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Abstract (agumentation-theoretigemantic$or nonmonotonicea-

Bondarenk et al. have recently proposedan
extensionof the agumentation-theoretiseman-
tics of admissibleandpreferred argumentsorig-
inally proposedor logic programmingonly, to
a numberof othernonmonotoniaeasoningor-
malisms. In this paperwe analysethe compu-
tational compleity of credulousand sceptical
reasoninginderthe semanticof admissibleand
preferredargumentsfor (the propositionalvari-
ant of) somewell-known frameworks for non-
monotonicreasoningi.e. Theorist,Circumscrip-
tion andAutoepistemid.ogic. While thenew se-
manticshave beenassumedo mitigatethe com-
putationalproblemsof honmonotoniaeasoning
under the standardsemanticsof stable exten-
sions we show thatin mary caseseasoningin-
derthe new semanticss computationallyharder
than underthe standardsemantics. In particu-
lar, for AutoepistemicLogic, the scepticalrea-
soningproblemunderthe semantic®f preferred
argumentsis locatedat the fourth level of the
polynomialhierarchytwo levelsabove the same
problemunderthe standardsemantics.In some
caseshowever, reasoninginderthe new seman-
ticsbecomegasierreducingo reasoningn the
monotoniclogics underlyingthe nonmonotonic
frameworks.

1 Intr oduction

Bondarenk et al. [1997 proposea single abstract
framework for nonmonotonicreasoningthat can be in-
stantiatedto capturemary existing logics for nonmono-
tonic reasoningjn particularTheorist[Poole,1984, Cir-
cumscription[McCarthy 1980, andAutoepistemid_ogic
(AEL) [Moore, 1985. They also proposetwo new

soning, generalisingthe admissibility semantics[Dung,
1991 and the semanticsof preferredextensions[Dung,
1991 or partial stablemodels[Saca and Zaniolo, 1994
for logic programming.In this paperwe referto the new
semanticas admissibleand preferred argumentsrespec-
tively.

The new semanticaremoregenerathanthe standardse-
manticsof stableextensionsor nonmonotoniaeasoning,
since every stableextensionis a preferred(and admissi-
ble) agument but not every preferredargumentis a stable
extension. Moreover, the new semanticsaare more liberal
becauséor mostconcretdogicsfor nonmonotoniceason-
ing, admissibleand preferredargumentsare always guar
anteedo exist, whereasstableextensionsarenot. Finally,
reasoninginderthenew semanticappearso becomputa-
tionally easietthanreasoninginderthe standardsemantics
[KowalskiandToni, 1996;Dungetal., 1997.

However, from a compleity-theoretic point of view, it
seemaunlikely thatthe nev semanticdeadto betterlower
boundsthanthe standardsemanticsinceall the “sources
of complity” onehasin nonmonotoniceasoningrestill
presenunderthe new semanticsTherearepotentiallyex-
ponentiallymary agumentssanctionedy the semantics.
Further in orderto testwhethera sentenceas entailedby
a particularalgumentone hasto reasonin the underly-
ing monotoniclogic. For this reason,one would expect
thatreasoningunderthe neawv semantichasthe samecom-
plexity asunderthe standardsemanticsj.e., it is on the
secondevel of the polynomial hierarchyfor frameworks
with full propositionalogic astheunderlyinglogic [Cadoli
andSchaerf1993. However, recentresultsfor disjunctive
logic programming[Eiter et al., 1999 and default logic
[Dimopouloset al., 1999 shov that reasoningunderthe
semantic®f preferredextensionsanbeharderthanunder
the standardsemanticsij.e., it is on the third level of the
polynomialhierarchy

In this paperwe extendthis analysisandprovide comple-



ity resultsfor reasoningin the propositional variants of

TheoristCircumscriptionand AEL underthe new seman-
tics. In particular we show that, for AEL, credulousand
scepticakreasoninginderthe admissibilitysemanticss on

the third level of the polynomial hierarchyand sceptical
reasoninginderthe preferabilitysemanticss onthefourth

level of the polynomialhierarchy

The paperis organisedasfollows. Section2 summarises
relevantfeatureof theabstractramework of [Bondarenk
et al.,, 1997, its semanticsand concreteinstances. Sec-
tion 3 introduceghereasoningproblemsandgivesgeneric
upperboundsfor credulousandscepticalreasoningpara-
metricwrt thecomplexity of theunderlyingmonotonidog-
ics. Sectiond givesthencompletenessesultsfor Theorist
andCircumscriptionandSection5 providesthe complete-
nessresultsfor AEL. Section6 discusseshe resultsand
concludes.

