) 

EXMPLES: Z, 3. S, 7. 11. 13. 17 
BOUNDARY: 2. 3 
BOUNDARY-FAILURES: I, 1 
FAILURES: 12 

GENERALIZATIONS: Nos., Nos. w1th In even no. of divisors, Nos. with I 
priMe no. of divisors 

SPECI~lIZATIONS: Odd Pri .. s, PriMe Pliri. Pri .. Uniquily-addibles 

CONJECS: Unique factorization. Goldbach" conjecture. Extre.es of 
NuMber-o'-divisors-of 

ANAlOGlF.~ : 
"Ixi.ally divisible nuobers Ire conversa extr ... s of 

NuMber-of-div1sors-of 
Factor I non-si~l. group into s1.". groups 

INTEREST: Conjectures associating PriMeS with TIKES. Ind with Divisors-of 

WORTH: 88. 

Creating a new concept la a well-defined activity: It Invc.lves setting up a new data 
structure Uke the one above and filling In el\ -lea for aome of Its slots. :=illing In a partlcu:ar 
slot of a particular concept Is also quite weI. defined and la accomplished by executing a 
coll~ctton of relevant heuristic rules. 

Control. AM Is Initially given a collection of 116 core concepts, with only a few slots 
filled In for .ach. Its sole activity b to choos. 801M slot 0' some conc.pt and fill in that 
particular alot. In ao doing, new notions wlU often .... rg.. Uninteresting ones are forgott.n, 
mildly Int.restlng ones are kept as parts of one slot of one concept, and very interesting 
ones are granted full concept-modul. stetus. Each of the.e n.w modules has dozens of blank 
slots, hence the space of possible actions (blank .Iot. to flU In) grows rapidly. The sam. 
heuristics are used both to suggeat new directionS for Inve.tlgation and to Mmit attention, 
that Is, both to sprout and to prune teska on the agenda. 

The fundamental kind of taak that AM perfonns. Is fUling In I given fac.' of a given 
concept. To decide which such task to work on next, AM ",alntaln, an agenda of tasks, a 
globa' job-lIat order.d by priority. II typical task Is "FUI-la 1X."'lIlI! 0/ Prl"'ts-. The agand.­
may contain hun<freds of entrl.s .uch ., this one. AM r.p •• t.dly •• 'ects thtJ top taak from 
the agenda and trl.s to carry It out. \.1 addition, AM cr.,.t.a plausible new tasks to plac. on 
the agenda .nd decide. which ta.k will b. the be.t to execute next and hoW to carry It out. 
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If the task Is "Ftil in ",w Algoritltms for S,,-union", then satishing It would mean actually 
synthesizing some new procedures, aome new LISP code capable of formIng the union of any 
two aets. A heuristic rule Is r,I'IHJnt to • tuk If and only If executing that rule brings AM 
closer to 'atlsfylng that ta.k. Relevance Is "eterm'ned a prior' by where the rule 15 stored. 
A rule stored with the DomaIn/Range facet of the Compose concept would be presumed 
r~levant to the task "Clltc. tilt DOJfltUnlR4nl' ,t Ins"t-D-D,I,t,H. 

Once a task Is chosen from the agenda, AM gathers some heuristic rules that might be 
relevant to satisfyIng that task. They are e),Bcuted, and then AM pIcks III new task. While a 
rule Is executing. three kinds of action. or efhcts can occur: 

1. Facets~' some concepts are ,med In (e.g., examples of prime:> may actually be 
found and added to the HExampl,s- race' of the -Primes" concept). A typical IIp.uristlc rule 
that might ilave this eUect Is: 

To fill In examples of X, where X Is a kind of Y (for .ome more general 
concept Y), check the exemplea of Y; .om. of them may be examples 
of X as well. 

For the task of filling In f ~amples 0: Prlmea, thl. rule WOUld have AM notice that Primes Is a 
kind ot Number and ther9fore have h look over e'l the known examples of Number. Some of 
those would be primes and would be tr~"sferred to tha E"ampl.s facet of Primes. 

2. New concepta can be created (e.g .• the concept "primes which are uniquely 
representable as the sum of two other prlm .. 's- may somehow be <Seemed worth studying). A 
typlcel heuristic rule that might result In this new concept Is: 

If some (but not most) example. of X ara also example. of Y (for some 
concept Y), create a new concept defined a. the Inlersection of 
toose 2 cOncept. (X and V). 

Suppose AM ha. e"eatt:' Isolated the concept of being repr.sentable a. the sum of two 
prime. In onJv one way (AM actually caN •• uch numbers "Unlquely-prlme-addable numbers"). 
When AM notices that some prlnte. are In thl •• et, the above rule will create a brand new 
conc.pt defined as the set of numbers that are both prime and uniquely prime addable. 

3. New tasks cen be added to the egenda (e.g •• the current activity may su~e~ I 
tha~ the following ta.~k 18 worth considering: -Generalize the concept of prime numbe,.,,). A 
typical heuristic rule that might have ttO eftect Is: 

If very few example. of X ar. found, then add the following taak to 
the agenda: "Generalize the concept X.-

Of course, AM contains a precise meaning for the phrase "very few. - When AM looks 
for prl;ones among example. of already known kinds of numbe". It wi" find dozens of 
nonexamp'9s for every example of a prime that It uncover •. "Very few" la thus naturally 
Implemented a. a statistical confidence lev ... 

The concept of an a'Jenda I', certainly not n8\lllf. ScAttluln: utilizing this concept have 
been around 'or a long till'.. But one Important feature of AM'. aoenda scheme is a new 
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Idea: attaching to each task a list of quasi-symbolic reasons U'at explain why the task Is 
worth considering, why It's plausible. It is tit, r'Sp07lJibtlit, 0/ tilt IItUTisti, rut,. to includt 
reasons for an, laslts III" propost. For example, reconsider the heuristic rule mentioned In (3) 
abova. It actually looks more like tha following: 

If very few examp!es of X are found. then add the following task to 
the agenda: "Generallza the concept X," for the following reason·· 
"X's are quite rara; a slightly less restrictive concept might be more 
Interesting. " 

If t.he same task Is proposed by several rules, then •• "eral different reasons for It may 
bF! presel'lt. In addition, one ephemeral reason also axlsts: Focus of attention. Any tasks 
that are slmllar to the one last executed get "Focus of attention" as a bonus reason. AM 
uses all thesa reasons to decide how to rank the tuks on the agenda. The "Intelligence" 
AM exhibits Is not so much "what It does" as the oran In which It arranges Its agenda. For 
example. In all experiment carried out with AM In which a randomly chosen task was 
alternated with the "best" task (the one AM chose to do), the system was only slowed down 
by a factor of 2; yet this behavior totally destroya Ita credibility as a rational researctler, as 
judged by the hliman usar of AM. 

AM uses the list of reasons In another way: Once a task has been selected, the 
quality of the reasons Is t. ad to decide how much time and spar.a tha tuk will be permitted 
to absorb, before AM quIts and movas on to a new task. 

A crucial heritability property holds: Any method for filling In facet / of concept ( \ •. 
also work for filling In facet! of any sptCializtltion of C. Thus, when the task "Fill I!'I examples 
of SET -E(!J AUTY" Is chose", AM asks each g,,.,,ali7"1tion of SET -EO!J ALiTY for help. 't 
asks for ways io fill In examples 0' any Predicate, any Activity, any Concept, and finally of 
Anything. One such heuristic rule known to the Activity concept says: "Actually E"xecutp the 
activity on some random members of Its domain." Hence, to fill In examples of SET­
E(yALITY, Its domain (seet Is Inspected, and AM sees that It takes a pair of objects as Its 
arguments. Then AM ae~esses the Examples facet of the concept cBlEeT, where It finds a 
large list of objects. Obeying the heuristiC rule. AM repeatedly piCkS a pelr of objects at 
random end sees If they .at .. ty SET -E(lJALITY (by actually running the LISP function 
stored In the Algorithms facet of SET-E(!JALITY). WN. this step will typlcal:y return False, 
It will Decastonelly Iocat~--by randolll ch.nce--a ,.., of equal .eta. 
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Other tieurlstles, added to other generallzltlona of SET -EcY ALiTY. provide additional 
methods for executing the task "Fill In example. of SET -£(lJ ALITY." A heuristic stored on 
the concept ANY -CONCEPT .ay. \0 symbolically Instantiate the definition. A bag of tricks 
Is provided for this purpose, one of which ("Instantiate the blse step of the recursion") 
works nicely on the recursive definition provided for SET-EfPALITY. Notice that. as one 
might expect, the more gen.ral the concept .. , the we.ker (more tlme-consuP1ing) (ts 
haurlstiCs ara. For this raason, AM cOl1i'utL .ach concept's rul.s In order of increasing 
generalization. 

Executing a task Is achieved by locating relevant rulea-of-thumb and evaluating tham. 
The location Is performed efficIently because ell tne concepts are ralated by 
veneralizatlon/speclallzatlon links and beeau.e the aboYe "heritability· property holds. 

Notlca the omnipresent reliance upon heurlltlc guidance. Heuristics pro~ e the tasks 
(and associate reason. for them) for the .genda; they pr:)pOSe new concepts to be definad; 
they discover (by •• arch, synthes", or analysl.) entrle. that can be put Into .,peciflc facets 
of specific concept,. There IFe even heurIItlc. for na""'" neW concepts (baaed on how 
they were formed). 

An EJtcerpt 

To convey a bit of AM'. 'Iavor, we pre.ent a bt'lef excerpt of It In action. After reading 
through It, the r •• der .houId bo convinced that AM It neIther proving theorems nor rondo",{, 
manipulating entries In • knowledg. ba.e, nor Is It ncllcruttwl, manipulating or searching. AM 
Is carefully growing. network of data atructure. repr.a.,ltlng math.matlcal concepts, by 
r.~eatedly using heurlltlc. DOth Ca) to guide the choice of what taak to work on ned and 
(b) to provlde methods to •• tllfy the cholen ta.k. 

AlthoUgh AM app.ars to have r.asonable natural language abllltlea, very IIttl. 'ltfort 
w.a expended In this ., ••• All te~t WI. generated using .... , ator.d patterna as.oc;lated 
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with the heuristic rules. A few of the lines have been anglicised (e.g., the addition of "e.g."), 
and some of the concepts had previously been renamea by the u.er (the human ob.ervor of 
the system). Otherwise, the I!txcIIJrpt Is JII.t IS AM typed It: 

TASK eSI Fill In Exampl •• of the concept DM.or.-of. 

3 Reasons: (1) No known examples of Divisors-of so far. 
(2) TIMES. which is related to Divisors-of, Is now very 

Interesting. 
(3) Focus of attention' AM recently defined Divisors-of. 

26 8xampletl 'ou.,d, In 9.2 seconds. E."., OIvlIf0f.-of(6)-{l 23 6}. 

TASK 88: Consider numb." having amall a.t. of Dlvlaora-of. 

2 R&tdsons: (1) Worthwhile to look for extr.",e c ..... 
(2) Focus of attention: AM recel,tly worked on Divisors-of. 

F,lIIing In examples of numbe,s with 0 divisor •• 
o exanlples found, In 4.0 seconds. 
CcnJecture. no number. have precisely 0 divisor.. 

Flllln',! In examples of numbers with 1 divisors. 
1 examples found, In 4.0 seconds. e.g., Divlsors-of( 1 ) • {1}. 
Conjecture: 1 Is the only number with precls.1y 1 divisor. 

Filling In examples of numbers with 2 divisors. 
24 el(amples found,ln 4.0 seconds .•• g., Divt.~.-of(13) • {1 13}, 
No obvlou. conjecture. May merit more study. 
Creating a new concept: "Numbers-wtth-2-dlVlaor.", 

FIlling In examples of numbers with 3 divisors. 
11 examples found,ln 4.0 seconds ••. g., DIvIsor.-of(49j • {1 149}. 
All number. with 3 divisors are also Squar ••. 
Definitely merits 1ftOf'8 study. 
Creating. new concept: "H'..Imb.,.-wtth-3-dlvtaors-. 

TASK 871 Consider the .quare-root. of Nulllbe,a-Wlth-;l-dMaor •• 

2 Re.sons: 
( 1) Numb.rs-wtth-3-dlvisors IIr. unexpect.dIy 81a0 p.rrect Square •• 
(2) Focus of .tt.ntlon: AM recently worked on NoII-wtth-3-dMsor •. 

All squ.re-roots of Number.-wlth-3-dlvlsor •• e .... to be 
Humbers-wlth-2-dlvIsor •• 
E.g,. Oivlsor.-of(Square-root(169». Otvtaora-of(13). {1 13}. 

Ev.n the conve,.e of this .......... ~~.lIy to be true. 
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I.e., the aquare of e.ch No-wlth-2-dlvlaora .. ema to be. 
No-wltn-3-dlvlaors. 
The ch.nce of coincidence Is below .ccept.bltt IImlta. 

Boosting the Intereat/ngn." r.tlng of e.ch of the concepta Invofved. 

USER: Rind".' NU'IfI"*rJ-Dlttll-2-difJtSg1s tiS Primes 

TASK ea: Conalde, the aqua,.a of Numbera-wlth-3-dlvlaora. 

3 Re.sooto: (1) Squares of Numbers-wlth-2-dlvlsors were Interesting. 
(2) Square-roots of Numbers-wtth-3-dlvlsors were interesting. 
(3) Focus 'If Jttention: 'M recently workad on 

Nos-wlth-3-dlvlsor •. 
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Re.ulta: AM .a • M.them.tlcl.n 

Here we will review the mathem.tlca that AM explOf'ed. Thoughout. AM acted 81,,"(,. 
with a hum •• , user ""atchlng It and occasionally renaming some concepts for his or her own 
benefit. like a contemporary hilltorian aummarlzlng tne work of the 8abyiMIan 
mathematicians, current tenns ar. used anc' criticism Is by curt"nt standarda. 

AM beg.n Ita Inveatlgatlona with .canty knowledge of a few set-theoretic concepts. 
Most of the obvloulS set-theory relations (e.g., de Morgan', laws) were eventually 
uncovered; since AM never fully understood .batrlct algebr., the statement .nd verification 
of each of these was quite obscur •. AM never derived. form.1 notion of Infinity, but It 
"alvery est.bllsh.d conjectures Ilk. ". aet can never be. member of Itself," .nd procedures 
for making chains of new •• ts ("In •• rt ••• t Into It •• If"). No .ophl.tlcated aet theory (e.g., 
dlagooallzatlon) was .ver done. 

