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searchwill be saved;the componentsare dynamically reor-
dered(7) (seealso Dependency-directedbacktracking).

All of the above-mentionedmethodscannotpreventthat
thesolutionof someproblemsstill requiresanextremelylarge
computationtime.

Apphcationin ProgrammingLanguages

Floyd (8) wasthe first to proposea languageconstructfacili-
tating thewriting of backtrackprogramsandto point out the
mechanical translation in constructs of conventional lan-
guages.A surveyof usefulprimitive languageconstructscan
befoundin Ref. 2. Backtrackingplaysafundamentalrole in a
numberof Al programminglanguages,most notably PLAN-
NER (9) andPROLOG(10). In theselanguagesthebasicoper-
ation consistsof nondeterministicallyapplying anoperatoron
a stateto derive anew state.Backtrackingis usedto exhaus-
tively exploreall possibilities.Programmingconsistsofformu-
lating theproblemin suchawaythat thebacktrackingsearch
turns out to performanefficient computation(seealso Prob-
lem solving).

BIBLIOGRAPHY

1. R. L. Walker, “An EnumerativeTechniquefor a Classof Combi-
natorial Problems,”(‘o,nbioatoriol Analysis (Proceedingsof Sym-

posium in AppliedMathematics,Vol. X) Amer.Math. Soc.,Provi-
dence,RI., pp. 91 94, 1960.

2. J. Cohen,“Non-deterministicalgorithms,”Co,oput.Sure., 11(2),
79 94(1979).

3. J. R. Bitner andE. M. Reingold,“Backtrackprogramtechniques,”
(‘ACM, 18(11),651 656 (1975).

4. P. W. Purdom,C. A. Brown, andE. l~.Robertson,“Backtracking
with mu]tilevel dynamicsearchrearrangement,”Ada loT, 15(2),
99 113(1981).

5. E. C. Freuder,“A sufficient condition for backtrackfreesearch,”
,JACM. 29W. 24 32 (1982).

6. E. (‘. Freuder, “Synthesizingconstraintexpressions,”(‘ACM,
21(11), 958 966 (1978).

7. M. Bruynooghe,“Solving combinatorialproblemsby intelligent
backtracking,”Inf Proc. Let., 12(1), 36 39 (1981).

8. R. W. Floyd, “Nondeterministicalgorithims,” ,JACM, 14(4(,636
644 (1967).

9. D. U. BobrowandB. Raphael,“New programmmglanguagesfor
artificial intelligence research,”Com

1
nit. Sure., 6(3), 155 174

(1974).

10. 14. A. Kowalski,Logo’ forProblemSolving,North Holland, Rotter-
dam, 1979.

Ni. Biu JYN( >01a
Ratholi ke UniversiteitLeuven,Belgium

R. VENKEN

BIM, Belgium

BACKTRACK~NG,DEPENDENCY D~RECTED

Dependency-directedbacktracking is a problem-solving(qv)
techniquefor efficiently evadingcontradictions.It is invoked
whenevertheproblemsolverdiscoversthat itscurrentstateis

inconsistent.Thegoal is, in a single operation,to changethe
problemsolver’scurrentstateto onethatcontainsneitherthe
contradiction just uncoverednor any contradiction encoun-
teredpreviously.This is achievedby consultingrecordsof the
inferences(see Inference)the problem solver hasperformed
(called dependencies)and recordsof previouscontradictions
(called nogoods),whichdependency-directedbacktrackinghas
constructedin responseto previouscontradictions.

Contrastto Chrono~ogica~Backtracking

Dependency-directedbacktrackingwasdevelopedto avoidtwo
deficienciesof chronologicalbacktracking.Considertheappli-
cationof chronologicalbacktrackingto the following task(see
Fig. 1): First dooneofA or B, thenoneof C orD, andthen one
of E or F. Assumethateachsteprequiressignificantproblem-
solving effort andthat A andC togetheror B andE together
produceacontradictionthat is only uncoveredaftersignificant
effort. Figure 1 illustrates the sequenceof problem-solving
statesthatchronologicalbacktrackinggoesthroughto find all
solutions(6,7,11,and 14).

Backtrackingto an AppropriateChoice. The first deficiency
of chronologicalbacktracking is illustrated by the unneces-
sarystate4. Thecontradictiondiscoveredin state3 depends
on choicesA andC andnot E. Therefore,replacingthechoice
E with F andworkingon state4 is futile, as this changedoes
not removethecontradiction.Unlike chronologicalbacktrack-
ing, which replacesthe most recentchoice, dependency-di-
rectedbacktrackingreplacesa choicethat causedthecontra-
diction. The discovery that state 3 is inconsistent causes
immediatebacktrackingto state5. To be ableto determine
which choices underlie the contradiction requiresthat the
problem solver store dependencyrecordswith every datum
that it infers. When an inconsistencyis encountered,these
dependenciesare consultedto determinewhich choicescon-
tribute to the inconsistency.