2 NonmonotonicReasoningvia
Argumentation

Assumeadeductive systemg £, R), whereL is somefor-
mal languagewith countablymary sentenceandR is a
setof inferencerulesinducingamonotonicderivability no-
tion k. GivenatheoryT C £ andaformulaa € L,
ThT) = {a € L|T + «} is the deductve closureof
T. Then,anabstract (assumption-basedframework is
atriple (T, A,7), whereT, A C £ and™ is a mapping
from A into £. T, thetheory, is a (possiblyincomplete)
setof beliefs,formulatedin the underlyinglanguageand
canbe extendedby subsetof A4, the setof assumptions
Indeed anextensionof anabstractframework (T', A, ™) is
atheoryTh(T U A), with A C A (sometimesan exten-
sionis referredto simplyasT U A or A). Finally, givenan
assumptionx € A, @ denoteghecontrary of a.

Theorist[Poole, 198§ canbe understoodasa frameavork
(T, A,”) whereT and A are both arbitrary setsof sen-
tencesof classical(first-orderor propositional)logic and
the contrarya of anassumptiony is just its negation—a.
F is ordinaryclassicaprovability.

CircumscriptionlMcCarthy 1980 canbeunderstoodim-
ilarly, exceptthatthe assumptionsire negationsof atomic
sentencesyp(t), for all predicatep which areminimised,
andatomicsentenceg(t) or their negation—q(t), for all
predicateg which arefixed.

Autoepistemidogic (AEL) [Moore, 1989 hasasthe un-

derlyinglanguagel a modallogic with a modal operator
L, but theinferencerulesin R arethoseof classicalogic.

Theassumptionfiave theform —La or La. Thecontrary
of =L« is a, andthecontraryof La is —La.

Givenanabstracframevork (T', A, ™) andanassumption

setA C A, A attacks an assumptiona € A iff a €
Th(T U A), andA attacksan assumptionsetA’ C A iff
A attackssomeassumptiom € A'.

Giventhatan assumptiorset A C A is closediff A =

AN Th(T U A), the standardsemanticsof extensions
of Theorist[Poole, 198§ and stableexpansionsof AEL

[Moore, 1989 correspondo the “stability” semanticsof

abstractframewnorks, wherean assumptiorsetA C A is

stableiff

1. Aisclosed,
2. A doesnot attackitself, and

3. A attackseachassumptiorx ¢ A.

A stable extensionis an extensionT'h(T' U A) for some
stableassumptiorset A. The standardsemanticof Cir-
cumscription[McCarthy 1980 correspondso the inter-
sectionof all stableextensionsof the abstractframework
correspondingo Circumscription.

Bondarenk et al. [1997 amuethat the stability seman-
tics is unnecessarilyestrictve, becauset insiststhat an
assumptionset should take a standon every issue (as-
sumption). Thus, they definenew semanticsor the ab-
stract framework by generalisingthe “admissibility” se-
mantics originally proposedfor logic programmingby
Dung[1991]. An assumptiorsetA C A is admissible
iff

1. Aisclosed,

2. A doesnot attackitself, and

3. for all closedassumptiorsetsA’ C A,
if A’ attacksA thenA attacksA'.

Maximal (wrt setinclusion)admissibleassumptiorsetsare

calledpreferred. In this papemwe usethefollowing termi-

nology: anadmissible(preferred) argumentis anexten-

sionTh(T U A) for someadmissible(preferred)assump-
tion setA. Bondarenk etal. shaw that,in the concrete
instanceof the abstracframework correspondingdo logic

programmingpreferrecargumentsorrespondo preferred
extensiongDung, 1991 andpartial stablemodels[Saca

andZaniolo,199d.

Every stable assumptionset/extensionis preferred(and
thusadmissible)Bondarenk et al., 1997, Theorem4.6],

but not vice versa,in general.However, if the framewnork
is normal, i.e., if every maximalclosedsetthat doesnot
attackitself is a stableset,thenthe preferabilityandstabil-
ity semanticgoincide[Bondarenk etal., 1997, Theorem
4.8]. Examplef normalframevorksareTheoristandCir-

cumscription.



In orderto illustratethe effectsof the differentsemantics,
let usconsidetthefollowing AEL theory:

-Lp = p; -Lg—r.

Thistheoryhasnostableextensionpnepreferredargument
{-Lg, Lr,L-Lg, ...}, anda numberof admissibleargu-

ments,e.g.,in additionto the preferredargument,the ar-

gumentd), {—Lq}, {—Lgq, L}, {—Lgq, L—~Lq}. If wedrop
thesentencé—-Lp — p,” we getthe sameadmissibleand
preferredargumentsin addition,the preferredarguments

alsostable.