After thl. InItl.1 period of exploration, AM decided that "equality" wa. worth 
generallltng .nd thereby discovered the relatton ·.am.-.lze-as." Natural number. ware 
b ••• d on thl. discovery, a,"" .oon after, moat slmpl •• rlthmetlc QPeratlons were defined. 

Since .ddltlon arose .s an .nalog to union, .nd multiplication as a repeated 
substitution, It came I. quite a surprls. when AM noticed thlt they were related (namaly, 
N + N • 2 x N). AM I.ter redl.covered multlpllc.tlon In thr.e other ways: a. repeated 
addition, as the numeric In, log of the Cartesian product of .et., and ualng the cardln.lity of 
the power .et of the union 'If two •• t •. 

R.lslng to fourth-power. Ind fourth-rooting were dlacover.d .t thl. time. Perfect 
.quar ••• nd perfect fourth-power. were IaoIated. Mlny other numertc operation:; and kinds 
of numb.r. wer(-J found to .,. of Inte,ut: Odds, Evens, Ooublln9, HIlMng, 'nteger-.quare-root, 
etc. Although It Isolated the ,,:.t of nu.bera that "-d no IqUtIre root, AM wa. never close to 
discovering ratione", let a:"M Irrattaneta. No notion of "cioeur." wa. provided to--or 
dfacovered by--AM. 
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The associativity and commutativity of multiplication Indicated to AM that It could 
accept a BAG of numbers as Its argument. When AM defined the Inverse oPeration 
cosrespondlng to "Times". this property allowed the definition to be: "Any bag of numbers 
(> 1) whose product Is x. N This was just the notion of factoring a number x. Minimally 
factorable nUr.1bers turned out to be what we cail primes. Maximally factorable numbers 
wers also thought to be Interesting. 

Prime pairs were discovered In a bizarre wa~: by restricting the domain and range of 
addition to primes (I.e .• solutions of p + q • r In primu). 

AM conjectured the fundamental theorem of arithmetic (unique factorization Into primes) 
and Goldbach's conjecture (.v.ry .ven numb.r )2 Is the sum of two primes) In a surprisingly 
symm~tric way. The unary representation of numbers glv. way to a representation as .. bag 
of primes (bas.d on unique factorization). but AM n.ver thought of exponential notation. 
Since the key concepts of remainder, greater-than, ged, and exponentl.tlon were never 
mastered, progress In number theory WIS arreated. 

When a new base of gtomtt,_t concepts was added, AM began 'Inding some more 
general assocl.tlons. In place of the strict definitions for the equality of lines, !lngles, and 
triangles c.me new definitions of concepts comparable to Par.nel, Equ .. l-measure, Similar. 
Congruent, Tr.nslatlon, Rotation; together with many that have no common name (e.g., the 
relationship of two triangles sharing I common angle). A cute geometric Interpretation at 
Goldbach's conjecture was found: Given all angles of a prime number of degrees, 
(0,1,2.3,6,7,11 ..... 179 degrees). then any angle between 0 and 180 degrees can be 
approximated (to within 1 d.gree) as the aum o. two of thole angle., lacking. geometry 
"model" (an an810gic representation like the one Gelernter, 1963 employed), AM was doomed 
to propose many Implauslbl. g.ometrlc conje~turea (see Artilce Rllp'eHntetion.C6). 

It Is Important to ask how generel t~e progr.m la: la the knowledge base" just right" 
(I.e., finely tuned to elicit this one chain of behaviors)? The answer Is no: The whOle point of 
this project was to show th.t a relatively small a.t of goneral heuristics can guide a 
nontrivial discovery process. Keeping the program general and not finely tuned was a key 
objective. Each activity or task was proposed by some h.urlstlc rule (Ike "look for extreme 
cases of X") that wea used time and time .galn, in many situations. It was not considered 
fair to Insert heuristic guidance that could only "guide- In a alngle sltu.tlon. For ex.mple, 
the s.me heurlstlca that lead AM to decompose numbe" (using TIMES-lnverae) and thereby 
discover unique f.ctorlzation, .Iao lead to decompoalng nutIIber. (using ADO-Inver.e) and the 
discovery of GoIdb.ch's conjecture, 

R •• utt.: Llmltetlon. of AM 

Although AM f.red w.1I according to sev.ral Girfe,ent m.a.u,es of perform. nee, us.rs 
of this handbook may better utHize knowledge of It.lilflitatiMu. 

As AM ran longer and longer, the concepts It defined were further and furth.r from tho 
primitives It began with. .nd the .fflcacy of It. fixed set of 260 heuristics gradually 
declln.d. The key deficiency W:la the lack of adequate ",IIO-J'ld,s (D.vis, 1916, lenat, 1976, 
laing, 1971): heuristic. th.t could caua. the creation and modification of new heuristics. 
This lack Is .trongly fett In a bnot-.trappmg, open-ended t.ak enVirontllent .uch as ",.th 
r •••• rch. 
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Many concepts that one might consider ·prlmltive" are missing from AM: proof, trtcks 
for finding counterexamples, numbers, etc. Vsry few of them are ever discovered by AM. 
and even those that are di3cover.d will not have any powerful h.uristics filled in for them. 
The limitations of a small knowl.dge bas. can be overcome only by Investing additional time 
to enlarge It. With a learnln" .yst.m like AM, one can .pend a coupl. man-hours wrestling 
with each new concept or let the program .quander a greater amount of Its time until it has 
discovered end m:..ster.d that conc.pt to the .ame lev.1 of proficiency. It is a trade-off 
that almoat alwllYs argues for the sYltem-bullde, to Ipend more time enlarging the 
knowledge base by hand. 

Analogies in general were underutillzttd. Specifically, analogies between heuristics were 
never even considered. If one characterl2es an ana:"gy as a (partial) correspondence 
between two collections of objects and operators, then it Is a small Gonceptual step to 
imagine heuristic rules that look for and develop such mappings: The Image of partial 
matching comes Immediately to mind. AM possessed a few such domain-independent rules. 
and they managed to produce some analogies (e.g., betwel!n multiplication and addition; 
between sets/unlon/same-slze and numbers/add/equality), but the overall results were 
quite meager In this area. 

Ccnclualonl 

The AM project stands as a working demonstration that a few hundred general heuristic 
rules suffice to guide a searcher--an automatad math researcher--as It explores and 
expands a larg. but incomplet. bas. of math conc.pts. AM shows that creative theoretical 
research can be eff.ctlv.1y mod.l.d as h.urlstlc search. Just as Meta-Dendral (see article 
C2c) .stabllsh.d a similar hypoth.sls for the more constrained, real-world field of mass 
spectroscopy. 

Th. main succ.ss.s were the few r.'atlvely nov.1 Id.a. it came up with (Including a 
r.sult In numb.r th.ory, dealing with n"",ber. having very !!!1m: d!vlsors), the ease with 
which new domains w.re discovered (e.g .• numb.r theory) or Introduced by hand (plane 
geometry), .nd the .pp.rently ration. I sequences of beh~vlor that AM exhlbit.d. 

Th. continuation of this lin. of r •••• rch by Lenat Is the EURISKO program. The 
hypothesis being explored is that the .... ta-le".1 knowledge r.qulr.d to synthesize and 
reason about h.urlstlcs Is a subslt of the knowledg. alr.ady In AM about synthesizing and 
r.a.onlng about concepts. That la, EUAISKO's met.-rule. are merely some of the very 
g.neral rules that AM alr.ady had. Th. only real chang •• th.n, from AM to EURISKO Is to 
r.code each heuristic from LISP code a •• full-fledg.d conc.pt with f.cets. The heuristics, 
which deal with fac.ts of conc.pts, will then be capable of dealing with each other. This 
work Is currently In progress at St.nford UnIversity. 

Futur. AM-like programs m.y •• rv. .s .aslstants to .clentlsts and engineers. 
ayn.rg.tlcally collaborating with th.. In the conception, planning, .nd .x.cutlon of their 
' .•••• rch and de".IoptR .. nt .ctMtle •• 
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R.ferenc •• 

See Lenat (1971). A much expanded description of the .yatem Is In the thpsis by 
lenat (1976). 
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02. MACSVMA 

MACSYMA Is a large, Interactive computer system designed to assist mathematicians, 
scientists, and engineers In sollling mathematical problems. It has a wide range of algebraic 
manipulation capabUitles, .11 working on symboilc Inputs and yielding symbolic results, .s well 
as an extensive numerlc.1 subrOlltlne library (lMSL) and plotting p.ckage. 

MACSYMA Is used extensively by hundreds of relte.rchers from government 
laboratories, universities, and private companies throughout the United States. Many of 
these users spend a substantial po,tlon of ev.ry day Ioooed In. Currently. the system runs 
exclusively on a Digital Equipment Corporation Kl-10 .t MIT .nd Is .ccessed through the 
ARPA Network; however. there .re plans to distribute It to other altes In the near future 
MACSYMA'a funding Is supplied almoat exclusivelY by Its user community. 

The orlgln.1 design for MACSYMA was laid out by Carl Englem.n, 8111 Martin, and Joel 
Moses In 1968. They built on their pre";c,,us experience with the Mathlab 68 system end the 
theses of Martin and Moses. Martin had c:.onstruct.d an algeb"lc manipulation system to 
solve certain problems In applied mathematiCS. Moses had produced. program that wa. able 
to do Indefinite Integration about as well .s • typical graduate student. The system had Its 
flrat users I~ 1971 ar.d ha. undergone conttnuoua develoPment since then •• total of about 
46 man-years of effort. 

The Implementation of MACSYMA Is based on the belief that the way to ~roduce • hlgh­
performance progr.m for gBneral mathem,ttes Is to "build In" a large am;)unt of knowledge. 
This .pproach to ayatem conatrue;tlon Is often called "knowledge-based programming." 
MACSYMA Is an extremely large system, .s .Igebralc manipulation systems go; at pre3ent. It 
can perform at least 800 distinct lIIathem.tlca' operationS, Including differentiation. 
Integration, soll.ttlon of eq\tatlona and of systems of equ.tlona, Taylor seri.s expansions, 
matrix operations. vector algebra, order .nalye:., etc. The .:ur,ent ayatem consists of about 
230,000 worda of compiled LISP code and .n equII .mount of code written In the MACSYMA 
programming I~nguage. About half of this code wa. wrttten by MACSYMA ataff ",.mbers, the 
re.t wa. contributed by varlou. us.,.. 

The primary goal of algebraic ",.nlpulatlon re ... rch ha. been the Invention :;od analysis 
of new m.thelll.tlca' algorfth",s and the .xtenslon of previously "",,··/n numerical algorltt,ms 
to symbolic manipulation. 

While III08t of the algorithms Incorporated In MACSYMA w.,rg ICnown to mathematicians 
prior to Ita construction. a aub.tanttal nUNer ca_ about •• & re.ult of this rese.rch. The 
, •• t decade has brought the discovery of n.w algorithMs for finding the gl'eatest COftlmon 

dMsors 'lf polynomials (Brown .nd Traub, 19/,; Mose. and Vim, 1973), factoring rational 
e~pre.slons (Muaser, 1976; Wf:!tq and Rothachlld, 1976), sum .lmpUrtcallon (Gosper, 1977), 
symbolic IntegratIOn (Mos.a, 1;11; Nortaan, 1975; RIsch, 1De9; Rothstein. 1977; Trager, 
1978), end .symptotlc analysis (F.t .... n. 1 D78; Nonun, 1 D76; llppel, ~ 978). The n.ture 
of this work has been largety "'.t ..... tlcali Md, although Artlftela' Intelltgence Wa. 
Instrumental In providing the envtronMent In which MACSYMA wa. cr.ated, It ha. mad. little 
direct contribution since then. 

Knowtedge-ba • .,d progr.1MIing de:.a. however, engender a numbe, of dlfflcultle. for 
Whtch AI t.chnfq .... offer partlel .nlnr8. Two general type. of difficulties .r. dillcu •• ed 
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here, namely. use, education lind the .... ndUng of mathematlc.1 problems not amenable to 
algorithmic solu~lon. 

Non-algorithmic procedur •• I~ MACSYMA 

One of the most pressing problems in .Igebraic manipulation is simplification. Symbolic 
algorithms often generate large, unwieldy expressions that must be simplified Into smaller, 
more meaningful forms. (Generally, the size ~f expressions Is the most Important criterion for 
simplicity, with standard formats and particularly revealing forms taking precedence.) To help 
users simplify their results, M~CSVMA prO\;I'ies a variety of explicit eXprel'ision 
transformation commands (such .s expansion, factorization, partial fraction decomposition, 
etc.) ar,d a simplifier that automatlcall,' applies a set of mathematical "rules· to every new 
expre~~1on as It Is constructed. Ex.mples of these rules are: 

x.x .. x2 

sln(x+n/2) .. cos(x) 
Iog(a-b) .. Iog(a)+log(b) 

The user can, of course, define neW commands and new rules. 

S.mantlc PaUem M.tcttlng 

j II 411piylng a simplification rule, MACSYMA utilizes a "semar,tlc pattern m. tcher" to find 
Instances of the rule's p.ttern. The m.tcher Is "sem.ndc" In that It uses koowledge about 
the operators .nd constants In an .xpresslon to find nonsyncactlc m.tches. For ex.mple, 

the p.Uer" a-x2 + b-x + c, where a. b, .nd c are p.ttern verlables free of x, will match the 

expres.lons 4-x2 + 4-x + 1, x2 + x + 1, x 2, and (x + 1)2, In defining. rule, tho use' may 
specify arbitrary condition. (In the forln of procedurel pr.dlclte.) on the p.ttern varl.bl.s. 
For example, determining wh.th.r an .xpr.sslon ",.tc~les the above pattern. MAC3YMA 
would call a user-speclfl.d function to ch.ck th.t .ny tent.tl\'. assignments for e, b, and c 

are free of x. As a reSUlt, the p.ttern would not match 4-,,2 + 3-x + atn(x). 

