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Abstract

We give a graphtheoreticalcharacterizatiomf an-
swersetsof normallogic programs.We shaw that
thereis a one-to-onecorrespondencbetweenan-
swersetsandaspecialhon-standardraphcoloring
of so-calledblodk graphsof logic programs. This
leadsusto analternatve implementatiorparadigm
to computeanswersets by computingnon-standard
graphcolorings.Ourapproachs rule-baseéndnot
atom-basedik e mostof the currentlyknown meth-
ods. We presentanimplementatiorfor computing
answersetswhich workson polynomialspace.

1 Intr oduction

Answersetsemantic§Gelfondand Lifschitz, 1991 wases-
tablishedasanalternatie declaratve semanticgor logic pro-
grams. Originally, it was definedfor extendedlogic pro-
grams [Gelfond and Lifschitz, 1991] asa generalizatiorof
the stable model semanticgGelfond and Lifschitz, 1989.
Currently there are various applicationsof answerset pro-
gramming,e.g. [Dimopouloset al., 1997;Liu et al., 1998;
Niemeh, 1999. Furthermoretherearereasonablefficient
implementationsavailable for computinganswersets, e.g.
snodel s [NiemekhandSimons, 1997 anddl v [Eiteretal.,
1997. Systemsjike DeReS [Cholawinskietal., 1996 and
qui p [Egly etal., 2004, are also ableto computeanswer
sets,althoughthey were designedo dealwith moregeneral
formalisms.

Bothsystemsandmostof thetheoreticalesultsaswell deal
with answersetsin termsof atoms(or literals). This paper
aimsat a differentpoint of view, namelycharacterizingand
computinganswersetsin termsof rules. Intuitively, thehead

pofarulep « qi,...,qn,n0t s1,...,n0t s iS in some
answersetA if ¢1,...,q, arein A andnoneof sy,...,s; is
in A. Let
p— a <+ b,note b+d c+b 1)
- d + e«—d,not f f+«a

be a logic programand let us call the rulesr,, ry, r¢, T4,
re, andry, respectrely. Then P hastwo differentanswer
sets4; = {d,b,c,a, f} and A, = {d,b,c,e}. It is easyto
seethatthe applicationof r; blocksthe applicationof r. wrt

!Extendedogic programsarelogic programswith classicahega-
tion.

A, becausséf ry contritutesto A, then f € A; andthus
r. cannotbe applied. Analogously r. blocksr, wrt answer
setA,. Thisobsenationleadsusto a strictly blockage-based
approachMore preciselywe representhe block relationbe-
tweenrulesasa so-calledblock graph Answersetsthenare
characterizedsspeciahon-standardraphcoloringsof block
graphs.Eachnodeof theblock graph(correspondingo some
rule) is coloredwith oneof two colors,representingpplica-
tion or non-applicatiorof the correspondingule. The block
graphhasquadraticsize of the correspondindogic program.
Sincethe block graphsenes as basicdatastructurefor our
implementationit needgolynomialspace.

2 Background

We dealwith normallogic programswhich containthe sym-
bol not usedfor negationasfailure. A rule, r, is ary expres-
sionof theform

P qiy---5Qn, N0t S1,...,Nn0t S (2)

wherep, ¢; (0<i<n) ands; (0<j<k) areatoms.A ruleis a
factif n=k=0, it is calledbasicif k=0. For aruler we define
head(r)=p andbody(r)={q1,---,qn,no0t s1,...,n0t Sk}
Furthermorelet body™ (r)={q, - . .,¢.} denotethe positive
partandbody ™ (r)={su, ..., st} thenegative partof body(r).
Definitions of the head,the body, the positive and negative
bodyof arulearegeneralizedo setsof rulesin theusualway.
Theelementsof body™ (r) arereferredto asthe prerequisites
or positivebodyatoms of r. The elementsf body ™ (r) are
referredto asthe negativebodyatomsof . If body™ (r)=0,
thenr is saidto be prerequisite-fee A setof rulesof the
form (2) is called a (normal) logic program. A programis
calledprerequisite-feeif eachof its rulesis prerequisite-free.
We denotethe setof all factsof programP by Fp.

Let r be arule. r* thendenotesthe rule head(r) <«
body™ (r). For alogic programP let P+ = {r+ | r € P}. A
setof atomsX is closedunderabasicprogrampP iff for ary
r € P, head(r) € X whenever body(r) C X. Thesmallestset
of atomswhich s closedundera basicprogramP is denoted
by Cn(P).

Thereduct PX, of aprogramP relativeto asetX of atoms
is definedoy PX = {r* | r € P andbody ™ (r) N X =0}. We
saythatasetX of atomsis ananswersetof a programpP iff
Cn(PX) = X. ThereductPX is often called the Gelfond-
Lifschitz reduction Obsene, that there are programs,e.g.
{p « not p}, thatdo not possessn answerset. Through-
outthis paperwe usetheterm“answerset” insteadof “stable



model” sinceit is themoregeneralbone.