Avoiding Rediscovering Contradictions.The second defi-
ciency of chronologicalbacktrackingis illustrated by the un-
necessarystate 13. The contradictiondiscoveredin state 10
dependson B andE. As E is themostrecentchoice,chronolog-
ical anddependency-directedbacktrackingareindistinguish-

1-)A)

2- (A. C>

3 - (A, C, E)

4 -(A, C. F)

5-) A, 0)

6 -(A, 0, E(

7- (A, D, F>

8-(B)

9- (B, C)

10 -(B, C, E)
11 - (8, C, F)

12- (B, 0)
13 -(8,0, E(

14 ->8.0, F)

Figure 1, Chronologicalbacktrackingstatesequence.
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able,both backtrackingto state 11. However,as B andE are
knownto be inconsistentwith eachother, thereis no point in
rediscoveringthis contradictionby working in state 13. De-
pendency-directedbacktrackingavoidsthis. Wheneveracon-
tradiction is discovered,the set of choices(called a nogood)
contributing to the contradictionis addedto a nogood data-
base.Then,wheneverbacktrackingintroducesa newchoiceto
thecurrent state,this setis checkedwhetherit containsany
known nogoodbeforeproblemsolving is permittedto proceed.
The two nogoodsin this examplesare (A, C> (discoveredin
state3) and(B, E} (discoveredin state 10).

SomeDisadvantages

For some applications the disadvantagesof dependency-
directedbacktrackingmay outweigh its advantages.Depen-
dency-directedbacktracking incurs a significant time and
spaceoverheadas it requiresthemaintenanceof dependency
recordsand an additional nogood database.Thus, the effort
requiredto maintain thedependenciesmay be morethan the
problem-solvingeffort saved.

If the problem solver is logically complete(seeComplete-
ness)andfinishes all work on a statebefore consideringthe
next, the problem of backtrackingto an inappropriatechoice
cannotoccur(in this example,thecontradictionfoundin state
3 would insteadbe foundin state2). In suchcasesmuchof the
advantageof dependency-directedbacktrackingis irrelevant.
However,mostpracticalproblemsolversareneitherlogically
completenor finish all possiblework on a statebeforeconsid-
ering another.

Historica~Perspective

Theideaof dependency-directedbacktrackinggrewout of ap-
plications of constraintpropagation(qv) to electronic circuit
analysis(1). However,dependency-directedbacktracking,like
chronologicalbacktrackinguponwhich it is an improvement,
alsosuffersfrom avoidabledeficiencies.For example,for both
backtrackingschemesinferencesmadein state 3 basedon
choicesC andE are rederivedin state10. Fortunately,with
more extensiveuseof dependencyrecords,theseandsimilar
inefficienciesare avoided.The result is a truth maintenance
system(2), which is a generalproblem-solvingtool. Reference
2 containsthe best descriptionof dependency-directedback-
tracking, although it, as all the references,presentsdepen-
dency-directedbacktrackingin the context of a larger truth
maintenancesystem.Reference3 describesthe useof depen-
dency-directedbacktracking in the problem-solving system
AMORD. Reference4 describesthe useofdependency-directed
backtrackingin anotherkind of truth maintenancesystem.
Reference5 includesextensivediscussionsandexamplesinte-
grating dependency-directedbacktracking into a constraint
language.Reference6 presentsa truth maintenancesystem
andanapproachto problemsolving thatachievesmostof the
goalsof dependency-directedbacktrackingbut without back-
tracking (seealsoBelief revision).
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Two distinct Al systemshavechosenthe nameof Baseball.
One is a program that answersquestionsposedin English
aboutbaseballscoreswritten in the early 1960s.It syntacti-
cally parsesthesentencesinto templates(or specificationlists)
for the processorto look up in a database(see B. F. Green,
A. K. Wolf, C. Chomsky,andK. Laughery, “Baseball:An Au-
tomatic QuestionAnswerer”, in E. A. FeigenbaumandJ. Feld-
man (eds.),ComputersandThought,McGraw-Hill, NewYork,
pp. 207-.-216,1963).

The secondsystem,written by Elliot Soloway,is a learning
program that uses“snapshots”as its training instances.It
usesdomain knowledge(the rules of baseball),knowledgeof
physics,andthegoalsof theplayersto processthesesnapshots
(seeE. Soloway, “Learning = Interpretation ± Generaliza-
tion: A CaseStudy in Knowledge-DirectedLearning”,Report
No. COINS-TR-78-12,ComputerandInformationSciencesDe-
partment, University of Massachusetts,Amherst, 1978; also
seeE. SolowayandE. M. Riseman,“LevelsofPatternDescrip-
tion in Learning”,Proceedingsof theFifth IJCAI, Cambridge,
MA, pp 801—811, 1977).
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down.

BAYESRN DEOS~ONMETHODS

BasicFormu’ation

Bayesian methods provide a formalism for reasoning about
partial beliefsunderconditionsof uncertainty.In this formal-
ism propositions are quantified with numerical parameters
signifying thedegreeof beliefaccordedthem by somebody of
knowledge,andtheseparametersare combinedand manipu-
latedaccordingto therulesof probability theory. Forexample,
if A standsfor thestatement“Ted Kennedywill seeknomina-