One problem with thl. pattern match.r I. that the us.r 18 un.ble to control how much 
"sem.ntlcs" the syst.", us.a In finding. ",atch. In the very near future, a new pattern 
matcher will be r.I .... e. In which the u.er wIN b. IAbl. to .peclfy a .et of Identlt:es to use In 
attempting to Identify Instanc •• of pattema. For ex.mple, while It Is otten deslrabl. that the 
match.r us. Inv.r •••• In som. altu.tlona a us., might pref.r , slmpl.r matcher. le~t the rule 
,-b -) c apply to ev.ry Ione •• nd b ... In b -> cia. With the new pal.tarn M.tcher, the user 
wHI be abl. to sp.clfy when tHO w.nt. the InVer ••• xlolM to be u.ed. 

Simplification by Hlttctl",blng 

While .lz8 of .n expres.!u:ls Is rIOt the aot. criterion for Ita sltltpllclty, It Is It useful 
guideline. For those eppllcatlons In wNch the user de.lres the sma"e.t pos.lble form for .n 
expression, MACSYMA provide. a 'Se,rch-orlented ,lmplltt., called SCSIMP. Given an 
expre.slon and • set of rules, S-;SIMP appha .ach of the rules to the .~pr.s.lon, In turn. 
and r.talna the ........ t r •• ult. It lIny .uch .ubstltutlon I.ada to an .xprauton .... lIer than 
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the original, the proce •• I. repeated. FN' exempl .. , given the Identltle. below, SCSIMP will 
convert the flr.t expre.1on Into the la.t. 

z Z z Z 
K + L • 1 N -" • 1 

z z z z z z Z? Z Z Z z 
Fi,.st exp,.ession: IC N + K " N - K L N - K I. " N 

Final fxp,..ssion: 

4 Z Z 4 Z 
K K N +/c N 

4 4 
/c N 

substituting fo,. l 

substituting (0,. " 

Note, however, that because SCSIMP Is a hillellmbing algorithm It Is not guaranteed to 
produce the amalle,t answer. For example, It would not perform the .implffleatlon shown 
~iiluw. 

Fi,.st exp,.ession: 

Inte,. .. diate fo,..: 

Z 2 Z Z 
KN+lM 

Z Z Z Z Z 
IC N • K " +" 

z Z 
Ie +" 

substituting for L 

substituting fo,. N 

The r.ason for not performing this .Impllfleatlon I. that In order to a"iv. at the .Implest 
form, a larger Intermediate e"pre •• ton would have to be generated. Due to the 
combinatoric. Involved In generating arbitrarily larg. Int.rmedlat. farma, this technique has 
oot beenlncorpor.ted In the current ver.1on of SCSIMP. 

In certain problema, the .ymbols In Mthemattcal expre .. lons have restrictions on their 
range. or on other properties that are u.eful In sl",pllflcatton. In order to allow the user to 
.p.clfy .uch propertle', MACSYMA Mlntalns a "latlO1Ull ".fUI of facts about .ymbols, 
.tored In the for .. of •• e .. antlc network. For ex a"', a uaer can declare (via the DECLARE 
command) th.t the aytlbol n Is r.,tricted to Integar v.Iue" and MACSYMA can then simplify 
cos((2·n + 1 )·n) to O. SIntH.r1y, one can ,peclfy (via the ASSUME command) that x <- y, 

. y <- z, and Z <- Xi .nd MACSYMA can then d.duce that x - 'I - Z (using the algorithm 
de,crlbed b.Iow). 

The database retrieval rr.utine~ are ,uppietllented by • fast but limited Inference 
algorithm call.d CPM (Genes.r.o:th. 1 Q78), which perforM taxonom" deduction., property 
Inheritance., ,.t Intera.,ctloM. and other .... Int.ence •• For exaRIPle, given the taets 
that X Ie an Integer, that Integer. ar. rattanal, and that the real nutRbera are partitioned Into 
ratlon.1I .nd trr.tlon.... CPM autolHtlo.1Iy cIeduc .. that X II not an irrational. Given the 
fact that. r.tional can M written .. an Integral lMIeratar over an Int .... 1 denoMInator, 
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CPM autome.tlcelly deduces that K clln be so written. The CPM Infar£ru:e algorIthm was 
dell'lloped to enha~ce the retrieval capabilities of a high-level database sy~tem organized 
as a semantic network. It Is an elaboration of Grossman's work (Grossman, 1976) on 
constraint trprtSSions but has been carefully restricted so as to be susceptible to 
Implementation on parallel hardwllre. The algorithm Is a highly "~omplled" form of dornam­
indt!undtnt constraint propagation In which constraints, replesented by "labels" on the nodes 
of the network, propagate across links t" other n"d~s according to the laws of logic. It can 
perform certl.i:' I"ferences much "lore efficiently I.,an their stralg ... tforward Implementation in 
procedural problem-solving languages like CONNIVER. for further details on the CPM 
algorithm, the reader should consult Genesereth, 1976. In additir.,l, F ahlman (1977) has 
described how such a constraint propagation 1I1:Jl'~lthm clln be Implemented In parallei 
hardware for ellen greater .fflclency. 

Heuristic Problem SolYlng 

MACSYMA also Includes a number of specialized procedural problem solvers; for 
example, the first phllse of the Integration routine (Moses, 1 9 71), the commands tor 
perforlning root contraction and logarithmic contraction, the Inequatlt)' theore;n prover, and 
others. 

U •• r Education 

The advantage of a large knowledge-based system like MACSYMA oller a smeller, 
sparer system like ~EDUCE (Hearn, 1973) Is that MACSYMA has more mathematical 
knowledge built In (I.e., It Is larger and can do more). As a consequence, the user is not 
forced to communicate as much mathematical knowledge to the system. The disadvantage Is 
th~t M~.CSYMA can be more difficult to understand Ind to use. The user might, for example, 
be unawara of the capabilities available or not know the commands, or he might get an 
unexpected result that he cannot explain. 

To minimize the.. dlfflcultl •• , MACSYMA off.r. a wide renge of on-line user aids 
(Genesereth, 1977; lewla, 1977), Including 1\ fra",.-orlented Inter.ctlve primer (similar to 
PLATO), an Information network, and en au,omatlc progr~m for searching the reference 
manual. In addition, some of MACSYMNa cOlllftlands are Ibl. to expiain their progr.,ss in II 

fashion that can be comprehended by the us.r. For example, ., the VERBOSE OPtIOn la, 
selected, the POWfRSERIES COIftIftand prints out the goals and sUDgnals that It generates' 
while working on an expansion. 

Even with ttlese provlslona, user. occasionally encounter difficulties due to their lack 
of \(nowtedge of the systelll. Furtheranore, such us.,. are often unwilling to learn more abovt 
MACSVMA than Is nec .... ry to solve an IIIImedlate problem. The simplest way for sueh a 
user to 'lequire Just the Infor_tlon he needs Ia to ask a C0R8ultant for help. Then, .rmed 
with the consultentls advice, he can .urmount the difficulty and 8Oh'e the problem. 

COO:1u!tattn:, Ia a methOd widely used In computer centers as well as In dornains like 
business. lew, and medicine; and, as computer technology becOftlea more pervasive and 
computer systems become lftOI'e complex, the need for consultation grows. Unfortunetely, 
hum"n consultanta are a surce reaource and quite expensIVe. Currently, work Is un· .• rway 
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on an automated consultant for MACSYMA novices. called the Advisor. It Is a program distinct 
from MAC5YMA, with I'ls own database and expertise. The Advisor accepts a description of e 
difficulty from Its user and tries to reconstruct the user's ·plan" for solving his problem, 
Based on this ,olan and Its knowledge of MACSYMA, the Advisor then generates advice 
tailored to the lIser'. specific need. for a d •• crlptlon of the Advtsor's operation, the user 
should 8ee Genol'ereth, 1978. 

Future Plans 

In addition to \he features described .!KIva. aeveral other AI-related capabilities are 
under development In MACSYMA. Two of these ar. mentioned here. namely a lIew 
representatlo,; for algebraiC expressions using data abstractions and a knowledge-based. 
plan-based mathematician', (or physlclat's or engineer'.) "appr .. ntice 10 

Recently, David Barton has designed a radically new scheme for repres4nting algebraic 
expI'esslons. MAC5YMA has two ma;or representations, the genera" represvntation that uses 
LISP's tradltio~al prefix format and the rational representatlcn that uses a canonical form for 
polynomials and rational functions. The ritlt'~la' representation has become unwieldy over the 
years, as extensions to the syatem I'Iave chenged Its specifications. for example, 
coefficients of potynomlals 'Nere originally assumed to be Integers end were later generaliLed 
to Include floating point numbers. A new representation wes desired to handle "Taylor 
aeries," which contains ratlonel number exponents, since the former representation, whilfl 
relatively close to the rational repreaentatlon, could not be retrofitted onto the ratiohal 
representation. aarton's approach e"a"ltta. thes. difficulties end provIdes a capability for 
future ganerelizetlOn. The approach used Is, furthermore, a natural one for IIbstract algebra. 

Consider, for example, a 2 X 2 matrix whose elements are laurent series In y 

(truncated at y2), whose coefficients are polynomials In x, whose coeffiCients are rattor,al 
numbers. I,n order to add su~h e 2 X 2 matrix to another 2 X 2 matrix, one needs to know 
how to add the elements. One approach would be to dealgn a general addition routine that 
would chE"ck the types of each argument and finally perform the appropriate addition. This 
approach Is similar to ttte one previously taken by the ratlOllal function representation. In a 
symbolic system, and, In feet, In most applicationS, the type of object Is Intimately related to 
a set of oPerations that can be performed on It. In the MACSYMA context, these operations 
Include addition. subtraction, multlpUcatlon, division, differentiation, substitution, coeffiCient 
extraction, and GCD r.omputatlon. Barton', approach Is to attach a tree of vectors to each 
expresslof'l. The tree correspond. to the gross structure of the expression. for example, 
each subexpreaslon, an element," the ",atrtx, hea a vector corresponding to it. The vecto··s 
elements are In a fixed order end contain P'JInters to the proc .. dures ttlat perform the 
corresponding oPeration on the type of the subexpr.salon. 

8arton's approach permits expressions to be composed of .rbltrtop'iy nested types. 
This Is a critical requirement In an Interectlve symboUc system. Preliminary tests cf 
expressions represented In this mann_r indicate that COIftIllOft manipulations ere nOt much 
slower and often fast8r than In the for .. e, Implementation. The reason for • speed·up Is that 
less type-testing Is neened In this approach. 

Work he. elso begun on the de.1gn of an -apprentice- for the MACSYMA user. A~ 

pre •• nt, MACSYMA Is u.ed _tly ., " ·'Y!IbOItc calculator,- with the ule, directing Its 
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actions line by line and keeping track of the meaning of elll(':-' result. The goal of the 
apprentice 13 tl) relieve the user of much of this drudgery. The approach being taken 
Involves two components. namely knowledge about the user's domain and the use of a hl{;h­
level problem-solving plan formalism. 

Currently. mt.:'st symbols In MACSYMA have no special mellnlng. and they can take on 
arbitrary values. In particular problem areu. however. certain symbols have particular 
Interpretatl"ns and range ret'ltrictions. For example, the symbol MASS has a very ~pecial 
meaning to physiclst~ and an obvious range re$trlction (nonnegative). A physicist's 
apprentice should know this range restriction and be able to use :t; for example, in discarding 
negative roots or performing IntegrationS. Simile,.,.. practltlor:ers In certain field!ll like to see 
their expressions written In standard formats, determined by the InterpretatIOn of the 
constituent symbols. For example. electrical englneerc usually prefer resistance (RI) and 
capacitance (Ci) expressions written as f(Rl, P2 •...• Rn)-g(C 1. C2, ...• Cn) rather than having 
the ni and CI IntermIxed. 

Another way that an apprentlc-e could be of use In MACSYMA is by keeping track of Ule 
user's plan for solving his problem. If the apprentice knows the steps Invoh.ed and the 
significance of various results, It could Inform the user of potential errors, make suggestions. 
and In many cases carry out steps by itself. The apprentice can gair, familiarity with the 
user's plan In various ways: It may be a well-known mathematical procedure (e.g .• som~ 
stAndard technlr,.'e for solving partial differQntlal equations or perturbation problems), the 
user may have described his Intent!ons before beginning his MACSYMA session. or the user 
may re-apply soma previous rlan. It Is expected that thill notion of a problem-solving plan 
will play an extre."ely Impcrtant rote In the next generation of algebraic manipulation 
syatems. 

R.f.renc.s 

Unfortunately. thare Is no good Introductory reference on the stulctura of MACSYMA. 
The reader Is referred to the MACSYMA manuel (Mathlab Group, 1977) and the pr;mer 
(Moses, 1916) for an Introduction to Its use. 

See also Brown and Traub (1971). Fahlman (1977), Fateman (1972). Genesereth 
(1976), Gene •• reth (1977). Genesereth (1978), Goape, (1977), Grossmen (1976), Hearn 
(1973), lewis (1917). Moss) (1971), Mos .. a and Vun (1973), Musser (19715), Norman 
(1976). Risch (1969), RotM~eln (1977), Trager (1978), Wang and Rothschild (1976), and 
llppel (1976). 
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E. Other Scientific Application. 

E 1. The SRI Computer-ba.ed Con.ultant 

A Computer-Lased Consultar.t (CBC) Is a computer system that (;ootaina a body of 
speclllllzed knowledge at'out • particular teak domain and which makes that knowledge 
con\lenlsntly a'/aliable to use.s working In the domain. Thl5 article describes some research 
done at SRI on • computer-be.ed conlult,nt da.l"oad to help a novice mechanic work with 
electromechanical coqulpment. The goal of this research Is to bulla a system that 
approximates III human consultant In Its communication, perceptual, a.,d reasoning akills. 

The consultant was desloned to anawer spoken English questiolls from .he user and to 
monitor the user's progress on the task, offering advice a"d reminders where necessary. To 
fit the needs of Individual users, It I, esa,ntlal that the system be able to provide advice 
about the task at several levels of detail. In order to determine the approprillte leval of 
det.lI, the cec mvst form a model of the Uler, monitor his performance as he executes the 
task, and update Internal models to reflect the eurrent atate of the teak envlfonment. 

D •• lgn of the Computer-ba .. d Con.ultant. 

