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Abstract

The existing proof-theoreticand softwaretools for
nonmonotoniageasoninganonly handlefinite do-
mains.In this papemwe introducea classof normal
logic programs,called finitary programs whose
domain may be infinite, and suchthat credulous
and skeptical entailmentunder the stable model
semanticsare computable. Finitary programs—
that are characterizedy two conditionson their
dependeng graph—arecomputationallycomplete
(they cansimulatearbitraryTuring machines) Fur-
therresultsincludea compactnestheoremandthe
proof thatthe two conditionsdefiningfinitary pro-
gramsare, in somesense,'minimal”. The exist-
ing methodsfor automatechonmonotoniaeason-
ing areeithercompletefor finitary programspr can
be easilyextendedo coverthem.

1 Intr oduction

Thereis a compleity gap betweenpropositionaland first-
order non-monotonicheories. Finite propositionaltheories
aredecidablgasin first-orderlogic), while the consequences
of first-ordertheoriesarenot recursvely enumerablein gen-
eral. A computationallycomplete(Turing-equvalent)layer
is missing betweenthe two classesof theories. For this
reason,most of the researchon automatedreasoningand
proof-theoryfor nonmonotonidogics hasbeenfocussedon
finite propositionaltheoriesor equivalentformalisms, such
as function-freelogic programs. In this way, the ability
of reasoningaboutrecursve datastructuresandinfinite do-
mains (such as lists, trees, XML/HTML documentstime,
and so on) is completelylost. This is a stronglimitation,
bothfor standardasks—suclasreasoningaboutactionand
changewhentime is explicitly represented—anfibr emep-
ing applications—suclas using XML documentbasesas
knowledgebases.

Of coursetheremayexistinterestingsemi-decidablé&ag-
mentsof first-ordernonmonotonidogics. For example,in
somecasesthe second-ordecircumscriptionformulacanbe
expresseasafinite first-orderformula. Similar examplesare
missingsofarfor Default Logic andAutoepistemid_ogic.

Normal logic programsunderthe stablemodel semantics
canbe regardedas a fragmentof both logics. In this paper
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we introducea Turing-equvalentclassof programs,called
finitary programsthatopenstheway to effective defaultand
autoepistemiaeasoningaboutinfinite domains. The main
theoreticalfeaturesof finitary programsarethefollowing:

e Theirdomainmaybeinfinite.

¢ Nonthelesshoth credulousand skeptical reasoningare
semi-decidableGroundqueriesaredecidable.

e A form of compactnesholds.

e Finitary programsare computationallycomplete, i.e.
eachTuring machinecanbe simulatedby somefinitary
program.

¢ Finitary programsaredefinedby two conditionsontheir
dependenggraph,thatareminimal, in the sensehatif
ary conditionweredropped thensemi-decidabilityand
compactnesw/iould not be guaranteedrnymore.

The paperis organizedas follows: after a few technical
preliminaries(Section2), we characterizethe subprogram
neededo reasorabouta givengroundformulaF' (Section3).
Thenwe introducefinitary programs(Section4) and study
their theoreticalpropertiesandexpressveness.In Section5,
the completenesgproof for the skeptical resolution calcu-
lus introducedin [Bonatti, 1997 (originally formulatedfor
function-freeprograms)is extendedto all finitary programs
anda generalizatiorthereof(almostfinitary programg. Af-
ter a brief sketchof how existing credulousreasonerganbe
extendedo finitary programgSection6), we concludewith a
discussiorof theresultsandrelatedwork. Someof theproofs
areomitteddueto spacdimitations.

2 Preliminaries

We assumehe readerto be familiar with the classicatheory
of logic programmindLloyd, 1984. Normallogic programs
(hereaftercalled simply “programs”) are setsof rulesof the
form A < L,,..., L, (n > 0) suchthat A is alogical atom
andeachl; (i = 1,...n) isaliteral. As usualby “head”and
“body” of sucha rule we meanA and L4, ..., L,, respec-
tively. A programis positive if it containsno occurrences
of —. The groundinstantiationof a programP is denoted
by Ground(P). The Gelfond-Lifstitz transformationP! of
programP w.r.t. an Herbrandinterpretation/ (represented,
asusualasa setof groundatoms)is obtainedby removing
from Ground(P) all the rules containinga negative literal
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—B suchthat B € I, andby removing from the remaining
rules all negative literals. An interpretationd! is a stable
modelof P if M is theleastHerbrandmodelof PM. A for-
mula F' is credulously(resp.skeptically) entailedby P iff F’
is satisfiedoy some(resp.each)stablemodelof P.