In the sequel,we will often use the following property
[Bondarenk et al., 1997, Theorem4.8]: Every preferred
assumptiorsetis admissibleandevery admissibleassump-
tion setis a subsebf somepreferredassumptiorset.

3 ReasoningProblemsand Generic Upper
Bounds

We will analysethe computationalcompleity of the fol-
lowing reasoningproblemsfor the propositionalvariants
of the framaworksfor Theorist,Circumscriptionand AEL
underadmissibilityandpreferabilitysemantics:

o the credulousreasoningproblem, i.e., the problem
of decidingfor ary given sentencep whethery €
Th(T U A) for someassumptiorsetA sanctionedy
thesemantics;

o the sceptical reasoningproblem, i.e., the problem
of decidingfor ary given sentencep whethery €
Th(T U A) for all assumptiorsetsA sanctionedy
thesemantics.

Thesentence is ary (variable-freejnodalsentencén the
AEL case,and ary formulain propositionallogic in the
TheoristandCircumscriptioncases.

Insteadof the scepticalreasoningoroblem,we will often
considerits complementaryroblem,i.e.

e the co-scepticalreasoningproblem, i.e, the prob-
lem of decidingfor any given sentencep whether
¢ & Th(TUA) for someassumptiorsetA sanctioned
by thesemantics.

In addition, we will considera sub-problemof all these
problemsnamely:

¢ the assumption set verification problem, i.e., the
problemof decidingwhethera given assumptiorset
A is sanctionedy thesemantics.

The computationatomplexity * of theabove problemsfor

all framewnvorksandsemanticsve consideris locatedat the
lower end of the polynomialhierarchy. Thisis aninfinite

hierarchyof compleity classesbore NP definedby using
oracle madines i.e. Turing machineghatareallowedto

call a subroutine—theracle—decidingsomefixed prob-
lemin constantime. LetC beaclassof decisionproblems.
Then,for ary classX definedby resourcebounds ¢ de-
notesthe classof problemsdecidableon a Turing machine
with an oraclefor a problemin C anda resourcebound
givenby X. Basedon thesenotions,the setsA?, X%, and
IT}, aredefinedasfollows:

Ay =3) =1I) =P
A
The “canonical” completeproblemsare sat for £7=NP
andk-QBF for X7 (k > 1), wherek-QBF is the problemof
decidingwhetherthe quantifiedboolearformula
V... (P, 4. ..)-
N——

k alternatingquantifiersstartingwith 3

P P P
=P, =P =NP”, TP  =co-NP.

is true. The complementaryproblem, denotedby co-k-
QBF, is completefor IT}, .

All problemsin the polynomialhierarchycanbe solvedin

polynomialtime iff P = NP. Further all theseproblems
canbe solved by worst-casexponentialtime algorithms.
Thus,the polynomialhierarchymight not seentoo mean-
ingful. However, differentlevels of the hierarchydiffer

considerablyin practice,e.g. methodsworking for moder

atelysizedinstance®f NP-completegproblemsionotwork

for £8-completeproblems.

The compleity of the problemswe are interestedn has
beenextensiely studiedfor existing logics for nonmono-
tonic reasoningunder the standard,stability semantics
[Cadoliand Schaerf,1993;Gottlob, 1992;Niemeh, 1990;
Marek and Truszczynski,1993. In particular the cred-
ulous and sceptical reasoningproblems are located at
the secondlevel of the polynomial hierarchyfor the for-
malismswe are interestedin, i.e., scepticalreasoningis
I18-completeand credulousreasonings ¥2-completefor
all of Theorist,Circumscriptiorand AEL.

In this sectionwe prove a numberof genericupperbounds
for reasoningunderthe admissibilityand preferability se-
manticsthatareparametricon the complexity of thederiv-
ability problemin the underlyingmonotoniclogic. For all
of Theorist,CircumscriptiorandAEL, theunderlyinglogic

1For the following, we assumethat the readeris familiar
with the basicconceptsof compleity theory i.e., the comple-
ity classesP, NP and co-NP, and the notion of completeness
with respectto log-spacereductions. Good textbookscovering
thesenotionsare[Garey andJohnson1979 and[Papadimitriou,
1994.



is classicapropositionalogic, hencethederivability prob-
lemisin co-NP.