The task of the SRI computer-based consult,nt Is to help en Inexperienced mechanic 
repelr and modify complex electromechanical equipment. The mechanic works on a piece of 
~qulpment In a special "work station" where he I. provided with. he.dset that enables him 
to talk to the system and to recei"e spoken replies, both In nllturcllanguage. A commercially 
available phoneme synthesizer Is used by the system to give "s, . .,ken" responses to thp. 
user. and a commercially available phra., recovnizer Is used to "understand" his speech. 
Thera Is a television camere and a lasar rangeflnder that provlcle the visual component tor 
the system. The laser rengeflnder can also be used as a visuel pointe' so that the system 
can answer questions such as ·Show III. the pr.ssure switch" by Illuminating the pressure 
swttch with the taser beam. 

Reque.sts for information by the u.er are transl_ted Into an Internal representation or 
"modal" by t"e natural language .nci visual components of the system. These models are 
usad to lIItructlJr. communications with the user as he performs the task. For example, a 
question about the iocatlon ot a p.rt ("Where Is the pump brace) Is answered by reference 
to a stored geometriC model th.t keep. track of the spatial relations between the P.ts. 
Other models are necessary for the natural I.nguag. components of the system; for 
Instence, a discourse model Is ne .. ded to understand a spoken utterance. 

Plannint;, a sequance of constructiona 

The user of the cae can ask It to plan a aequenee of .... mbly steps and ,elate this 
sequence to him for execution. The CBe has a plan"Ing component for composing essembly 
and disassembly sequences. It has receiv.d much attention In recent research efforts. 
There .r. several type. of knowledg. that ar. Important In the planning proce... First, 
there Is tha mo~el of the air compr.ssor It. elf, which Is easentlally a graph whose nodas 
correspond to the parts of the COIWPr.saor and whoa. arcs correspond to tha mechanical 
connection b.twean the parte. Second. "ch type of connection ha. associated with It a 
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set of procedures that tells how that connection Is physically established. Third, each of 
these procedures may contain calls to other procedures that elaborate, In more detail, how a 
job Is done. This /titrare/" of procedural hODlltdgt forms the bests for producing plans that can 
be given to the user at several levels of detail. This procedural model Is used by the 
planning program to determine the order In which parts should be assembled. The planning 
program Initially assumes that the parts cen be connected In any or<:er. By checking 
preconditions and the efter-ts of performing each step, It reorders the steps In the plan to 
eliminate conflicts. For exa:nple, the pump can be installed only If there Is no pulley on its 
shaft. The planner recognizes this fact and Imposes an order on the plan so that the pump 
will be installed b\!~ore Its pulley Is placed on the shaft. When an the conflicts have been 
resolved, the remaining steps of the plan can be solved in any order. This ability. to 
recognize alternative orderings In a !)Ian, Is Important fl)r a computer-based consultant: The 
user may take the Initiative and proceed with certain steps Of the assembly on his own, and 
the planner must recognize If the steps being taken are valid. 

The plan Is represented as,. structure called a procedur.' net; II :jample net Is shown 
In Figure 1 (Hart, 1976). Each noele corresponds to an assembly step at some level of detail. 
The procedural net Is actually a hierarchy of plans, all of which accomplish the same task. 
but at varying levels of detail. The ith row In the net corresponds to a plan specified at the 
ith level of detail. Notice that the plan splits 'nto two paths at level 2. Indicating that the 
two 8ubplans can be performed in either order. The branching vertlcls lines Indica tot the 
expam.'on of a step Into. more detailed subplan. 
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Th. procedural net ,~ .... ful fof thl .peclflcatlon of pl.". at the varlout levels of detail 
r.qulr.d by the user. ina net ... tao .... d during planning to rlpr ••• nt partially for •• d 
pl.,.., 10 that the planner c.n be r.tt.ned during execution to modify en .xlstlng plan If 
n.w Infor",etlon r.qulrlng replanning II dlacov.red a. the .... 1IIb1y proc •• d •. 

The .yate", keepa an Intema' MOde' of the ·connect.dn ••• • of the different 
component. of the air COIaPf' .. aor .. It II being ...... bI.d or dIa ...... bl.d. 't ".0 ~ontalna 
a graphical lIOdei of the Iocatlona of thft different component. of the air COfttp,· .... or. Fr.r 
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example. the graphical model knows about the pump, motor, pressure switch. etc.: and the 
connectivity model knows about all the visible components. 

Interfacing to the r.al world: Vlalon and Dialogue 

Vision Is • difficult problem In the ~m.ln of electromechanical machinery because the 
equipment and Its components usually have only a limited range of color and texture for a 
great variety of possible shapes. Shadows and highlights also depend on the stage of the 
tlssembly process. For these reasons, an approach has been taken that capitalizes on prior 
knowledge of visual apPearances and geometriC rel,tlons: There Is a "tool recognizer" thet 
8 ~cepts a limited semantic description of a tool, builds a model of the tool from this 
duserlption, and u.es this model to differentiate tile tooCm the set of probable 
alternatives. 

There are two llther visual modules, both of which rely on stored ge"metric models of 
the el 'ulpment. The first module allows the CBC to answer user questions of th~ form "Show 
me the X." It points at X with the luer rangeflnde" which Is accomplished by locating the 
outline of the visible st-.rface of X. The second module allows the user to esk "What part Is 
this'?" while he Is pointing at the unknown part with a wand equipped with a small light at the 
tip. ,'ray In space Is defined by the wand tip and the camera lens. The ray Intersects a 
aeomotrlc model of the equlp",e"t, providing the an.we, to the question. 

The following Is a portion of. dlalo(!ue betINeen a novice mechanic and the cec on the 
t.sk "A.'Jsemble the air compressor.· The example Ie taken from Hart, 1916. 

Try to achieve assembled alrcompressor. 
"How? 
'-he top l~V'el plan Is ... Install pump .•. 
Install pumpbrace ••. Install pumppulley ••• 
Install belt .. ' Install belthoualngcover ••• 
Ready for questionS. 
""Show me the pump. 

Ready fN qu •• tk>ns. 

"What I. thla? 

USI' /,tRJlts III"" ."Grad /II tG'fIl /,IGlJorm_ 

Tenk pleUorm. 
Ready for qUQattons. 
uNone. 
Inst.1I pump. 
"-How? 
Connect pump to platform. 
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"'How? 
Get 4 1&1I4-lnch 6/16 hexagonal boIta and 
4 9/16 flat wesh.rl .nd 4 liz. 5/1 a hex.gonal nut •. 
··OK. 

Summary 
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The main goal of tha reaearch on the SRI computer-based consultant was to create the 
fundament., tachnology n •• d.d to build luch consul\ant Ivatelll" Much of this technology Is 
Independent 0' the particular con.ultlnt .yate", b.lng built or of the details of the task 
environment. Work on the .'ectrOlllech.nlca' cae d.scrlbed he'. w •• stopped In April, 1976. 
Since then • new cOMultant project h.s been begun .t SRI .xtendlng many of the Idea. 
from the 1975 system and .ddlng new f.ature •. 
The new conaultlnt syatew. Is being used In two entirely dlff.rent dom.lns: minerai 
explor.tlon (... .,tlcl. e=:u .nd .grlcultur.' pe.t ... n.g .... nt. It appea,. thllt compute, 
consultant •• r. likely to ,.",.In both • fruitfUl .,.. for Artificial Intelligenc. re.earch .nd a 
prac~lc.1 ",a.na of deploying knowledge to people wOrltlng In the .peclflc t •• k domains. 

Sa. Hart (1975) and NNNon (UI75). 



• 8 Applicetlon.-orlent.d AI R •••• rch. lel.nce and Mathematic • 

E2. ?ROSPECTOR 

PROSPECTOR (Ouda et aL. 1978) Is a computer-based consultation system that Is being 
developed to aid geologists working on certain problems In hard-rock mineral exploration. 
like other expert systems, such as INTERNIST (sea article M·Jdicine.C4) IIInd MYCIN (see 
article Medici .... Cil>, PROSPECTOR attempts to reprfl,ent a significant portion of the 
knowledge and ttle reasoning processes used by experts working In a specialized domain. 
The Intelded user of this program is an exploration geologist who Is In the early stages of 
Investigating an exploration site Of' prospect. We assume that he Of she has a \lrofessional 
understanding of geology but, nevertheless, wants the assistance of a spuclallst In 
evaluating the findings. 

In an attempt to keep tho PROSPEC TOR system fairly domain Independent, the system 
maintains a clear separation between the geological knowledge base and the mechanisms 
that use this knowledge. Nevertheless, characterlstlca of the problem domain have certainly 
Influenced the design of the system. 

Expressed abstractly, the main function of PROSPECTOR Is to ml'ltch data from a 
particular situation against "models" that describe a moderately large number of disjoint 
classes of situations. In PROSPECTOR's domain, the models are formal descriptions of the 
most important types of ore deposits. and the data are primarily surface geological 
observations. The available data are assumed to be uncertain and incomplete. so that the 
conclusion Is " probability or a degree of match. In addition. the program al~rts the user to 
different possible Interpretations of the data and Identifies additional observations that 
would be ",ost valuable for reaching I more definite conclusion. 

A typical consultation sess:Jn with PROSPECTOR begins .Jlm the user giving the system 
the Information about the most significant features of his prospect: the major roc Ie types. 
minerals, and alteration products. The program matches these observationS against its 
models and, when the user Is finished volunteering Information, pro~e8ds to alik the user fO( 
additional Information thet will he!p confirm tile best matching model. At any time during the 
consultation, the US"" can Interrupt to volunteer new Information, change prevlo:rs 
atlltementa, or reque.t 0;1 aV,.'t:ltloll. Thus. PROSPECTOR operates as • mhred-Inltlative 
system. 

The following edited excerpt fr(.m a PROSPECTOR fun Illustrates many 0: these Ideas. 
Th. data for the run d •• crlbe • flctltlou. POf'phyry copper depotlt that h., som., but not all, 
of the desired charecterl,tlcs. We begin at the point wltere the user st6rts volunteering 
Information to the aystem. I... this excer!:'t. the user', .lMWer, are always give" In 
emboldened upper ceae, the sy.tem', comment. ar. In regular type, and explanatory 
comment. ar. In italicJ. 

1 : THER! 18 QUARTZ MONZONITE 

QUARTZ MONZONITE (5) 

2: THERE IS A CRETACEOUS DIKE 

CRETACEO'JS DIKE (6) 

3: 'THERE IS SERICITE AND PYRITE 
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SERICITE (6) 
PYRITE (6) 

5: THERE MAY Bf BIOTITE 

BIOTITE (2) 

B:DONE 

Tit,s, simp/, IUSfrtions tltscriH tit, 1IIosl promi,.,,.t roelu. ",in,rall. and /lUn/ltio,. 
produ.cts in lit, tarl,t arl4. Tft" "st,.. i,.dico!fJ its r«opition 01 ,aclt start"'tnt bJ 
"hoing tit, steft"'tnt and apfltntlinf an /lsslp" ctrtaint,. Ctrtat,." lactors rang'/ro"l 
-, (I'ositl'" 'ltGl CI stlK4tt0'1 do4s NUT' !told) to , (positiw tll4l it dNs Itold). All 
(usmlons ",aM ., PROSPECTOR Itaw Gss«i4t,d cnttJinIJ 100(lIrJ. TIl., I'rofTc", nOfll 
mt,n tit, CO"$'9"tn' ",ode oj rlClson"l,. 

Presently. the models In PROSPECTOR end thel, scor •• are: 

1 Kometlltlc nickel sulfide dep03lt -- KNSO (0.0) 
2 Type-A porphyry copper deposit -- PCOA (0.0) "current hypoth •• laaa 
3 Kuroko-type ",a •• ive sulfide depoa't •• MSD (.001898) 
4 We.tern-statea-type .. ndatont' :Iranlulft deposit •• WSSU (0.0) 
6 MI.slsslppl-Vaney-type laar;/ Jtnc depoelt -- MVTD (·4.8) 

Whlct- of the aboVe Wtjl.lld )'011 Ilk. to rute out? NONE 

T It~ :i,),1u,ftletrtd tn/Dr"'Glitm IWCJ lt1.f.fkUnt to nil, OtIot Oft, 01 lit, 1IIOd,1 •• bt!.l fIIas not 
nearl, sPICi{U tnOUl" to mablult .. ,,' oj ,It, ,d,1$. Til, ,ltoic, Df ,It, sfCtnld "'Mtl as ,,,, 
currt1lt It,potll,sb ws basH JIIII Oft Us ,,,,.,.,,. bt!.l Oft tit, ftll ..... aftd ,,',J of 
CDnftl(tiMts bet."", U au ,AI "JU'ffTd statllll'ltlJ. To ollOU a toJJUJI, Inutl'lI 
inWm,iJ/ttnl 01 uftprtnlllslftf rutlfll, ,Jj4 S'jS'1ffI flH' tJj, usw III, oPfJOrl",tlt, to 1Xt1r.utt 
"'oMls rJlllUtr tnltr,st. h. ''''s W'. lit, usn .u.s IIlI DJ .It, ucUls to N nplorH. aftd ,II, $,Sl"" "fin. fIIltlt ,It, cur,"" ""'''11$. 

I am considering the poulbHlty of a 
( Type-A porr-hyry coppe, deposit •• PCDA ) 
In the target area. 

The renewing questions .r. Inte.lded to •• t.bIah the Nlture of t~. 
petrotectonlc •• ttlna. 

1--To wtt.t degre. do you believe that: 
( the terget .re. Ia In a continental .. ,gtn MObIle belt)? -2 

riels ls .. dlsCOtl.raflnltJu." lor ,AI I'CDA fIIMIIl.4U It r,...,.,1 • COIIIIXI .,ttUd for 
'II. iftwst'p'Wit of Dlltn I'ro""&1 oj tlu """,.".,.1 INrI''' rruMl, NIl. 

The following que'tlOna ar. Intended to dete'" the Nltur. of the 

a, 
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regional environment. 

2--To what degree do you believe that: 
( there are granitic Intrusives In the region)? 6 

3--To whet degree do you believe thet: 
( the region contains an abundance of small _tocks )? -3 

8--To whet degree do you believe that: 
( Igneous rocks In the region heve porphyritic texture) 1 WHY 

I am trying to establish whether some of the Intrusive rocks In your 
area have textures suggestive of a hypabyssal to subvolcanic environment. 
Porphyry textures resulting from the rapid cooling and crystallization 
of e silicate melt which contains large minerai grlll'ls a,e suggesttve 
of relatively shallow levElls of emplacement. 