The dependencygraph of a programP is a labelled di-
rectedgraphwhoseverticesarethe groundatomsof P’slan-
guage Moreover, i) thereexistsanedgefrom B to A iff there
isaruler € Ground(P) with A in the headandan occur
renceof B in the body; ii) suchedgeis labelled“negative”
if B occursin the scopeof —, and“positive” otherwise.An
atom A dependgositively (resp.negatively) on B if thereis
adirectedpathfrom B to A in thedependenggraphwith an
even(resp.odd)numberf negative edges A programis call-
consistentf no atomdependsegatively onitself. By odd-
cyclewe meana cycle in the dependeng graphwith anodd
numberof negative edges. Call-consisteng coincideswith
theabsenc®f odd-g/cles.Every call-consistenprogramhas
atleastonestablemodel[Dung,1994.

In the context of normallogic programsa splitting setfor
aprogramP [Lifschitz and Turner, 1994 is a setof atoms
U containingall the atomsoccurringin the body of ary rule
r € Ground(P) whoseheadis in U. The setof rulesr €
Ground(P) whoseheadis in U—calledthe “bottom” of P
w.r.t. U—will bedenoteddy by (P). By ey (P, I) we denote
the following partial evaluationof P w.r.t. I N U: remove
from Ground(P) eachrule A «+ L,,..., L, suchthatsome
L; containingan atomof U is falsein I, andremove from
theremainingrulesall the L; containingamembenf U. The
following is aspecializatiorto normalprogram=f aresultin
[Lifschitz andTurner 1994.

Theorem 2.1 (Splitting theorem) Let U be a splitting set
for anormallogic program P. Aninterpretation M is a sta-
ble modelof P iff M = J U I, whele

1. I is astablemodelof by (P), and
2. J is astablemodelof ey (P \ by (P), I).

3 Relevant subprograms

This sectioncontainghe basictechnicalresultsneededo in-
vestigataedecidabilityandundecidabilityissues Theseresults
prove that a certainstrict subsetof Ground(P) sufficesto
decidecredulousandskeptical entailment. Intuitively, all is
neededor inferencearethe rules affecting the behavior of
odd-g/cles(which may generaténconsistenciesn the form
of instability) andthe definitionsof the predicateson which
thegivengoal F' depends.

Definition 3.1 [Relevantuniverseandsubprogram]Therel-
evant universe for a groundformula F' (w.r.t. programP),
denotedby U (P, F), is the setof all groundatomsA such
thatthe dependenggraphof P containsa pathfrom A to an
atomoccurringeitherin F' or in someodd-g/cle of thegraph.

The relevant subpogram for a groundformula F' (w.r.t
program P), denotedby R(P, F), is the setof all rulesin
Ground(P) whoseheadbelongsto U (P, F). 1

Example 3.2 Consider the program P consisting of the
rules:
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p(f(X)) « p(X),q(X)
g(X) « s(X)
u(a) < —u(a)
2(X) + p(X)
andlet F = p(f(a)). Here
UP,F) = {p(f(a)),pla),q(a),s(a),u(a)} ,
R(P,F) = {(p(f(a)) + pla),q(a)), (q(a) < s(a)),

Note thatfor all rulesr € Ground(P), if the headof r be-
longsto U (P, F') thenalsoall the otheratomsin r belongto
U (P, F). Thenext propositionfollows easily

Proposition3.3 U (P, F) is a splitting setfor Ground(P),
and R(P, F) coincideswith by (p, ) (P).

Now the basictechnicalresultscanbe proved.

Lemma 3.4 For all groundformulaeF, R(P, F') hasa sta-
ble model M iff P hasa stablemodel M sud that M N
U(P,F) = Mp.