In orderto decidethe credulousandco-scepticateasoning
problemspnecanapplythefollowing “guess& ched” al-
gorithm:

(i) guessanassumptiorset,
(ii) verify thatit is sanctionedy the semanticsand

(iii) verify that the formula underconsideratioris deriv-
ablefrom the assumptiorsetandthe monotonicthe-
ory or notderivablefrom it, respectiely.

¢Fromthat it follows that credulousreasoningand co-
scepticalreasoningarein the compleity classNPC, pro-
vided reasoningin the underlyinglogic is in C andthe
verificationthatanassumptiorsetis sanctionedy the se-
manticscanbe donewith polynomiallymary callsto aC-
oracle. For the stability semanticsywe needindeedonly
polynomiallymary C-oraclecallsin orderto verify thatthe
assumptiorsetA is not self-attackingandthatit is closed
andattacksall assumptionsx ¢ A. For the admissibility
and preferability semanticsjnstead,the verification step
doesnotappeato bethateasy

Theorem1 For framavorkswith anunderlyingmonotonic
logic with a derivability problemin C, the assumptiorset
verificationproblemis

1. in P€ underthestability semantics,

2. in co-NP¢ underthe admissibilitysemantics,

3. in co-NPNP° underthe prefembility semantics.

Proof: Claim (1) follows from the algumentabove that
polynomially mary C-oraclecalls are sufficient to verify
thatanassumptiorsetis stable.

In orderto prove claim (2), we specifythe following non-
deterministic, polynomial-time algorithm that usesa C-
oracle:

1. Checkif A is closedusing|4 — A| C-oraclecalls. If
not, succeed.

2. Checkif A is self-attackingusing|A| C-oraclecalls.
If so,succeed.

3. GuessasetA’ C A.
4. Verify thatA' is closedusing|A — A'| C-oraclecalls.

5. Verify that A’ attacksA using|A| C-oraclecalls.

6. Verify that A doesnot attackA’ using|A’| C-oracle
calls.

Obviously, the algorithmsucceed#f A is notadmissible,
i.e., it solvesthe complemenbf the assumptiorsetverifi-
cationproblem.

Claim (3) is proved by the following nondeterministic,
polynomial-timealgorithmthatusesan NP¢-oracle:

1. Checkif A is admissiblewhich, by claim (2), canbe
doneby onecalltoanNP¢-oracle.If it is not,succeed.

2. GuessaasetA’ O A.

3. Checkif A’ isadmissiblelf it is, succeedOtherwise
fail.

Obviously, this algorithm decidesthe complementof the
assumptiorsetverificationproblemunderthe preferability

semanticsgemonstratinghatthis problemis in co-NPVP.
|

Furthermoretheredoesnot appeato be away aroundthe
difficulty of theassumptiorsetverificationproblemin the
generalcase. For somespecialframenorks, however, the
problemcanbe solved moreefficiently. In particulay this
is thecasefor normalframeworks,atleastundertheprefer
ability semantics.ndeed,sincepreferredassumptiorsets
coincidewith stableassumptiorsetsfor theseframaworks,
theresultfor the stability semanticsn Theoreml applies.

Corollary 2 For normal framevorks with an underlying
monotoniclogic with a derivability problemin C, the as-
sumptionset verification problemunder the prefeability
semanticss in P€.

We couldnow applytheguesst ched algorithmdescribed
above for deriving upperboundsfor the reasoningprob-
lems. However, the following considerationgsometimes)
allow to obtainbetterupperboundgor thereasoningrob-
lemsthanthe onesobtainedby using the guess& ched
algorithmin conjunctionwith Theoremi.

First, sinceary preferredassumptiorsetis admissibleand
ary admissiblesetis a subsebf a preferredset,thefollow-
ing resultholds.

Proposition3 Credulousreasoningunderthe admissibil-
ity semanticss equivalentto credulousreasoningunder
theprefemability semantics.

Thus, credulousreasoningunderthe admissibility seman-
ticshasthesameupperboundascredulouseasoninginder
the preferability semantics.This implies that, for normal



frameworks, credulousreasoningunderadmissibility and
preferabilitysemantichasthe sameupperboundascred-
ulousreasoninginderthe stability semantics.

In addition,co-scepticahndscepticakeasoninginderthe
admissibility semanticgs often much simpler than sug-
gestedby theupperboundsn Theoreml for therespectie
assumptiorset verification problem. We call an abstract
framework (T, A, ™) simpleiff thereis noadmissiblesetif
T is inconsistenandotherwisethereexists a leastadmis-
siblesetA; = ANTh(T).

Proposition4 For simpleframavorkswith an underlying
monotonidogic with derivability problemin C, the scepti-
cal reasoningproblemundertheadmissibilitysemanticss
inC.