LOu MYCIN, PROSPECTOR fJrovtdt14 "rift, of (or.lmands fo, doing .n,,11 thinKS as 
T'qutstinr a summary. c/longing P"vtOIU 411J1IItrs, cr voillnttlrt1l1 Gddtlioltdi formation. 
Til, tJbow r,spons, 10 G WHY t01llmL'nd 'S not autOJllcztit4ll) fffln4tul from tltI rldl but 
is m,r,t, Jlor,d 'txt tU1oddt,tl Dlllh ,h, s~" 

a--To What degree do you believe that: 
( Igneous rocks In the ,eglon have porphyritic texture l? 5 

My certainty In (the texture and morphology of the Intrusive system 
suggest a subvolcanlc: (hypabyssal) reglonal.nvlronme"t ) Is now: 4.Q24 

00 you wlnt to pursue this furtt-er? NO 

At this fJOint tit, s,st,'fI' ftorHi that tit, ,"'Gin" for tI" 1I,,,«ltll0 ~ 4 ~fi4l?JS4t 
tnvironm,nt was tJbow 4.'. and it 4!so nottd tll41 if tI" rttftaintftf rulls lilT' allstII",d in 
thl most un/arJtITabll "' ptlSlIbl" tilt ,ntCliftt, totdd '"" ffJlI Nt".,...,. To JaH lill'lt. it 
Id tI" lu,r dm" Pi/tltltn or '"" to cemtinlUltIOTlhlf em tltis sub",.,. 

T hI fU,sIiorIing contbu41S CIS about KlltU it butnltts ra«tssa" to COflst4n fJrof'ntl,s till. t 
vary wUhln lIN ttlrfl' tI'IC. Tltus.ftlr till first tt"" it 6«"""s ft"ISSG" to 6f obi. to IU,' 
tit, rults """I titan 01'1", and 4 COJIl"'l&nitGtioft C07IfII7Itiorl lllUt &t IstdU'It~ to 
disttfl.jWslI dif/lTl1lt s~ttalIOC41wnJ. 

Porphyry copper depOtlt. are often eotnpoald of ch.rletarl,tle zone. of 
alteration and mlne,.lIz.tlon. On .oma c •••• th ••• can b.look.d Upon.1 
different stegea aupertlltPOSed 'IPM one .nother.) I .hen ca.1 the most 
prominent such zone Zone 1. Even though you may heve al,eady identified 
this zone ea, .ay, the propyllttc zone or the .ertclttc zon., I need to 
consider other potslbllltiea as w... Thu., the following queatiocM .re 
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Intended to determlna the po&slbllltle. for Zona ,. 

25--To what degraa do you banava thet: 
( thera era fra.h-Iooldng faldapa,a In Zone 1)? -I 

~,stlDnlftl contl'lIus 1ft tltls Jft4ftll". E!IIfIIIUIlI" PROSPECTOR IJlabilslt,s l/tGt IfllO 
rlmtJ IXlsI In t~t "fUm of 1711w,st, and Gftw IXGlIIlnl", tad 1ft ,",aU, it condud,s th41 
fltt., ,tol,fIt "..1.." su,tM'1 tit, .,,.,ltflls 'MI r,,,.A ".,.", co"n tJdsu in tit, 
"rfMI· 

On a acela from -6 to 6, "'Y c.rtalnty thet ( tn.,. ~ra alt.atlon zon •• 
thet ara favorable for a Typa-A porphyYy coppa~ depo.lt ) Is now •• 833 

There are two favorabla factora; In ordar of ""port,nea: 

2.3.1: 1. thera Is • aarlcltlc zona In Zone 1 ( •. 834) 
••• stabllahas 2.3.1 •• 

2.3.11 2. th.,. Ia • pot ••• lc zona In Zona 2 (4.488) 

Thara .ra ",any factor. that would heye baan unfavorable, Md no favorabla 
factor axlated to overrlda tha.; In order of lllpartance: 

2.3.1: 3. thara Ia a barren-cora zona In Zone 1 (-6.0) 

2.3.1: 4. thara Ia • pot ... 1e zone In Zona 1 (-5.0) 

2.3.1: 6. there Ia • PfOPytItIc zona In Zona 1 Hi.O) 

2.3.1: e. thera Is Cl aa~ zone In Zona 2 (-6.0) 

2.3.1: 7. thera" a propytltic zone In Zona 2 (-4.DlG) 

2.3.1: 8. thara Is a b~. zona In Zona 2 (-4.4GB) 
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Knowledge repr •• ent.tion 

The network structure tha, Is used to rapresent the geologlcsl knowledge embodied In 
PROSPECTOR is celled the Inference network, which guides the pl8~slbl8 reasoning 
performed by the sYlItem. Th[~ nodes In this network correspond to various Ilssertions, such 
liS "There Is pervasively blotlzed hornblende" or "There Is alterstion favorable 'or the 
potassic zone of a porphyry coppar deposit." In a pertlcular run, any esser .ion mey be known 
to be true, known to be 'alse, or sus~ected to be true with some probability. 

Most of the arcs In the Infelence nstwork de"ne in/erena rules that specify how the 
probability of one IISsertlon .ffects the probability of another assertion. For example, the 
presence of pervisivoly blotlzed hornblendeuggests the pote:'siG zone of .. porphyry 
copper detJoslt, and the absence of any biotlzed hc)'.nblende Is very discouraging for that 
conclusion. Theae Inference rules correspond to the production rules used in MYCIN. The 
remaining arcs Indicate that an assertion Is the "context" for another assertion, preventing 
conclusions 'rom being drawn until the right contexts are established. For example, one 
should establish that hornblende has been alter"d to biotite before asking about the degree 
of alteration. 

The primary task confronting a geologist who w~nts to prepare a new model for 
PROvPECTOR Is the repra~6ntatiOn of his or her moo>.!! 8$ an Inference network. T'1. current 
system contains models of five different types of deposits, developed In cooperation with 
five dlfferant consulting geok»glats. The followtng statistics giva " rough Indication of the 
sl~e and cOfIIplexlty of these models. 

f Nutlber of Number of 
"ode' Itssert 11)~.s Rules 

koroko-type ~a$~1ve sUlfide 39 34 
Mississippi-Valley-type leed/zinc ZO 28 
Type-A porphyr~ copper 181 91 
Koaetiitie nic ., sulfide 1~ 49 
Roll-front s.ndstone ur.niUM 212 133 - --

Total: 541 327 -
To allow certain kinds of lOgical r.a.onlng by the system, each assertion Is 

represented as a "space" In a partitioned s",mantle network (Hendrix, ~ 976a). A typ:cal 
space ('sserts the hypothetical existenca of physical anti ties having specn Ie. properties 
(suc~ 8S being composed of biotite) and partiCipating In specific relations (such as an 
alten 'ion relation). In addition, • large taxonomic network :le~crlbes Important 
elementl subset ,el.tlon$ among the terma m.ntloned, such as the f.ct ?:het ~Iotlte Is III mica, 
whlcil la turn Is III slllcat., which In turn Is • IIIlne,el. 

T~e articulation of assertions as • .et of relations allows the system te recognize 
subsot/superset connections between pairs of assertions. fN example, the a .. ertlon that 
"Ther(.; Is pervasively blotlzed hornblende" Is clf'arly related to the assertion that "The,e ia 
mlca-; assertion of the flr.t also •••• rt. the second, and d.nial of the second denies the 
first. This kind of recognition Is ... ed In two ",.,ft Wlya. FIr,t, it provtde. Imporhnt Inhrmodel 
and Intra model connectION beyond thole give .. e:ICpHcltly t::: the Inference ,w... S.cond, It 
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allows the system to recognize connectIonS between Information volunteered by the us'Sr and 
the coded models. 

Probabilistic r.a.anlny 

So".,. of the logical constraints that exist between spaces have probabilistic 
Implications. In particular, If A Is an '"stance of (subset of) B. then the probability of A can 
never exceed the probability (;f 8. We maintt'ln this constraint by .utOl .... tlcally generating 
certain Inference rules. For exampl., If evidence E could raise the probability of A above the 
probabltlty of a, then we generate a rule from E to a that will \ncrease the probability of 8 
suffiCiently to Just satisfy the con.tralnt. The ."act procedure used here Is described in 
Duda et aI., 1977. 

Since the various Inference rules Interconnect to form an inference network. when the 
user provides some evidence this InformatIOn can change the probabilities of several 
hypotheses, which In turn can change the probabilities of hypotheses that d~. pend upon 
them. The probability formulas determine exactly how the.e probability Changes propagate 
through the inference net. (The r.ader might alao refer to the handborAt articles on IRIS and 
CASNET for other discussions of propagation.) 

ContrDI 

As mentioned earlier, PROSPECTOR Is a ",Ixed-Inltiatlve system t.hat begins by allowing 
the user to volunteer information aboUt the prospect. This volunteered information is 
currently ""'Ited to simple atatem.nt, In constr.lned En~lIah about the names, ages and 
forms of the rocks and the type. O~· minerals pre.ent. These atat.ements are parsed by 
lIFER--a natural 'anguag'" Intertace f.clilty developed by Hendrix (1 Q71)--end repres~nted 
cas perUtloned sam antic network.. ,. network matching program comp.,ea each of these 
volunteered spa,;:.. against the spaces In the models, noting any aubset, superset, or 
equality ,elltlo,. tha' occur. 

If a volunteered apac" I. exactly equal to a space In a model, the probability of ~he 
model space la updated and that change II prop.geted through the Inference network. If a 
vallaoteered .pIC. I •• sub •• t of • apac. In • mod.1 and If It ha. a higher probability than 
the model apace, then once again the prubabtUty of the IIIOCifll .pace Is uPdated anef that 
change Is propagated through the InferenCe network. 

Unfortunately, If the Vt>lunteered apace .. atches a superset Of a model space (which 
usually occurs), no proo.Ullty change CAn be ",ade unle .. the user expresses doubt about 
the situation. for example, If the us., .. ntlona biotite, the probability of the space that 
asserts that there Is pervasively blotlzed hornblende Is unchanged, unless the user has said 
that he or she doubts that there Ia any biotite. However. It II obvtou. that the system may 
want to follow up th .. ob.ervatlon, end the .xlstenc. of the conne~tlon to the model Is 
recorded. 

When the us.r ha. finished the initial voIunter.rino, PROSPECTOR scores the various 
models on the be sill of th6 numb.r and types of connections that have occurrel1 and selects 
the "eat matc!m\~ mod4Il for further investigation. tit • the ba.1c control strategy Is MYCIN-



68 Applic.tion.-ori.nt.a AI A •••• rch' Scl.nce and M.th.m.tlca 

like bac/tward cIIaintng or ctmJfl{Ut7tt rt(uoning. At any given time there Is • current goa' space 
whose existence Is to be determined. The Initial goal space Is the one that corresponds to 
the best matching model. The various spaces In the models either represent evidence that 
can be sought from the user (are "askab!e") or Internal hypotheses that are to be deduced 
from evidence (are "unaskable"). Naturally, the initial goa: space Is .'ways unaskable. If the 
current goal apace ha. any unestabllshed context apaces, they are pushed on the goal 
stack and one of them becomes the neW current goal. 

If the current goal Is ask.bl" and has not been asked before. the user Is asked a;'out 
It; the effects of the answer are propagated through the Inference network; and the process 
is repeated. If It la unaat.bie, It must be either the consequence of one or more Inference 
rules or a logical combination of one or more other spaces. In the former case, the ,,,lea a,e 
scored to determine their potential .ffectlvene.s In Influencing H. and the antecedent of the 
Lt'$t scoring rule becomes the next goal. In the latte, ca.e I predetermined supporting 
space becomes the next goal. In either ca •• the .ame procedure Is repeated until either: 
(a) The top·level goal be<:omea ao unlikely that another top-level goalla se1!i1cted, (b) ·;111 of 
the ask able Space. hive been a.ked. or (r:) the user Interrupts with new volunteered 
Information. 

Summery 

This brief overview cover. the basic knowledge repreaentatlon and Inference 
mechanisms used in PROSPECTOR. Many aspects of the systilm have not been mentioned, 
such as the treatment of quantitative e'~idence, the matching procedure, the us. of graphical 
Input, the Inference network compHer, the explanation sy.tem, model acquisition aids, and 
the test and evaluation effort. 

The five ~!~?dels 10 the current 'yste", are but I fraction of what Is needed for 
comprehensive coverage, and even th ••• MOdala have only recently achieved the degree of 
completeness required for doing m.amng'ulevlluatlon •• limited Initial teat. hava .hown very 
close aureement betw •• n the evaluation. provided by the ayate", and the evalutltlons of the 
model designer., uatng data from actual deposita of the types lIOCIeted. More Informa tlOn on 
the system, the extent of Ita geological knowledge, ita peri'onlance on known deposit., .nd 
Its posalble applications can be found In Dude.t al., 1878. 

Ref.,..nc •• 

Se. Dud., Hart. and NHHon (r978). Dude .t .1. (1877), Dude et a'. (1978). Hendrix 
(191&.), Hendrix (1977), PopIe, ~'Yer •• and Miller (1876), and ZADEH (1906). 



R.f.r.nc •• 87 

References 

Anderson, B. H. The use of production IYlt.m. In RITA to construct personal computer agents. 
Proceedings of the Workshop on Pattern-alrected Inference Systems, SIGART 

N.wsl.tt.r (No. '3), 1977, pp. 23-28. 

Anderson, R. H., Gallegos, M., Gillogly, J. J., Greenberg, R., and Villanueva, R. RITA Reference 
Manual (R-'808-ARPA). Santa Monica, Ca.: The Rand Corp., September 1977. 

Anderson, R. H., and Gillogly, J. J. Rand InteHlgent Terminal Agent (RITA): Design 
philosOPhy (R- . "09-ARPA). Santa Monica. Ca.: The Ranei Corp., February 1976. (a) 

And.raon, R. H., and Gillogly, .J. J. The Rand Intail:.::~! !.'iiilnal (RITA) as a network access 
ald. AFIP Proceedlngl, 1978,46,601-609. (b) 

Banks, J. E. N.mlng O",anlc Compound •. Philadelphia: W. B. Saunders Co., 1978. 

Bennett, J. S., Creary, LA., Engellllor., R. ~., and Meioeh, R. E. SACON: A Knowledge-based 
consult.nt In Strucutral Analyl", Stanford Heuristic ProgramMInG Project, Report No. 
78-23, 1978. 