Proof. (“If " part) SupposeM is a stable model of P.
By Proposition3.3, U(P, F) is a splitting set for P and
R(P,F) = bypr)(P). Then, by the splitting theorem
[Lifschitz and Turner, 1994, thereexist a stablemodel I of
R(P, F), anda stablemodelJ of ey (p,r)(P \ R(P, F),I),
suchthatM = I U J. By definition,noatomin U (P, F') oc-
cursin ey (p,py(P\ R(P, F),I), thereforeJN U(P, F) = {.
It followsthatM N U(P, F) = I, andhenceM N U(P, F)
is astablemodelof R(P, F').

(“Only if” part) SupposeR (P, F) has a stable model
Mpg. By definition, all the atoms occurring in an odd-
cycle belongto U(P, F). Consequentlythe dependeng
graphof ey (p,ry(P\ R(P, F), I) containsnoodd-g/cles,i.e.
eyp,r)(P \ R(P, F),]I) is call-consistentThen,by a well-
knownresultin [Dung,1993, ey (p, ) (P \ R(P, F), I) hasa
stablemodelJ. Let M = J U Mp. By thesplittingtheorem,
theinterpretationM is a stablemodelof P. Moreover, since
JNU(P,F)={(cf.pointl), M N U(P,F) = Mp. 1
Theorem 3.5 For all groundformulaeF’,

1. P credulouslyentailsF' iff R(P, F') does.

2. P slkepticallyentailsF iff R(P, F') does.

Proof. if P credulouslyentails F', thenthereexists a sta-
ble model M of P suchthat M = F. By Lemma3.4,
M n U(P, F) is astablemodelof R(P, F'). Moreover, since
by definition U (P, F') containsall theatomsoccurringin F,
F musthave the sametruth valuein M andM N U(P, F),
andhenceM N U(P,F) = F. As aconsequenc®(P, F')
credulouslyentailsF'.

Corversely supposehat R(P, F') credulouslyentails F'.
Thenthereexists a stablemodel M of R(P, F) suchthat
Mp |E F. By Lemma3.4, P hasa stablemodel M such
thatM N U (P, F) = Mp. ThenthemodelsM and Mz must
agreeonthevaluationof F' (cf. the“only if” partof the proof)
andhenceM = F, which meanshat P credulouslyentails
F'. Thiscompletegheproofof 1).

To prove 2), we demonstratéhe equivalentstatement:
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P doesnotskepticallyentail F' iff R(P, F') doesnot
skeptically entail F.

This statemenis equivalentto: P credulouslyentails —F'
iff R(P, F') credulouslyentails—F, thatfollowsimmediately
from 1). ]

4 Finitary programs

Now we introducea classof programswvhoseconsequences
arerecursvely enumerablealthoughtheirdomainmaybein-
finite.

Definition 4.1 [Finitary programs]We say a programP is
finitary if thefollowing conditionshold:

1. For eachnode A of the dependeng graphof P, the set
of all nodesB suchthat A dependgeitherpositively or
negatively) on B is finite.

2. Only afinite numberof nodesof the dependeng graph
of P occursin anodd-gycle. ]

For example mostclassicaprogramsonrecursve datastruc-
turessuchaslists andtrees(e.g. predicatesrenber , ap-
pend, r ever se) satisfythe first condition. In thesepro-
gramsthetermsoccurringin the body of arule occuralsoin
thehead typically asstrict subtermsf theheads arguments.
This propertyclearly entailsCondition1.

The secondcondition is satisfiedby most of the pro-
gramsusedfor embedding\P-hardproblemsinto logic pro-
grams[Cholevinski et al., 1995; Eiter and Gottlob, 1993;
Gottlob,1994. Suchprogramscanbe (re)formulatedoy us-
ing a single odd cycle involving one atomp and definedby
simplerulessuchasp «+ —p andp « f, —p (if p doesnot
occurelsavhere,then f canbe usedasthe logical constant
falsein therestof the program).

An exampleof finitary programwithout odd-g/clesis il-
lustratedin Figure 1. It credulouslyentailsa groundgoal
s(t) iff ¢ encodesa satisfiableformula. By adding rule
1 + =s(f), =L we obtain anotherfinitary programwith
one odd-g/cle, suchthat s(t) is skeptically entailediff the
formulaencodedy ¢ is alogical consequencef the oneen-
codedby f.