Puttingall theaboveresultsogetherandapplyingtheguess
& chedalgorithmleadsto thenext theoremspecifyingup-

perboundsfor all the framavorksandreasoningoroblems
of interest.

Theorem5 Upper bounds for the different reasoning
problemsare asspecifiedn thefollowingtable:

Upperboundsfor credulousreasoning
Stability | Admissibility | Preferbility
geneal | NP¢ NPNP NPNP®
normal | NP¢ NP¢ NP¢
simple | NP¢ NPNPe NPNPC
Upperbounddor scepticalreasoning
Stability | Admissibility | Preferbility
geneal | co-NP¢ | co-NPVP° | co-N pNP
normal | co-NP¢ | co-NPNP° co-NP¢
simple | co-NPC c co-NPNP"

Proof: The columnsfor the stability semanticgollow be-
causethe credulousand co-scepticakreasoningproblems
canbe decidedby an NP guessingstepof an assumption
set,followed by the verificationthatthe assumptiorsetis
stable,which by Theoreml canbe solved by a call to a
P¢ oracle,followedin turn by the verificationthat the de-
sired sentenceas derivable or not derivable, respectiely,
from thetheoryaugmentedby the guessecdssumptiorset,
which canbe solved by a call to a C-oracle. This means

thatNP™ = NP¢ is an upperboundfor the credulousand
co-scepticateasoningproblemsunderthe stability seman-
tics.

The resultsfor the admissibility semanticsn the geneal
casefollow by the samekind of argument. The entry for
credulousreasoningunder the preferability semanticsn
the generalcasefollows from Proposition3 andthe entry
for theadmissibilitysemanticsn thesametable. Theentry

for scepticareasoninginderthe preferabilitysemanticsn
the generalcasefollows againby usinga guess& chedk
algorithmandTheoremL.

Theresultsfor normalframeavorksarejustifiedasfollows.
Credulouseasoningindertheadmissibilityandpreferabil-
ity semanticganbeshavn to bein NP¢ by usingtheguess
& ched algorithmandapplyingProposition3 and Corol-
lary 2. Sincethe sameappliesfor co-scepticareasoning
underthe preferability semanticsmembershipn co-NP¢
follows. Finally, the upperboundfor scepticalreasoning
underthe admissibilitysemanticss the sameasthe upper
boundfor the sameproblemin the generakase.

Finally, the resultsfor simpleframeworks arethe general
resultswith the exceptionof scepticakreasoningunderthe
admissibility semanticavherethe upperboundis the one
givenby Propositiord. m

As shavnin Theorenb andalreadyremarledabove, scep-
tical reasoningunderthe admissibility semanticscan be

sometimessimplerthanscepticalreasoningunderthe sta-
bility semantics.However, in all suchcasesthe problem
reducesto deriving monotonicconclusionsfrom the the-

ory T alone,ignoringtheassumptionsompletely In other
words, in thesecases,scepticalnonmonotoniaeasoning
reducego monotonicreasoningandis thustrivialised.

4 Simple,Normal Frameworks: Theorist
and Cir cumscription

Theframeworksfor TheoristandCircumscriptionarenor-
mal (see[Bondarenk et al., 1997) andsimple asshown
below.

Lemma6 Theframeavorksfor Theoristand Circumscrip-
tion are simple

Proof: Circumscriptionis a specialinstanceof Theorist.
Thus,we only needto prove thetheoremfor Theorist.

If the givenTheoristtheoryT is inconsistenthenthe cor-
respondingramenork admitsno admissibleargument,as
ary closedassumptiorsetattackstself.

AssumethatT is consistent.Then,we only needto prove
that A = Th(T) N A attacksevery closedassumptiorset
A’ which attacksA. Now, if A = ), thenthereis no set
A’ thatattacksA. If A # @, then A’ attacksA iff T U
A’ is inconsistenand,as A’ is closed,A’ = A. Thus,
necessarilyA attacksA’. m

For both frameworks, the credulousand scepticalreason-
ing problemsreachthe respectie minimal upperbounds
specifiedin Theorem5. Indeed,becausef Proposition3



andthefactthattheframewvorksarenormal,credulougea-
soningunderthe admissibilityandpreferability semantics
is identicalto credulousreasoningunderthe standardsta-
bility semanticsleadingto theresultthatthecompleity of
credulougeasoninginderall threesemanticss identical.