Bledaoe, W. W. Splitting and Raductlon H.urlatlcl In AutomatiC Theor.", Proving. Artlflci.i 
Int.lIIg.nc., 1971, 2, P. 73. 

Brotz, D. Embedding Heurtetlc Prob .... Solving Methods In a MechanIcal Theorem Prover. 
Stanford Unlv.r.'ty, COMput.r Sclenc. D.pt., Rep. No. STAN-CS-74-443. August 1974. 

BroWn, H., .nd Maslnter, L. An Atgortthll for the ConItructton of the Gr.phs of Org.nlc 
MoI.cu .... Discr.t ••• th.lII.tlcS, 1974, a, 227. 

Brown. H •• M •• lnt,,!,. lo. and HjeltMland, l. COnstructive Graph lab.1Ing Uling Doublu Coset •. 
Dlacret ......... m.tIcI. 1974.7.1. 

Brown. J. S.. and Traub. J. F. On Euclld'a Atgco1"lthflt and the COIIiputatton of polynomial 
areat.st com ... dIvt8orI. MC., 1971, 1a(4), 606-614. 

Buchanan, B. G. AppIIcatione of ArtIfIcial Int ... gene. to ScHnttftc Reaeonlng, S.cond USA­
J.pan Comp .... r Conferenc •• AFIPI and lPad, Tokyo, 1976, pp. 18g-1g4. 

Buchanan, B. G., and F.Igenba.... E. A. DENOAAl and .... a-DENORAI..: Their applications 
dben8ton. Journal of ArtIficial Intellgenoe. 1871, 11 (1,2). 6-24. 

Buchanan. B. G.. Sutherland, G. L., and FeigenbaUM. E. A. s.e problems of artificial 
Int.lIIgence In the context of organic chelUtry. M.chlne InteHlg.nc. 6. Edinburgh 
UniVersity Prell, 1 ,",g. 

Buchanan, 8. G. Sctenttftc theory fonNtIon by aa.put.r. In ... C. SIwton (Ed.),Proc •• dlngs of 
NATO Advanced ......, InatItute _ c:a.puter 0rIefttecI Learning Proc ••••• , 
Noordhoff, leydon. 1~78. 



88 

Buchenan, B. G., Duffield, A. M., Robertson, A. V., An Application of Artificial Intelligence to 
the Interpretation of Masa Spectra. In G. W. A. Milne (Ed.), M ... Spectrometry 
Technique. and Appll.nce •. New Vurk: Jotln Wiley and Sons, 1911. P. 121. 

Buchanan, B. G., Smith, O. H., White. W. C., Gritter, R. J., Feigenbaum, E. A., Lederberg, J., and 
DJeressl, C. Application of AI for Cnemlca' Inference XXII. Automatic rule formation In 
mass spectrometry by meanll' of the Meta-OENORAL program. Journal of the 
Am.rlun Chemical SOCiety, 1976.81(20),6168-6178. 

Buchanan, B. G., Sutherland, G. L., and Feigenbaum, E. A. Heuristic OENORAl: A Program for 
. Generating Explanatory Hypotheses In Organic Chemistry. In B. Meltzer and O. Michie 

(Eds.), MaChin. Intelll".nc ••. Edinburgh: University Press, 1969. 

Buchs, A., Delfino, A.8., Duffield, A. M., Ojerassl, C., Buchanan, B., Feigenbaum E. A .• and 
Lederberg, J. Applications of Artificial Intelligence for Chemical Inference VI. Approach 
to a General Method of Interpreting low Re.oIutlon M ... Spectra with a Computer. 

Helv.tlca Chlmlca Acta, 1970, 53. 1394. 

Buchs, A., Duffield, A. M., Schfoll, G., OJ£,,,,sl, C., Delfino, A. 8., Buchanan, 8. G., Sutherland, 
G. L., FeIgenbaum, E. A., and lederberg, J. Appllcatlona of Artificial Intelligence For 
Chemical Inference IV. Sat",ated Amlnes Dlagnoaed by Their Low Re~oIution Mass 

Spectra and Nucl.ar MagfJatlc Resonance Spectr.. Journal of the American Chemical 
SOCiety, 1970,82,6831. 

Carhart, R. E, and Smith, O. H. Applications of Artificial Intelligence for Chemic.1 Inference 
XX. Inttlitgl7lt Use of Constraints In Computer-A.slsted Structure ElUCidation. 
Comput.rs and Chem •• try, 1978, " 79. 

Corhart, R. E., Smith, n. H., Brown, H., and DJerlssl, C. Applications of Artificial Intelligence 
for Chemlcel Inference XVII. An Approach to Computer-Assisted Elucidation of Molecular 
Structure. Journal of the Americ.n Chemical SOCiety, 1975,87,5756. 

Cheer, C., Smith, O. H. t DJera.sl, C., Tur.ch, B., Iklekmln. J. C., and Oalo28, O. ApplicationS 
of Artificial Intelligence for Chemlc:al Inference XXI. Chemlcel Studies of Marine 
Invertebrate. XVII. The Computer-Assisted Identlflcatlon of [+ ]-Paluatrol in the Marine 
organism Ce.pltulerla sp., aft. SUbvirdl •• Tetr.hedron, 1976.82. 1807. 

Churchman, C. W., end Buc:h.n.n, 8. G. On '''e Design of Inductive System.: Some 
Philosophical Problema. arltlsh Journal for the Philoaophy of S~lence, 1969, 20, 
311-323. 

Cadd, E. f. Seven Step. to Rendezvous with the C ..... I U.er. In J. W. Kllmble end K ••• 
Koffeman (Eda.), Data a ••••• uoe .... nt. Hew V.,..k: North Holland, 1914. Pp. 179· 
200. 

Cory, E. J., and Wlpke, W. T. CcMnputer a .. lsted _\gn of complex organic synthesis. 
Scl.nc., 1969, 1A§, 178-182. 

Oa".a, R. Appllc.tlons of Met.-Level Knowledge to the Canatructton, Malntenanc. and Us. of 
L.rge Knowtedge Ba •••• Stlntord AI Lab, Menlo AIM-283. 187e. 



a& 

Davis, R. Interactive transf.r of expert"e: Acquisition of new Inferen~e rules. IJCAI 6. 
1877, 321-326. 

Davia, R., Knowledge acquisition In rule-baaed systems: Knowledge about 
representations" a b.sls for .ystem construction and maintenance. In D. Waterman 
end f. Hey •• -Roth (Ed •. ). Pattern-directed Inference By.te ..... New YOI'k: Academic 
Pr •••• 1978. Pp. &9-134. 

Oavl., R., and Buchanan, B. Meta"level knowtedge~ Overview and Applicatkma. IJCAI 6, 
1977. 920-928. 

Dude, R.O •• G •• chnlg, J .• Hert. P. E., l<.onoIlge, 1<.., Reboh. R., Barr.tt. P., and Slocum, J. 
Oevelopment of the PROSPECTOR consuttation syatem for mineral exploration. Final 

Report. SRI Project. 6821 and 6416. SRi Internatlonal,lnc., Menlo Park, Calif., 1978. 

Dude. R.O., Hart, P. E., and NUsson. N. J. Subjective Beyeslan methods fO( rule-based 
Inference sy.tems. AFIPS, 1876.48.1076-1082. 

Dude. R. 0., Hart. P. E., Nlluon, N. J.. Rebah, R .• Slocum, J., and Sutherland, G. L­
Oev.lopment of • computer-ba •• d COMultant ror minerai exploration. Annua' Report. 

SRI Project. 6821 and 0416. SRllnt.mltlonal, Inc., Mer.1o Park, Calif .• 1977. 

Duffield, A. M., Robert.on, A. V .• OJ\)ra.sl, C •• Buch,ntn. B. G. Sutherland, G. L., Feigenbaum. 
E. A ••• nci led.rberg, J. AppHc.tlon of Artlflcla' Intelligence for Chemical Inference II. 
Interpretation of low Resolution Ma •• Spectra of Ketones. Journ.1 of the American 

Chemical Socl.ty, &1(11). 1908. 

EngellllOre, R. E.. and Terry. A. Structure .nd function of the CRVSALIS system. UCAI 
e.Tokyo.1978.260-256. 

Eng.hnor •• R. S ••• nd Nil. H. P. A. KnowI.dg.-ba.ed Syste .. for the Interpretation of Protein 
X-ray Cryat.hographlc Oeta. St.nford Heurlatlc Prograftllllng Project Report HPP-77-2, 
COfttPUter Scler-ce O..,t., 1977. 

Er ... n. l. O. OVervt.w of the HEARSAY sp •• ch understa" "'10 r •••• rch. Working P.per. in 
'pe.ch RecovnltkMt-IV--Tn. HEARIAY II 8y8t •• , C.rnegle-M.11on Unlver.lty. 
Computer Sclenc. Spe.ch Group, 1&78. 

Ev.",. M. A Progr •• for the 6oIUtIon of a8OlHtrtc-AnaIogy Intellgence Test Questlona. In 
M. Mlneky (Ed.), ..... entIc InfonHtlon Proo.""",. C.MbrIdge: MIT Pr.... 1968. Pp. 
271-363. 

F ....... n. S. E. A Syst.. far r.pr •• entIng and ualng rH' world knowledg.. Doctor.1 
d .... rt.tion. MIT AI lab. S.pt ..... ,877. 

F.t .... ". R. J. E.u)'I In AIgebr.1c Manipulation. TR-9S. MIT COMPUter Sclenc. l.b, April 
1972. 

F.t .... n. R • .J. An ApprHch to Autoutlc ~totIc E~naioM. PnK:. of an ACM 
a)'IRPM'" on ~Ic ... AfIeIIralc c:o.putatloft, Auguat UI1D. 



DO Appllcatlona-orlented AI R •••• rch: Science .nd Mathematics 

Felgenb"Aum, E. A. , Engelmore, R. S., and Johnson, C. K. A CorrelfitiOn Between 
Crystallographic Computing and Artificial Intelligence Research. Act. 
Cryst.llogr.phlc., 1977, A33, 13. 

Feigenbaum, E. A. The art of .rtiflclal Intelligence: Themes and cese atudles in imowledge 
engineering. IJCAI5, 1977,1014-1029. 

Feigenbaum, E. A. , and Buchanan, 8. Heuristic DENORAl: A Program for Generating 
ExplaMtory Hypotheses In Organic Chemistry. In B. J. Klnarlwala and f. f. Kuo (Eds.), 
Proc. Hawalllnt, Conf. on System Sclenc.s, Unlverslt~· of Hawaii Press, 1968. 

Feigenbaum, E. A. , Buchanan, B., and lederberg, J. On Genorallty and Problem Solving: A 
Case Study Using the OENDRAL Program. In Meltzer and Michie (Ed •. ), Machin. 
Intelllg.nc. e. Hew York: American Elsevier. 1971. Pp. 165-190. 

Gelernter. H. l. Realization of a Geometry-Theorem Proving Machine. In E. A. Felgenb.um and 
Fele.'11· 'tn (Eds.), Comput.,. .nd Trloug"t. New York: McGraw-Hili, 1963. Pp. '·34-162. 

Gele'nt~(, H. l.. Sandera, A, F., l.r.en, D. l., Agarlval, K. K •• Bolvle. R. H" Sprltzer, G. A., and 
Searleman, J. E. Empirical explorations of SYNCHEM. Science, '917, 
,87(4308), , 041-1 049. 

Genesereth, M. R. DB: A high level data base system with Inference, Memo 4. MACSYMA 
Group, MIT. December 1978. 

Genesereth, M. R. The difficulties of using MACSYMA .nd the function of user aids. Proc. of 
th. lat MACaYMA U •• r.' Canference, NASA Report CP-2012, July 19n. 

Geneaereth, M. R. Automated Consultation for Complex Computer Systems. Doctoral 
dlssert.tlon, H.Nard University, September 1818. 

Goaper, R. W. Indefinite hypergeometrlc "Jms In MACSYMA. Proc. of the ht MACSYMA 
U .. r.' Confar.nc •• NASA Report CP-2012, July 1977. 

Grossman, R. Som. O.ta Ba.. ApplicatIOnS of Constr.lnt Expressions. TR-1 68, MIT 
Computer Scl.nce L.b, Febru.ry 1878. 

Gund, P., Ancto.e, J. D., .nd Rhod.s, J.8 COMPUt.r assisted .n.lysls In drug res.arch. In 
W. T. Wlpke and W. J. Howe (Eda.), Computer-assisted Organic Synth •• ls. 
Washington. D. C.: Amerlc.n Chelftlcal Society, 1917. PP. 178-187. 

Hadamard, J. Th. Psychology of Invention In a. ••• a. ..... tic.1 Field. New York: Dover, 
1945. 

HarriS, L. R. ROBOT: A high perfonnance natur., language proc.uor for data ba •• que",. 
SIGART Newsl.tta,. (No. e 1 ), F.b. 1917, pp. 39-40. 

Hart, P. E. Progi." an. COIIIPuter Based Conauitant.IJCAl4, 1815.831-841. 

H.ye.-Roth, F., .nd L .... r, V. R. Focua of .tt.ntlon In a dlatrlbuted-Ioglc .p •• ch 
understandtng ayate •• Proc. of IEEE, lilt. Cont. an ASap, Philadelphia, Pl., 1878. 



R.'.renc •• 81 

Hea,n. A. REDUCE 2 U.er'. Manual. Stanford AI Project MellO AI-SO, May 1969. 

Hea,... A. REDUCE 2: A 5y.telll and lanauag. for .Ig' "ralc:: manlp"t.tlon. Proceeding. of 
the 2nd Sympo.lum 'ft Symbolic end Algebraic "ampulatlon, March 1971. 

Hearn, A. C. REDUCE 2 U.era' Manual. lInIv. of Utah COC1\pu~.tlonal Phy.lc. Group. Report 
Nil. UCP-'9, March 1U7J. 

Heathcock. C. H •• and Clark, R. O. Jouma' of Organic Ch.ml.try. 1976.41,636-643. 

Hedrick, C. A computer program to learn productl.". .ystellls using a semantic net. Doctoral 
dls.ertatlon, Graduate ~~hooI of Industrial Admin., Carnegie-Mellon, July 1974. 