The following propositionfollows straightforvardly from
thedefinitionsof U (P, G), R(P, G) andfinitary programslt
will beneededo prove computabilityresults.

Proposition 4.2 If P is finitary then,for all groundgoalsG,
U(P,G) and R(P,G) arefinite.

4.1 Compactness

In classicalffirst-orderlogic, aninfinite setof formulaeis in-
consistentiff it containsaninconsistenfinite subsetA simi-
lar property—thatn generaldoesnotapplyto nonmonotonic
logics—isenjoyedby finitary programstoo.

Definition 4.3 An unstablekernelfor a programP is asub-
setK of Ground(P) with thefollowing properties:

1. K is downwad closed thatis, for eachatom A occur
ring in K, K containsall therulesr € Ground(P)
whoseheadis A.

2. K hasnostablemodels. 1
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Theorem 4.4 (Compactness)A finitary program P hasno
stablemodelsff it hasa finite unstablekernel.

Proof. Let G beary groundatomin thelanguageof P. From
Lemma3.4,it followsthat P hasnostablemodelsff R(P, G)
hasno stablemodels. Clearly, R(P, G) is downward closed
by definition. Moreover, by Proposition4.2, R(P,G) is fi-
nite. ThereforeP hasno stablemodelsiff R(P,G) is afinite
unstablekernelof P. 1

4.2 Decidability and semi-decidability of inference

Hereaftewe focuson the compleity of inferencewithin the
classof finitary programs.This subsectiordealswith upper
bounds. We startwith the proof that, for all groundgoals,
bothcredulousandskepticalinferencearedecidable.

Theorem4.5 For all finitary programs P and groundgoals
G, both the problemof decidingwhetherG is a credulous
consequencef P andthe problemof decidingwhetherG is
a skepticalconsequencef P are decidable

Proof. By Theorem3.5, G is a credulous(resp.skeptical)
consequencef P iff G is acredulouqresp.skeptical)conse-
quenceof R(P,G). Moreover, by Propositiond.2, R(P, G)
is finite, so the setof its stablemodelscan be computedin
finite time. It follows thatthe inferenceproblemsfor P and
G arebothdecidable. ]

It follows easilythat existentially quantifiedgoalsare semi-
decidable.

Theorem 4.6 For all finitary programs P and all goalsG,
boththe problemof decidingwhetherdG is a credulouscon-
sequencef P andthe problemof decidingwhether3G is a
skepticalconsequencef P are semi-decidable

Proof. Theformula3G is credulously(res.skeptically) en-
tailedby P iff thereexistsagroundingsubstitutiord suchthat
G0 is credulously(res.skeptically) entailedby P. Thelatter
problemis decidable(by Theorem4.5), andall groundingé
for G canberecursvely enumeratedsoexistentialentailment
canbereducedo a potentiallyinfinite recursive sequencef
decidableests,thatterminatesf andonly if someG0 is en-
tailed. 1

We shallseein thefollowing sectionthatthisis astrictbound,
i.e. existential entailmentcan be undecidable(cf. Corol-
lary 4.11).

4.3 Minimality and expressveness

Next we focusonlowerboundgo thecomplexity of inference
for theclassof finitary programsandrelaxationghereof. The
next two resultsshov that both of the conditionsin Defini-

tion4.1arenecessarfor semi-decidabilityi.e. Definition4.1

is in somesensaminimal.

Proposition4.7 Credulousand skeptical inferenceare not
semi-decidabldor the classof all programssatisfyingCon-
dition 2 of Definition4.1.

Proof. Note thatlocally stratifiedprogramstrivially satisfy
Condition2 of Definition 4.1 while someof themmayviolate
Condition1. For locally stratifiedprograms,credulousand
skeptical inferencecoincide with the well-foundedseman-
tics[GelfondandLifschitz, 198§ andarenotsemi-decidable
[Schlipf,1994d, sothe propositionimmediatelyfollows. 1
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s(A) + member(A, [p,q,T,s]), ~ns(A)
(%) ns(A) < member(A, [p,q,r,s]), 7s(A)
(Y) member (A, [A|L])

member (A, [B|L]) - member(A,L)

Figurel: A finitary programfor SAT

The otherlower-boundresultsare basedon positive pro-
gramsthatdecidewhetheragivenTuring machingerminates
usingafixedportionof its tape.