Corollary 7 Credulougreasoningn TheoristandCircum-
scription underthe admissibilityand preferability seman-
ticsis X5-complete

Similarly, for normalframeworks, scepticalreasoningun-
derthe preferabilitysemanticss identicalto scepticakea-
soningunderthe stability semanticsfrom which the next
resultfollowsimmediately

Corollary 8 Scepticalreasoningn Theoristand Circum-
scriptionunderthe preferbility semanticss I15-complete

Finally, scepticareasoninguinderthe admissibilityseman-
tics is trivial as Theoristand Circumscriptionare simple
framavorksandthusscepticakeasoningeduceso classi-
cal derivability.

Corollary 9 Scepticalreasoningn Theoristand Circum-
scription under the admissibility semanticsis co-NP-
complete

In otherwords,for TheoristandCircumscriptionwe either
getthe sameresultsunderthe new semanticasunderthe
stability semantic®r we gettrivial results.

5 GeneralFrameworks: Autoepistemic
Logic

AEL is neithernormalnor simple. In addition,it satisfies
no other propertythat might help to reducethe computa-
tional compleity thatis suggestedby the upperboundre-
sultsin Section3. (In particular AEL is not flat, see[Bon-
darenlko etal., 1997;Dimopoulosetal., 1999). We prove
that theseupperboundsare tight for AEL. This implies
that,in AEL, evenunderthe admissibilitysemanticscep-
tical reasonings harderthanunderthe standardsemantics
— a phenomenonwe do not have with simple,normal, or
flat frameworks.

Theorem 10 In AEL, credulousreasoningunderthe ad-
missibility semanticss X%-completeand scepticalreason-
ing underthe admissibilitysemanticss I15-complete

Proof: Membershigfor credulousandscepticakreasoning
follows from Theoremb.

Hardnessfor credulousreasoningwill be proven by a
reduction from 3-QBF. Assumethe following quanti-
fiedboolearformula: 3py,. . ., pn Va1,- - -, ¢ 3115 - o, TP,

with & aformulain 3CNFoverthe propositionalariables
PlyevesPny Qlye-+sqms T1,.-.,Tk. WWe constructan AEL

theoryT suchthatthe givenquantifiedbooleanformulais

trueiff aparticularsentencd’ is containedn someadmis-
sibleargumentof T'.

The languageof T' containsatomspy,. - -, Pn, q1,- - - Gms
andry,. .., r; aswell asatomsty ,. . ., t,,, intuitively holding
if atruthvaluefor thevariableg; . . ., p,, hasbeenchosen.
Finally, thereis an atom s thatis usedto inhibit thatany
admissibleargumentcanchooseruth valuesfor theg;. T
consistof thefollowing sentences:
-L-p; — pi At

-Lp; —

—L—®,

_‘L_‘(Ij —

—pi A ti;

g; N s A —Ls,

-Lg; — -g; NsA-Ls,

foreachi = 1,...,n,j=1,...,m.

We provethatthereexistsanadmissiblesxtensioncontain-
ing F' = A t; iff the 3-QBF formulais true.

Let usconsidethecasethattheabore T hasanadmissible
extensionTh(T U A) containing\ ¢;. This implies that

for eachp; either—L—p; or - Lyp; is partof theassumption
setA. Further—L—-® mustbepartof A in orderfor A to

beclosed.Noneof theassumptions:L—g; or —Lg; canbe

partof A, however, asotherwiseA would attackitself.

Let A* be an assumptiorsetattackingthe admissibleA

above,andassuméhat A* attacks=L—® in A. ThenA*

togethemith thetheoryT would allow for thederivationof

=®. If A* makeschoicedor thep; in conflictwith theones
madeby A, thenA automaticallyattacksA*. If A* makes
thesamechoicedor thep; asA, thenA* mustincludeas-
sumptiondrom theset{—L-gq;, ~Lg; } j=1,...,m. However,

no suchassumptiorcanbe counterattacled, asotherwise
A wouldbeself-attackingandthusnon-admissibleThere-
fore, for the givenchoicesonthep;'sin A, no choicesfor

the ¢;'s exist that make —® true. In otherwords, for the
given choiceof the p;'s in A, andfor all choicesof the
truth valuesfor theg;'s, thereexistsanassignmenof truth

valuesto ther;'s thatmake ® true, whichimpliesthatthe
3-QBF formulamustbetrue.

Corversely if thereis no admissibleextensioncontaining

A\ ti, regardlesof our choicesfor the p;'s, thereis always

an attackon —L—®, which by the agumentspresented
above impliesthatthe 3-QBF formulacannotbetrue.

Hencethisis alog-spaceaeductionfrom 3-QBF to credu-
lous reasoningunderthe admissibility semanticin AEL,
which provesthefirst claimin thetheorem.