Hel.er. J. A computerized S»aychophQnHCOIoGY Advisor. SUMO, Annual Report, Compute,' 
Sclenc:e Dept. • .;tan"""" UnIv.rslty, lan-1U78. 

Hempel, G. Fundam.ntals ot Concept formatJon In Empirical lel.nce. Chicago: University 
of Chl'::'gD Pre •• , 1 952. 

Hendrix, G. G. Expan~lng the utility of .e.ntlc:: network. through partitlanin!J. UCAI 4, 
1976, "5-'2~. (a) 

Hendrix, G. G. Human .nglnealing for applied natural languag. proc ••• lng. UCAI 6, '" 71. 
183-181. 

Hunt, E. 8. ArtlflclallnteUlgence. New VoRl Ac.<Je1lllc Pr •••• 1 g76. 

Jura. P. C. Chemlcat data Intarpretatlon using pattem recognition techniques. In W. T. 
Wlpke, S. R. H .... '. R. J. F .... n. anet E. Hyde. (E .... ). Contputar R.pre.entetlon end 
Manipulation of C".",tcel Infonutton. New VoRl Wlley-Interacklr.ce. 1974. p.,. 265-
286. 

Kernighan, B. W •• and Rltohle, D. M. Th. C Progr ........ Langu.g~. New Jer .. ,.)': Prentice 
Hal. 1918. 

KIng, R. Reasoning by Analogy with AppIeatlona to Heurlatlc Problem SoMng: A Ca •• Study. 
MelItO A'M-141. CS-210. Stanford Untvtnlty, August 1971. 

Knuth, O. .urre.' N .... ,.. "-_ding ....... 1 AddIaan-W.aIey.197 ... 

Koe.tler. A. Th. Act of Cr •• tlon. New Vortt: Del, 1 D07. 

Laing, R. O. Rulet ancl MetarulR. In R. O. Laing (Ed.). TIt. NIle. of the F.mal)' .nd Oth.r 
E ••• p. New Vortt: Vlnta ... looks. 1871. pp. 108-110. 

Lakatall. I. Prooft and Rafutetlonll Tlta LotIo of .atll ... ttoel Diacovery. london: 
C.lllbrklge UnIv. " .... 1910. 

lederberg, do C.,.,.. .. of IIDIM .... "'."'a. for ..... pectrometry. San 
. Francisco: HoIcIen-Dey,1804. (.) 



82 

Lederbtlrg, J. DENDRAL-64: A S),stem for Computer COMtructlon, Enumeration and Notation 
of Organic Motecules as Trea Structures and Cyclic Gr."hs. Part I. Notational algorithm 
for tree .tructur ••• NASA CR.67029, 1964. (b) 

lederberg. J. OENDRAL-84: Part II. Topology of cyclic graphs. NASA CR.88ag8, 1965. (.) 

lederberg, J. System.tlcl of organic moI.cul •• , graph topology and Hamilton circuits. A 
general outline of the DEHDRAL system. NASA CR-48899. 1 965. (b) 

lederberg, J. Top'lloglcal Mapping of Organic MoIecute •• Proc. Na •• Acad. Sci., '9R5. 
S3( 1). '34-139. (c) 

lederberg, J. DENDRAl-84: Part III. Complate chemical graphai embedding rings In t •• e •. 
NASA,1969. 

Lederberg, 01., and FeIgenbaum, E. A. Mechanization of Inductive Inference In Organic 
Chemistry. In 8. Klelnmuntz (Ed.), For.a' Rapr ••• ntatlon. for Human Judgment. New 
York: John Wiley, 1968. 

Lenat, O. B. The ubiquity of discovery. Journal of A"lfIClallntelltganc., 1977,1(3), 257-
288. 

lenet, D. B. AM: An Artificial Intelligence Approach to Discovery In Mathematics ~. Heuristic 
Search. SAIL AIM-286, AI Lib, Stenford Untv.ratty, July. 1978. 

Lewis, V. E. User aids for MACSYMA. Proc. of the ,.t MACSYMA U.ars' Conf.r.nce, NASA 
RE'port CP-2012, July 1977. 

Llndaay, R .• Buchanan, B. G., FeIgenbaum, E. A.. and Lederberg, J. OENDRAl. New York: 
McGraw Hili, forthconring. 

Ma.lnter, L., Srldharan. N. S., Carhart, R., and Sllllth, D. H. Application of Artificial 
Intelligence for Chefttlcal Inf.rance XII: Exhaustlv. Ganeration of Cyclic end Acyclic 
Isomers. oIournalof the __ rlcen Che"c" 8ocIaty, 1974,I8, 7702. 

Methlab Group MACSYMA R.f .... nc. Me,.,.1. MIT CoIIputer Science Lab, December 1977. 

MinSky, M. Staps towar4i arttflclal Intelligence. In E. A. fetgenbaUII and J. F.ldlllan (Ed •• ), 
COIftputer. and ThOlight. Naw Ymc: McGraw-Hil. 1983. Pp. 406-460. 

MIn.ky, M. Fra ...... In P. WInston (Ed.), The P.vcllology of c:o.putur Vialon. New York: 
McGraw-HtII. 1976. 

Mitchell, T. M. Veralon apa ... : An approach to rule r.vIaIan during rula induction. UCAI 6, 
1977, 306-310. (Alao Heuristic Progr ......... Project M8IIO HPP-77-13, Computer 
Science Dept., Stanford UnIversity, 1an.) 

MItchell. T. M., and Schwenzer. G. M. AppIIcatloM of AI for cheJMcal Inf.renc., XXV: A 
COMput.r progra .. for autolNted eIIPIrIcaI 13C NMR rule fonNtIon. Orgenlc Maon.tlc 
R .... He •• 19r8. t t(8). 378. 



Aefer.no •• 13 

Morrill, K .• Smith. O. H., and OJ.r ••• i, C. Comput.r· ••• lat.d Analy.l. of the High Reaolution 
Ma •• Spectra of Macroild. Antibiotic •• Organic Ma .. Sp.ctrom.try, 1977. 

Mo..', J. Symbolic Integration: The StonilY Dscade. Comlllu"lcett". of the ACM, 1971, 
14(8),648·660. 

Moe.', J. A MACSYMA Pr"".r. Mathlab M.IIO No.2, MIT Computer Science l.b. October 
1975. 

Mos •• , J., and Yun, D. Y. The EZGCD Algorithm. Proc. Df tha ACM Netlonal Convention, 
August 1973. 

MUllse" D. R. Multivariate pOlynomial factoring. JACM, 1976, 2!!(2). 291-307. 

MylOPouloa, J. and Aousaopouloa, N. Using Semantic Networks for Oat. Ba.e 
Mana,ement. Proc. Int.rnatlonal Conf. on Very L.rg. D·,te B ••••• fr.mingham. 
M •••.• Sept. 1976, Pi». 144·172. 

Nil, H. P., .nd Aiello, N. AGE (Attempt to Gen.rallze): Profile of the AGE-O System, Heuristic 
Progr.mmlng Project, Working Peper HPP·78-6, Stanford UniverSity, June 1978. 

Nils",", N. (Ed.) Artificial Int.lllg.nc.-·R •••• rch and ApplcatloM. Stanford Research 
Institute, Inc., Menlo Park, Cant., 1076. 

Nor",en, A. C. On Computing with forma' Power Serle.. Trensact*'- on Math.meticel 
80ftwer. (ACM), 1975, 1(4), 34e·368. 

Pap.rt, S. T •• chlnp ChUdren to be Mathematicians Ver.us reeching About Math9matlc. 
Inti. Jour. M.th Ed. leI. T.ch. " July-Sept. 1972. No.3, pp. 249·282. 

PIV.r, M., and Finkeist.ln. M. AutOMation, uatr.g lISF, of Inductive Inf.rence on Seq!Jence~. 
In e. C. Berkeley and D. G. BobroW (EdI.), Th. Progra"'lIIlno Lengue,. Ll8P. Ita 
Op.retton and Appllcattona. Call1brklge: InfaNtatlon Intematlon.,. 1984. 

Poincar., H. The Foundlltlona of Science, 8clenc. .nd Hypoth •• I., Th. Velue 0' 
acl.nc •• aclence end ... tIMId. New York: The Science Pr."., 1 92C1. 

Poly., G. Math.,lldoa and ....... Ib ........ _ (2 wis.). New YorIc: John Wiley ano Sons, 
1954. 

PopIe, H. E., Jr., Myer •• J. D ••• nd Miller, R. A. DIALOG: A IIOdeI of dlegnostlc logic fw int.rna. 
",.dlclne. IJCAI 4. 1 Cl7&, 848-86&. 

Rlech. R. Th. Proble. of Integration In flnlt. r.,... Tr ..... of the AlII, May 10e9, 138. 

RItchie. D. M •• and l'hoItpeon, K. r ... UNIX tIM--rtnv ayete.. CoMtnunications of the 
ACM, 1Q14. 17. 386-37«5. 

Aothateln, M. A New Algnrtthla for the int.gratlon of Ex~I ,nd Log.rithtlllc Functtona. 
Proo. of the 1at MAC.1MA U ..... • Cora, ....... NASA Report CP-2Cn?, July 1 D77. 



84 Appllcatlons-orlent.d AI R •••• rch: Scl.nce and Mathematic. 

Sacerdotl, E. D. language Access to Distributed Oat. With Error Recovery, AI Technical 
Note' 40, SRI International, Inc., Menlo Park, Calif., February 1977. 

Sagalowlcz, D. IDA: An InteHigent data acce •• program, AI Tech. Note 145, SRI 
International, Inc., Menlo Park, Calif., June 1977. 

Samuel, A. l. Some studies of machine learning using the game of checkers. In E. A. 
Feigenbaum e~d J. Feldman (Eds.), Computer. and Thought. New York: McGraw-Hili, 
1963. Pp.71-105. 

S.:hroll, G., Duffield, A. M., DJerusl, C., Buchanan, B. G. Sutherland, G. L., Feigenbaum, E. A., 
and Lederberg, J. Appllcatlo., of Artificial Intelligence for Chemical Inference III. 
Aliphatic Ethers Diagnosed by Their Lllw Resolution Mass Spectra and NMR Data. 
Journ.1 0' the Am.rlcan Chemical Society, 1969, 81, 7440. 

Sheikh, Y. M., Buch., A., Delfino, A. B., Schroll, G. Duffield, A. M., DJerassi, C., Buchanan, B., 
Sutherland. G. L., Felgenb.uM, E. It., and lederberg, J. Applications of Artificial 
Intelligence for Chemical Inference Y. An Approach to the Computer Generation of 

CycliC Structures. Differentiation Between All the Possible Isomeric Ketones of 
CompoSition, C6Hl00. Org.nlc M ••• Spectrometry, 1970.4,493. 

Simon, H. Does SCientific Discovery Have. Logic? Phllo.ophy of Scl.nce, 1 b73, 40(4), 
471-480. 

Simon, H., and Kotovsky, K. Human Acquisition of Concept. tor Sequel'ltlal Pattern •. 
Psychology Review, 1963, 70:6, 634-646. 

Simon, H., and Lea, G. Proble", solving and rule Induction; A unified view (rev.). Complex 
Information Processing Working Paper 227, C.rnegle-Mellon, June 1973. 

Smith, D. H. Application. of Artificial Int.lllg.nce for Ch.m!.~11 Inf.renc •. XY. Constructiv. 
Graph labeHlng AppHed to Chemical Probl ..... Chlorinated Hydrocarbons. An.lytlc.1 
Ch.tn'ztry, 1976, 47, 1176. 

Smith, D. H., Buch.n.n, B. G., [ng.lmore, R. S., Duffield, A. M., Yeo, A., Felgenb.um. E. A., 
Lederberg, J. t .nd OJeressl, C. Applications of Artificial Intelligence for Chemica' 
Inference Ylli. An Approach to the COMputer Interpretation Df the H!.;!l Resolution Ma •• 
Spectra of CompI.x MoIecul... Structur. Elucidation of EstrogeniC Steroids. Journ.1 
of the Atnertc.n Ch ..... c.' Society, 1972, 14, 5ge2. 

Smith, D. H., Buchan.n, B. G., Enaelmore, R. S., Adlercreutz, H. and DJera;;;sl, C. Applic.tions of 
ArtifiCial Intellg.nce for Chelltcal Inf .... nc. IX. Analysl. of Mlxtur.. Without Prior 
Separation.. nlustr.t.d for Estrog.ns, Journal of the A",.rlc.n Chemic.' Society 
1 973, 8e, e078. 

Smith, D. H., .nd Carhart, R. E. ApplIcations of Artificial Int.lllgence for Chemlc.1 Inf.rence 
XXIV. Structural ' .... rlalll of Mono- and Se.qutlerp.noId Skeleton 1,2-. Tetr.h.dron, 
197e, 12,2613. 



R.t.r.no •• 85 

Smltl1, O. H., end Cerhart, R. E. Structure Elucidation a .... d on Computer ,'nalysls of High 
and low Resolution MI" Spectrl' O.tl. In M. L Gm,a (Ed.), High Perform.nc. M ••• 
Spectrometry: Chemical Applleatlona. WI.h •• O. C.: American Chemical Society. 
1978. P.325. 

Sr. 11th, O. H., Konopelakl, J. P .• Ind Ojeroili. C. Appllcltlona of Artificial Intelligence for 
Chemical Inference. -<IX. Computer Generation of Ion Structure.. Org.nlc M ••• 
Spectrometry. 1978. 11. 88. 

Smith. R. G .• Mitchell, T. M .• Chest.k. n. " .. Buchanln. B. G. A model for learning syat.ms. 
IJCAI 5. 1977. 338-343. (Also H.,,~latlc Progrellllfting Proj.ct Memo HPP-77-14, 
Computer Science Dept •• Stanford Unlver.ity. 1977.) 

SOWI. J. F. ConceptuII Graphs for I Olta Ba •• Interflce. 11M Journ.' of R •••• reh .nd 
O.v.lopm.nt, 1978, 20(4). 338-367. 

Srldharln. N. S. AI Joumal: Sp.clll Is.ue on Ippllcltlona In the aclences and medicine. 
1978. 11(1.2).1-196. 

Str.'twle •• r, A .• and Heathcock. C. H. Introduotion to Organic Chemistry. New York: 
MacMillan. 1978. 