Let M be an arbitrary Turing machine;let S and V' be
M'’ssetof statesandvocahulary, respectrely. Recallthatthe
actionsof M aredefinedby 5-tuples( s, v,v’', s’,m ), where
s andv arethe currentstateand symbol, respectiely, v’ is
the symbolto be overwrittenon v, s’ is the next state,andm
specifiesM’s headmovement.

Considerthe positive programP, in Figure2. Thereader
may easilyverify thatt(s,L, V,R) is entailedby Py, iff there
exists a finite computationof M, startingfrom a configura-
tion with states andtapedescribedy L, V, R, andusingonly
thefinite portion of tapecorrespondingo L, V,R. HereL is a
list representing finite portionof thetapeontheleft of M’s
head,in reverseorder; Vv is the currentsymbol;R is a (non
reversedYinite portionof thetapeon theright of M’shead.

ProgramP,, satisfiesCondition1 of Definition 4.1. To
provethis, notethattherecursve callsto predicate: presere
thelengthk of theportionof tapeencodedn thehead.There-
fore, for eachgroundatomt(s, {,v,r), thenumberof atoms
t(s',l',v',7") connectedo t(s,l,v,r) by adirectedpathin
thedependenggraphis boundedoy |S| - [V |*.

The next two resultsare basedon Py, and prove that if
Condition 2 in Definition 4.1 were dropped,theninference
would not be semi-decidablenymore. More precisely the
theoremssay that someinferenceswould be ascomplex as
decidingtheterminationof anarbitrary Turing machine.

Theorem 4.8 For each Turing macine M with initial state
s andtaper with non-blankportion { vg,v1, ..., v, }, a pro-
gram P}, anda goal G canberecusivelyconstructedsuc
that Py, satisfieonly Condition1in Definition4.1,and P},
skepticallyentailsG iff M terminates.

Proof. (Sketch)Let P}, consistof the programdefinedin
Figure?2 plustherules

u(L,R) « blank.list(L), blank list(R),

t(sa L, vg, [1)1 33 Un | R‘]): ﬁu(L7 R‘)
blank list([]).
blank 1ist([b | L]) + blank list(L).

whereb representshe blank symbol. P}, satisfiesCondi-
tion 1 of Definition 4.1 (cf. the argumerﬁ?or Pypq). Condi-
tion 2 of Definition 4.1 is violated, asthereexist infinitely
mary odd-g/cles,onefor eachgroundatomu(z, y). Clearly,
for arny groundingsubstitutiord, the goal

(blank-1list(L), blank list(R), t(s,L, vo,[v1,-.., vn | R]))6
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canbederivedfrom the subprogramP,, andthe clausegor
bl ank Ii st iff M terminatesusingthe portionof 7 repre-
sentedby Lo, vy, [v1, - .., vn | RY]. At thesametime, P, has
astablemodeliff theabove goalcannotbederivedfrom Py,
becausef the odd-gscle containingu(R, L)6. It follows that
for all G consistingof a propositionalsymbolnot occurring
in Pk, Py, skepticallyentailsG iff M terminates. 1

Theorem4.9 For eac Turing madine M with initial state
s andtaper with non-blankportion ( vg, vy, . .., v, ), apro-
gram P%, anda goal G canberecussivelyconstructedsuc
that P3, satisfieonly Condition1 in Definition4.1,and P3,

credulouslyentailsG iff M terminates.

Proof. Let P}, = P}, U {p}, wherep is anew propositional
symbol not occurringin P}M, andlet G = p. Clearly P},
credulouslyentailsG iff P;, hasa stablemodel. Since P,
hasa stablemodeliff M terminategcf. the previous proof),
thetheoremimmediatelyfollows. ]

Thenext resultis basedbnamaodificationof Py, thatkeeps
track of theresultof the computation.The modifiedprogram
P}, hasone extra argumentto returnthe final stateof the
tape. The theoremprovesthatthe classof finitary programs
is computationall}completeby shaving how ary Turing ma-
chinecanbe simulatedby a suitablefinitary program.