In orderto prove the seconctlaim, we considerthetheory
T' = TU{L A, t:}, whereT is thetheoryconstructedrom



®. Any admissibleset A must containthe assumptions
-L-® andL A, t; in orderfor A to be closed. Further
more, ary admissibleextensionof 7" mustcontain A, ;
becausetherwiseit is attaclkedby —-L A, t; without hav-
ing a counterattack.Fromthis factandtheabove obsera-
tionsit follows thatT’ hasan admissiblesxtensioniff the
3-@BF formulais true. Giventhatif no admissibleexten-
sion exists all co-scepticaljuerieswill be answerecheg-
atively, the above is equivalentto the factthat - A, ¢; is
not a scepticalconsequencef T" iff the 3-QBF formula
is true, i.e., the constructions alog-spaceeductionfrom
3-QBF to co-scepticateasoningindertheadmissibilityse-
mantics.Fromthatandthe upperboundin Theorenb, the
seconctlaimfollows.

Applying Proposition3, we getthefollowing corollary.

Corollary 11 Credulous reasoningin AEL under the
preferbility semanticss ££-complete

Scepticalreasoningunder the preferability semanticsis

even harder sincefor eachcandidatepreferredargument
we have to verify thatnoneof its supersetss admissible,
resultingin a reasoningoroblemon the fourth level of the

polynomialhierarchy

Theorem 12 Scepticaleasoningn AEL undertheprefer
ability semanticss IT§-complete

Proof: Membershigollows from Theoremb.

Hardneswvill be provenby reducingd-QBF to co-sceptical
reasoning. Assumethe following quantifiedbooleanfor-
mula: 3p1,..,Pn Vq1,e - @ T, 7K VS1,-..,8, D,
with @ a formula in 3CNF over the propositionalvari-
ablespy,...,Pn, @y s Qms T15---,7, @ANA 51, ..., 5;.
We constructan AEL theoryT suchthatthe given quan-
tified booleanformulais trueiff a particularsentencer” is
notcontainedn somepreferredargumentof 7'

The languageof T' containsatomspy,. . ., Pn, q1y- - > Gms

r1,-.-,Tf andsy,...,s, aswell asatomsty,...,t,,, the
latter intuitively holding if a truth value for the variables
qQ,- - -, ¢m hasbeenchosenFinally, we have atomsv, used
to block thetruth assignmento theg;, andw, usedto pro-

hibit ary choiceson assumptiong—L—ry,, = Lrp }.

T consistof thefollowing sentences:

=L-p; — pi
-Lp; — -—pi,
—L—=g; A\=Lv = gq; Atj,
-Lg; A\—Lv =  —gj A,
-Lt; — v,
-L-r, — rp AwA-Lw,

-Lr, — —rp AwA-Lw,

® - o,

foreachi = 1,...,n,5=1,...,m,h=1,.. k.

We prove that thereexists a preferredextensionnot con-
taining F' = A t; iff the4-QBF formulais true.

Let us constructonesuchpreferredextension. First, note
thatarny assumptiorsetcontainingnon-conflictingassump-
tionsfrom theset{—L-p;, ~Lp;} is anadmissibleset.Let

A beamaximalsuchset.

SecondlythesetA cannotbeexpandedisingassumptions
from {-~L-ry, ~Lry}, becauseheseassumptionseadto
animmediateself-attack.

Thirdly, it is obviousthat A canbe expanded(in a non-
trivial way) only by addingthe assumption~Lv and as-
sumptionsfrom the set{—L—q;,—Lg;}. Let uscall this
expandedsetA’. SuchasetA’ is only admissibleif we
male choicesfor all ¢;'s becausetherwiseA’ canbe at-
tackedby some{-Lt;} (using—Lt; — v) andA’ cannot
counterattacksuchan attack. Moreover, sucha setA’ is
only admissibléf everyattackagainst-Lv canbecounter
attacled by A’. The only attack A* against—Lv which
cannotbe counterattacledby A’ would consistwof all as-
sumptionsin A’ and assumptiongrom {—=L-rp,—Lrp}
suchthat ® is true. Thus,assuminghat A’ is admissible
meanghatno suchA* exists,i.e. for all possiblechoices
for ther,'s, ® is notderivable,i.e., thereis alwaysatruth
assignmento the s;'s that make =& true. This means
that A cannotbe expandedto A’ by assumptionsrom
{—L—g;,—Lg;} andby —Lv if, underthetruthassignment
to the p;'s correspondingo the assumptiongn A, andfor
all truthassignmentto theg;'s, thereexistsa truth assign-
mentto ther,'sthatmakes® true. In otherwords,if there
existsa preferredassumptiorsetA’ suchthatTh(T U A’)
doesnotcontain/ t;, thenthegiven4-QBF formulais true.