Thomp.on. F. B •• and Thompson. B. H. Practical N.tur.' Language Processing: the REL System 
as Prototyp.. In M. Rublnoff and M. C. Yovtt. (Ede.). Adv.nce. In Comput.r •• 'j 3. New 
York: ACldemlc Pr •••• 1975. Pp.108-HS8. 

Trag.r. B. M. Integration of Algebraic Function.. Doctorll dlssertltlon. ~',IT Computer 
Science lab. 1078. 

Varkony. T. H.. Clrhart, R. E.. and Smith. O. H. C~uter Mslsted Structure ElUCidation. 
Ranking of C.nc!ldat. Structurea. Ba •• d on Complrlaon Belw.e" Pr.dlcted and 
Ob.erv.d M ... SP.ctr •• Paper pr ••• nt.d at ttM ASMS .... tlng. Washington. D.C., 
1977. 

V.rkony. "1-. H •• Smith, D. H ••• nd 0J.r ..... C. Comput.r-..... t.d .tructur. manipulation: 
Studl •• In the blosynth .... of natural product.. Tetr.hedron. 1978. a~. 841-862. 

Walk.r. D. E •• E"f.'.n. l. 0 •• Newell. A •• NIINon. N. J •• Paxton. W. H •• WInograd. T., and Woods. 
W. A. An Ov.rvlew ot Speech \Jnderatanding R •••• rch .t SRI. UCAI S. 1977. 870-
974. 

W.,tz, O. l. Naturll languege ICC ... to I '.roe datlba •• : An engIne.rlng approach. IJCAI 
~, 1 g76, 888-872. 

Wang, H. Towlrd M.chanlcal MltheII.tica. •• Jour. R ..... oh and O.v.Iop .... nt 4. 1980, 
1.2-22. 

Wang. P., and Rothschild. L. Factoring MuItIv ..... t. J.~" over .... Int • ...,.. Math. of 
COfIIp" July 1 g75, 21, 036-g60. 



De '.pplicationa-orlented AI A •••• roh' 8cl.nc •• nd M8thematlca 

Waterman, D. A. Generalization learning techniques fOl' automating the 'earning of heuristics. 
Artiftcialintelilgence, 1, , 970, 121-170. 

Waterman, D. A. Adaptive production system.. Comple" Inl'ormatlon Processing Working 
Paper 285, Oept. of Psychology, Carnegie-Mellon. December 1974. 

Waterman. D. A. Exemplary progr.mmlng In RITA. In O. Waterman and f. Hayes-Roth (Ed •. ), 
Pattern-directed Inference System •• New York: Academic Press. 1977. Pp.261-

279. (a) 

Waterman, O. A. Rule-directed Interactive Tran.actlon Agents: An Approach to Knowledge 
Acquisition (R-2171-ARPA). Santa MonIca, Ca.: The Rand :orp., 1977. (b) 

~aterman, O. A., and Jenkins, 8. Heuristic Modeling U.ing Rule-based Computer Systems (P-
5811). Santa Monica, Ca.: The Rand Corp., 1977. 

Winston, P. H. Artlflcl.llnteIUgence. Readtng, Mass: Addison-Wesley, 1977. 

Winston, P. H. learntng atructural de.crlptloM IrOlll exa",ple •• Doctoral dl •• ertatlOn (AI-
TR-23t), MIT, September 197.0' 

Wipke, W. T., Braun, H., Smith, G., Choplin, F., and Sieber. W. SECS--Slmul.tton and 
evaluation of chemical synthesis: Strategy and planning. In W. T. Wlpke and W. J. 
House (Eda.), Computer-..... ted Organic Synth.sls. Washington O. C.~ American 
Chemical Socl.ty, 1977. Pp.97-127. 

Woods, W. A. Progress In natur.' 'enguage understanding, An .ppllcatlon to Iun.r 
geology. Proc. NeC, .2, AfIPS. 1073,44'-450. 

Zadeh, l. A. Fuzzy .ets. Infor .... tlon .nd Control, '966, " 338-353. 

Zlppe', R. Univariate Power S ...... EKp.nalana In Algebraic Manipulation. Proc. of an ACM 
8ympoaiUM on 8ptbo11c and Algebraic co.putatlon. Auguat 1978. 



acyclic moIecul.r atruct",.. 20, 22. 20 
Advisor, consultation Iysta .. for 

MACSVMA 72 
AGE 40 
agenda, AM 60 
agrlcultura' pe.t management .~·.te.. 78 
ALCHEM 61 
algebraic manipulation 09 
algebraic problems 69 
AM 66-89 
analysis, molecular atrUC!'JI.. 1 g-22 
analytiC chemistry 48 
AND/OR tree '0,' 3, 46 
atom migration 31 
automatic theory formation 31 

backtracking 36 
backward chaining 4, 7. 12, 86 
BADLl5T 23 
Ba,ton. David 73 
best-first search 64, 66 
blackboard 40-4d 
Brown, HarQld 20 

Cf, certainty f.ctors 44 
chemical .ppllc.tlons 1 g-t56 
chemical synthesis 19 
combtnatorlal .xploelon 2,.a, 1iO, 63, t56 
concept, AM 66, 68 
concepts, cre.tlon 60 
conceptual primitives. AM eo 
CONGEN 22, 26-31 
consequentreasomnQ ee 
constraint expresllons 72 
conatralnt gener.tor 22-28 
constr.lnt •• tlafaction 1D. aa-~ 
conat,..lnts 22-28-31.42 
constr.lntl, bond " ........ tIone 20. 22. 

28,33 
constr.lnt ........ ntlc 32 
Corey, E. J. 48 
CK'lt 63 

..... 
Index 

CPM, IIml!ed Inference algorithm 71 
CRYSALIS 38 
cycHc molecule. 20, 28 

Oavls, Rand,1I 7 
OENORAl 2.4,20-22-26-26,31,36 
dl-keto androstanes 36 
discourse model 76 
discov.ry. heuristics 66 
discovery, math.matlcal concepts 66 
domain Independent rules 3 
domain-independent conatralnt 

propagation 72 
doInaln-speclflc knowledge 1-7,43 

87 

EDITSTRUC, interactIve structure editor 27 
electron density map 36 
el.ctron tre.. 29 
EMYCIN 3 
Engleman, C.rI 89 
EURISKO 97 
rvaluatiOn fUilctlon 64 
ev.nt lilt 42 
."ent-drlv.n control structure A3 
EXAMINE 28 
exhaustive .earch 67 
expert systems 1-7 
.xp.rt .yat ...... history of 2 
exp"natlOn 4-5.8.8-10. 14, 35. 80 
explanation procedure. 1 
explanation syat.", 1 

Fe~nb.UIft,Edw.rd 2 
tlexMIty 33,44 
focuI of .ttentlon. AM 82 
forward ••• rch 58 
fr ..... nt.tlon 20,31-37 
f,ag.Mntattona 20 
" ... -oriented interactive prIMer 72 
fra .... sa 
fr ... N. AM &8. eo 



88 Application.-orient.d AI R •••• rch: Scl.nc •• nd M.th .... tlc. 

Golernter, H. 48,63 
generality. of rules for molecular 

processes 34 
generalization, concept 02 
generate and test 45 
geological data modols 80 
geology minerai explor.tlon system 80 
goal tree 10, 13 
GOOOllST 23 
GOODlIST INTERPRETER 28 
GPS 2 
grain olze 3 
graphics 1;2 
Gray, Nell 28 
Grossman, R 72 

half-order theory 33 
HEADMEO 1 
HEARSAY-II 40 
heuristic reasoning. structur. 

elucidation 20, 22 
heuristic search 2. 63, 56, 67 
heurl8tlcs 53, 66-69 
hierarchy of procedur.1 knowtectv- 7& 
hillcilmbing 70 
human englne.rlng 1 
hypothese., ask~b'e 88 
hypotheses, un.st.bIe H 
hypothesi" ~OI'III.tton 38. 3D 

I/O plSlrs 3? 
Imbedding .lgOt :UIIII 28 
In~uction/lnference. In ... spect,,, 

processes 32 
Inexact r •• sonlng 1-7 
Inference network 84 
Inference rules 84 
Ir,herlt.nce of propertle. e2 
In,tance., tr.lnlng 32 
Inter.ctlve knowledge .cqulaftJon 31,61 
Interactive tr.nafe, f)f expertise 81 
Intere.tlngne.. 33, 48 

Interestingness, synthesl. 48 
INTERNIST 4 
IHIS 4 
Isomers 24 

knowledge acquisition 1, 3, 4-7, 10, , 5 
knowledge bose 2- '7 

k~edge base, chemic.' synthesis 60 
knowledge source 39-48 
knowtedge aources 40 
knowledge-based svstem. '-7 

laser vision component 76 
I.ar"'ng strategies 33 
lederbe'V, Joshua 2, 20 
lHASA, Logic Ir Heuristics Applied to 

Synthetic An.lyale 48 
IIbr.ry of re.ctlons 60 
LifER, Nll.lt.rtace f.cMlty 86 
LISP 42 

~CSYMA 2,4,80·75 
M.\·:SVMA apprentIce 73 
m,"-mftch!ne inter .. ctlon8 a 
;i1an/macttlnelnteraction, MACfYMA 72 
.... an/l"achlne interaction, PROSPECTOR &0 
mar;/machlne Interactlonl. chellical 

uynth.sls 49 
M"rtln, WIIIIa.. e9 
.. ass spectral procesa 21 
ma ••• pectrometry 19-22-28-31 
.. atheM.tlcel probt.... eo 
Mathleb 68 89 
",.ans-end analysis 53 
",.dleal consultant cy.t..... 1, 3 
Met.-DENDRAL 6, 22-2e, 31 
.... t.·knowledg. 6. 8. 10 
... t.-ruIe 7,' 1 
... ta-rut •• , AM && _'a-rule., CRYSAltS 44 
1IIIner.'expioratlon ayatelll 79 



mlxetJ-lnltlatlve system 80, 86 
model building 52 
models, PROSPECTOR 85 
modular knowledge repr •• entatlon 6.80 
modular knowledge repr.'tntatlon. 

CRYSALIS 39 
molecular fragmentation 31 
molecular fragments 20~22, 28 
molecular weight 34 
mot1O-keto androstanee 38 
Moses, Joel 69 
MYCIN 3-7, 10. 11. 44 

natural language Interface: 76 
natur.I language, AM 63 
negative evidence 34 
no,,-algorlthmlc procedures 70 
Nourse, Jim 28 . 
nuclear-magnetic resonance 

.PlJctrome~ry 38 
numerical problem,; eD 

opacity of knowledge 4 
opportunl,tlc probl .... .oIvtnv 43 
organic synthesis proor- 48 

paratlel proc ... lng 72 
partltlon4Jd .... nttc net 84 
patt.rn Matching 151.80 
PIP 4 
pl.n-g .... r.t.-t •• t 36 
PLANNER 2 
planning capabUlty, cae 76 
plana. MACSYMA 74 
plausibility. of ta.k.1n AM 81 
peJIIltlve .videnc. 34 
powttr/generaHty tr.de-off ea 
prob.blllstic reuanlnt 10, 86 
problem .pac. &3 
problelft-.oIvIng 'Vlt- 2 
procedural net 78, 71-77 

08 

production rul •• 6, 7, 31.42, 50,66 
propagation, of probabilistic hypOth.... 86 
PROSPECTOR 4.80 
PROSPECTOR~ac. 80-84 
protein x-ray crystallography 38 
pruning 28 
PUFF 1 

QA4 2 

REACT, Int.ractlve structure elucidation 
program 29 

reaction repre.ent.tion. 61 
re.l-worid problem 2 
r.a.onlng procedure. 1 
REF-ARF 2 
relational datab •• e 71 
repre.entatlon of formal krtUWledge 42 
repr •• entatlon of Informa' knowledge 42 
repr.sentatlon of knowledge 1-7 
representation of knowledge. mass 

erectrometry 31 
r.pre.ent.tion of 8yRthetlc , •• ctlon 

rout •• 48 
repr.,entatlon, .Iaebralc expre •• 1oNs 73 
r.".". chemleel, ,ct__ 60 
rule model 10, 16 
rule" ..... apectrolUtry 22-28.31-37 

IACCH 1 
Ichedulwrl 81 
.chaM 10 
seor!nO lIIOd.ts 80 
aCSIMP, hiIICIIMbktg algorithm "0 
•• arch strategy 64 
SECS. SIMulation and Evalu.tion of Cherdk;lll 

Synthesis 48 
.... ntlc gr ..... , 86 
.... nt!c IIIOCIeI 82 
.... ntIc pattern Matche, 70 
...,.catlDn of.~ ea, 70 



100 

simulation ot laboratory reactlona 28 
situation models 80 
slot, AM 68, 69 
spaces, In partltlon.d •• mantlC neta 84 
specialization, concept 82 
specialization, of fragmentation rule. 34 
sp •• ch Intertac. 15 
SRI Computer-ba.ed Con.ultant, SRI­

CSC 76 
SRI-CDC sample dialogue 78 
SRI-CaC, air cOftlpr •• sar a.setnbly 

systam 76 
statistical learning 32 
stereochemistry 28 
strategy 7, 11 
strategy, CRYSM.IS 43 
structure determination 19 
structura elucidation 10-22, 28-31-48 
structure g.n.ratlon algorlthll 28 
structure a.n.rator 22-28 
subgoal ael.ctlon function 64 
subgr.phs 44 
substrUcture keys 51 
subst",cture se.rch 28 
substructure speclflcatlona 27 
sup.r.toms 28 
symbolic algorithlu 10 
symbolic reeaar.!ng 2,3 
SYNCHEM 6, 48, 63 
SYNCOM 62 
synthesis tree 48 
synthetiC ch ..... try 48-68 

targ.t structure 48, 50 
taxonomic net 84 
TEIRESIAS 5, 1-U. 
tranaf.r of .xper\l8e 7 
tranatonna 6(1 

t,anaf()fIN, application 52 
t"-keto .nd,..tanu as 
triggerInG 36 

user mod.i 76 

veralorl Ipac. 36 
vision 78 
villan, eiectromechanlcal domains 78 
vlllan, geometric models 78 
vlllon, .emantlc descriptions 78 

Wlpke, W. T. 48 
working backwardl, ch.mlcal syntheals 60 
working torw.,d, chemica' synthe.ls 60 

x-ray crysta\t')graphy 1 9 

zero-order theory. ma .. sp.ctrometry 33 