Theorem4.10 For eadh Turing madine M with initial state
s andtaper with non-blankportion{ vg,v1, . .., v, }, a(pos-
itive) finitary program P}, and a goal p(L, R, X) canbere-
cursively constructed,n sudc a way that for all grounding
substitution®, P3, = p(L,R,X)8 iff M terminatesand X6
encodeghefinal tapeof the computation.

Corollary 4.11 Theproblemsof decidingwhethera finitary
program P credulously/s&ptically entails an existentially
guantifiedgoal 3G are notdecidable

5 Resolutioncalculus

Here the resultsof the previous sectionsare appliedto the

resolutioncalculusfor skepticalstablemodelsemanticéntro-

ducedin [Bonatti,1997. In the original papertheresolution
calculuswas proved completew.r.t. function-freeprograms
(soundnesholdsfor all programs)In this sectionwe extend
thecompleteneseesultto all finitary programs.

Theorem5.1 Let P bea finitary program,andlet (A H —
A\ G)~ be a ground skeptical consequencef P, whee H
and@ are sequencesf literals. Thentheslepticalgoal (G |
H) hasa successfuskeptical derivationfrom P with answer
substitutiord more genesl than+.
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t(s,L, v, [V [R]) « £(s',[v" | L], V,R)
t(s,[V]|L],v,R) « t(s',L,V,[v' | R])
t(s,L,v,R

for all 5-tuples( s, v,v',s',right)
for all 5-tuples( s, v, v, s', left)
if thereexistsnotuplefor s andv.

Figure2: A programdecidingterminationof a Turing machinewith boundedape

Proof. Let ¥ = (AH — AG)y. SinceF is aground
skepticalconsequencef P, then F' is alsoa skeptical con-
sequencef R(P, F) (by Theorem3.5). Moreover, R(P, F)
is finite (by Propositiord.2). Then,by the original complete-
nessresult[Bonatti, 1997, (G | H)~ hasa groundskeptical
derivation from R(P,F) C Ground(P). By standardift-
ing techniquescf. [Lloyd, 1984), a correspondingkeptical
derivation of (G | H) from P with answersubstitutioné
moregenerakthan~ caneasilybeobtained. ]

Example 5.2 Consideragainthe programP of Example3.2.
Thisfinitary programhasno stablemodel,becausef its third
rule. Figure 3 shows a successfuskepticalderivationfor the
skeptical conclusionp(X), with empty answersubstitution
(whichmeanghatVX.p(X) is askepticalconsequencef P).
The RestrictedSplit of typell introduceswo subgoalseach
with a new hypothesis(u(a) and —u(a), respectrely), ob-
tainedfrom anatomoccurringin someodd-g/cle. The Con-
tradictionrule replaceghe left-handside of a goal with the
negationof somehypothesis.Intuitively, the goalis proved
by shaving that the hypothese®n the right handside can-
not be satisfied.The Failure rule rewrites a goal with oneof
its countersupports In this examplethe countersupportof
u(a) is u(a) itself (obtainedby negatingthe uniquesupport
{—u(a)} of u(a)). Resolutioncanbe performedeitherwith a
programrule or with oneof the hypotheseg¢treatedasfacts).
Finally, the Successule removesgoalswherethereis nothing
left to prove. As usual,the emptygoal sequenceés denoted
by O. ]
With the help of the resolutioncalculusit canbe shavn
thata classof nhormalprogramdargerthanfinitary programs
is Turing equivalent. The extendedclass—calledlmostfini-
tary—admitsthe kind of rulestypically usedto generatéan-
consistenciesyithouttherestrictionsof Definition4.1.

Definition 5.3 [Almost finitary programs]A normal pro-
gram P is almostfinitary iff it canbe partitionedinto two
(disjoint) subsetsP; and P, suchthat P; is finitary, and P,
consistof rulesof theform A « By,...,B,,—A. ]

Notethatthereis norestrictionon P>’srulevariables Givena
groundinstance(A < By, ..., B,,—A)f8 of arulein P,, A§
may dependn infinitely mary groundatomsB (i.e., Condi-
tion 1 of Definition 4.1 canbeviolated).

Theorem 5.4 The skeptical resolutioncalculusis complete
(inthesensef Theoemb5.1)for all almostfinitary programs.

Corollary 5.5 Thesetof skeptical consequencesf the form
(A H - A\ G), whee H andG are sequencesfliterals, is
semi-decidabléor almostfinitary programs.