Corversely let us assumehe 4-QBF formulais true. Let

A be an assumptiorsetcontainingthe assumptiongrom

{-L—p;,~Lp;} correspondingo atruth assignmenio the
pi'srenderingvqi,. . ., g Iri,. . ., 1EVY81,. . ., SoP true. A

is admissible. Moreover, ary extensionA’ of A by as-
sumptiondrom {=L—g;, —Lg; } togethemwith —Lv would

not be admissible. Indeed, for any such A’ there ex-

ists a value assignmento the r;'s which makes & true,
correspondingto an assumptionset with choicesfrom

{=L-ry,—Lrp} which, togetherwith A’, would attack
A’ without beingcounterattacledby A’. For this reason,
thereexists a preferredextensionnot containingboth—Lv

andchoicedrom {—L—q;, —=Lg;}, andhencehispreferred
extensiondoesnotcontain/ t;.

Hence, this is a log-spacereductionfrom 4-QBF to co-
scepticalreasoningunder the preferability semanticsin



AEL, which provestheclaim.m

6 Conclusionand Discussion

We have analysedhe computationatompleity of cred-
ulous and scepticalreasoningunderthe admissibility and
preferability semanticsfor (the propositionalvariant of)
the nonmonotonicframeworks of Theorist, Circumscrip-
tion and Autoepistemid_ogic. Tablel summarisethere-
sults.

Tablel: Compleity results

Framavork | Property | Admissibility Preferability
cred. | scept. | cred.| scept
Theorist simple& | X% | co-NP | X7 I
Circum. normal % | co-NP | X% I
AEL general 7 IT; P34 I

Theseresultsimply that, for the simpleandnormalframe-
works of Theoristand Circumscriptioncredulousreason-
ing is ashard underthe nev semanticsasit is underthe
standard stability semantics’, whereasscepticalreason-
ing is simpler underthe nev semanticshanit is under
thestandardsemanticsbut it is atrivial form of nonmono-
tonicreasoningsit amountgo reasoningn classicalogic,

themonotoniclogic underlyingboth TheoristandCircum-
scription. Moreover, for the “general” framework of Au-

toepistemiclogic, reasoningunderthe nev semanticss

considerablhyjharderthanunderthe standardsemanticsas
credulousreasoningunderboth nev semanticss located
one level higherin the polynomial hierarchythan credu-
lousreasoningunderthe standardsemanticsandsceptical
reasoninginderthe admissibilityandpreferabilityseman-
tics is locatedone and two level higher (respectrely) in

thepolynomialhierarchythanscepticateasoninginderthe
standardsemantics.

Theseresultssuggesthat neitherof the new semanticss

appropriatefor reasoningn generalframeworks, that the
admissibilitysemanticss notappropriatdor scepticatea-
soningin simple and normalframeworks, andthat, in all

other cases,no gain is obtainedby reasoningunderthe
new semanticsvith respecto reasoninginderthestandard
semantics. Theseconclusionsconfirm thosedravn from

earlierresultsfor logic programmingand default logic in

[Eiteretal., 1998;Dimopoulosetal., 1999.

Theseresultsseemto contradictthe expectation,put for-
wardsin [Bondarenk etal., 1997;Dungetal., 1997, that
thenaw, algumentation-theoretsemanticdeadto compu-
tationallylessinvolvednonmonotoniceasoningrocesses

25eeSection3 for a summaryof the resultsfor the standard
semantics.

than the standardsemantics. However, they do not con-
tradictthe expectationthatin practicecredulougeasoning
underthe admissibilitysemanticss ofteneasierthancred-
ulousreasoningunderthe stability semanticsespeciallyif
theframavorksemployedareflat (e.g.logic programming
anddefault logic). Indeed[Kowalski and Toni, 1994 en-
visagespracticaland legal reasoningapplicationsfor the
argumentation-theoretisemantics where credulousrea-
soningundertheadmissibilitysemanticén flat frameworks
is well-suited,asunilateralargumentsareputforwardsand
defendedgainstll counteragumentsin acredulousnan-
ner.

Futurework includeidentifying, by meansf empiricalin-
vestigationsthe practicalimpactof the compleity results
provenin this paperaswell asin [Dimopoulosetal., 1999
for the ervisagedapplicationsof the semantichereinves-
tigated.
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