Remark 5.6 For almostfinitary programsgroundcredulous
inferenceis notsemi-decidableThis meanghatskepticalin-
ferencefromalmostfinitary programscannotbeimplemented
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throughcredulousinference Only directapproachesuchas
theresolutioncalculusarepossible.

6 Credulousautomatedreasoners

For function-freeprograms thereexist powerful automated
reasonersbased upon stable model generation, such as
sMODELS [NiemekandSimons, 1997 andpLv [Eiteretal.,
1997. Internally, theseenginesoperateon groundprograms;
for thisreasorthey embodysmartprograminstantiationrou-
tines. Suchroutinesareappliedbeforeary otherform of rea-
soning. It seemaot difficult to extendthe instantiationrou-
tinesto dealwith all finitary programssothatgivenaground
goal G 1, only the relevant (groundand finite) subprogram
R(P,G) (or anequivalentsubsethereoff is generatedThe
restof the engineneedsno modification. By Theorem3.5,
soundnesandcompletenesare presered. In this way, our
resultscan be usedto extend the applicability rangeof this
classof automatedeasonersyith nomodificationto thecore
of their reasoningnechanisms.

7 Summary and relatedwork

For the first time, semi-decidabléragmentsof the stable
model semanticshave beenexplored in depth, and related
to the numberof atomsinvolved in odd-g/cles. The main
contributions of this papercan be summarizedby recalling
that finitary programs(Def. 4.1) are computationallycom-
plete (Theorem4.10), can deal with function symbols,and
enjoy a compactnessesult (Theorem4.4) that guarantees
semi-decidabilityof inference(Theorem4.6). Finitary pro-
gramsare characterizedy two conditionson their depen-
deng graphthat are minimal, in the sensethat if ary of
themweredroppedtheninferencevould notalwaysbesemi-
decidable(Theorems4.7, 4.8 and 4.9). We proved that the
skepticalresolutioncalculusis completefor finitary andal-
mostfinitary programgTheorems.1and5.4),andsketched
how other enginesfor nonmonotonicreasoningcan be ex-
tendedto deal with finitary programs(Section6). We are
currentlyextendingour resultsto larger classe®f programs,
andto partial stablemodels?

The work on finitary programscontributes to provid-
ing nonmonotoniclogics with classicalproof- and model-

Theseenginescanonly dealwith groundqueries

2The smartinstantiationroutinesremove somenon-applicable
ruleinstances.

3As notedby ananorymousrefereethesamedeacanbeapplied
to function-freeprograms,in orderto reducethe costof program
instantiation.

“The latter idea and evidenceto its feasibility have beensug-
gestedoy ananorymousreferee.
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(p(X) [ )
(p(X) [u(a)) (p(X) | ~u(a))
(-u(a) | u(a))  (p(X) | ~u(a))
(u(a) | u(a))  (p(X) | ~u(a))
(Ol u(a)  (p(X) | —u(a)
(p(X) | ~u(a))
(u(a) | ~u(a))
(—u(a) | ~u(a))
(@ | ~u(a))
O

(Initial goal)

RestrictedSplit of typell
Contradictiorrule

Failurerule

Resolutiorwith hypothesis
Successule
Contradictiorrule
Resolutionwith u(a) + —u(a)
Resolutionwith hypothesis
Successule

Figure3: A skepticalderivation

theoretictools andresults. Work in a similar directioncom-
prisessomeprettystandardaxiomatizationdasednHilbert-
stylesystemgLevesque1990° andsequentalculi[Olivetti,
1992;BonattiandOlivetti, 1997. Theseaxiomatizationgor
Default and Autoepistemidogic shouldbe extendedto first-
ordertheoriesperhapsadaptinghetechniquesntroducedn
this paper An infinitary proof-theorycanbe foundin [Mil-
nikel, 1999. In [Rosati,1999, issuesrelatedto decidable
nomonotoniaeasoningn MKNF areinvestigated. In [Cen-
zeretal., 1999, sufficient conditionsfor the existenceof re-
cursively enumerablestablemodelsareidentified. They do
notensurehatall stablemodelsarer.e.,soskepticalandcred-
ulousreasoningarenot semi-decidable.
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