A setof rulesS of theform (2) is groundediff thereexists
anenumeratior{r;)r of S suchthatfor all i € I we havethat
body™ (r;) C head({r1,...,ri_1}). For asetof rulesS and
asetof atomsX we definethesetof generatingulesof S wrt
X asfollows

GR(S, X)={re S |body™ (r) C X, body (r) N X =0}. (3)

The following result relates groundednes&nd generating
rulesto answersets.

Lemma2.1 Let P be a logic program and X be a setof
atoms. ThenX is an answersetof P iff (i) GR(P, X) is
groundedand (i) X =Cn(GR(P, X)*).

This lemmacharacterizeanswersetsin termsof generating
rules. Obsere, thatin generalGR(P, X)* # PX (take P =
{a +,b+ c} andX = {a}).

Assumethatfor eachprogramP we have

for eachruler € P we have |body™ (r)| < 1.

(4)

In Section5, we shov how to generalizeour approactio both
normallogic programswith multiple positive bodyatomsand
alsoto extendedlogic programs. Therefore the assumption
aboveis notarealrestriction.

We needsomegraphtheoreticalterminology A directed
graph@G is a pair G = (V, A) suchthatV is a finite, non-
empty set(vertices)and A C V x V is a set(arcs). For a
directedgraphG = (V, A) anda vertex v € V, we define
the setof all predecess@of v asy (v) = {u | (u,v) €
A}. Analogously the setof all successaof v is definedas
vyt (w)={u| (v,u) € A}. A pathfromv tov' in G=(V, A)
is a finite subsetP,,» C V suchthat Py, = {v1,...,v,},
v=v1, v =v, and(v;,v;11) € A for eachl <i<n. Thearcs
of apath P,, aredefinedas Arcs(Pyyr) = {(v5,vi41) | 1 <
i<n}. A pathfrom v to v for somev € V is calledacyclein

In orderto representnoreinformationin a directedgraph,
we needa specialkind of labeledgraphs. (V, A° U A!) is
a directedgraphwhosearcs A° U A! arelabeledwith zero
(0-arce) andwith one(1-arcs), respectiely. For G we distin-
guish 0-predecessor@-successordyom 1-predecessorél-
successorsjlenotedby v, (v) (v¢ (v)) andv; (v) (v (v))
for v € V, respectiely. A path P,,s in G is called 0-path
if Ares(P,,) C A°. The length of a cycle in a graph
(V, A% U A') is the total numberof 1-arcsoccurringin the
cycle. Additionally, we call a cycle even(odd) if its lengthis
even(odd).

3 Block Graphs and Application Colorings

We now goonwith aformaldefinitionof theconditionsunder
which arule blocksanotherule.

Definition 3.1 Let P be a logic program s.t. condition (4)
holds,andlet P’ C P maximalgrounded. Theblodk graph
I'p = (Vp, A% U AL) of P is a directedgraphwith vertices
Vp = P andtwo differentkindsof arcs definedasfollows

AY, = {(r",r) | ',r € P' andhead(r") € body* (r)}
AL ={(r',r) | ',r € P andhead(r') € body (r)}.

Obsenre, that there exists a unique maximal groundedset
P' C P for eachprogramP, thatis, I'p is well-defined.This
definitioncapturesgheconditionsunderwhicharuler’ blocks
anotherruler (e.g.(r',r) € A'). We alsogatherall ground-
ednessnformationin I'p, dueto therestrictionto rulesin the
maximalgroundedpartof logic programP. Thisis important
because block relationbetweerntwo rulesr’ andr becomes
effective only if ' is groundablehroughotherrules. E.g.for
programP = {p « ¢, q < p} themaximalgroundedsubset
of rulesis emptyandthereforel'p containsno O-arcs. Fig-
ure 1 shavstheblock graphof program(1).
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Figurel: Block graphof program(1).

We now define so-called application colorings or a-
colorings for block graphs. A subsetof rulesG,. C P is
agrounded0-pathfor r € P if G, is a0-pathfrom somefact
torinp.

Definition 3.2 Let P be a logic program s.t. condition (4)
holds,letT'p = (P, A% U AL) bethe correspondingblock
graphandletc : P — {©,®} bea mapping Thenc is
an a-coloringof I p iff thefollowing conditionshold for each
repP

A1l ¢(r) = e iff oneof thefollowing conditionsholds
a. v, (r) # 0 andfor each ' €4 (r) wehavec(r') = ©
b. thereis somer” €y (r) s.t.e(r”) = @.

A2 (r) = @ iff bothof thefollowing conditionshold
a. v, (r)=0 or it existsgroundedd-pathG, s.t.c(G,) =®?
b. for each »" €7 (r) wehavec(r”) = .

Let ¢ be an a-coloringof someblock graphT'p. Rulesare
thenintuitively appliedwrt someanswersetof P if they are
colored®. Condition A1 specifiesthat a rule r is colored
© (not applied)if andonly if r is not “grounded”(A1a) or
r is blocked by someotherrule (A1b). A rule is colored
@ (applied)if andonly if it is grounded(A 2a) and it is not
blockedby someotherrule (A 2b) . Thiscapturegheintuition
which rulesapply wrt to someanswersetandwhich do not
(seeSectionl).

Letr, = p < not p. ThenprogramP = {r,} has
block graph (P, 0, {(rp,7p)}). By Definition 3.2 thereis no
a-coloringof I'p. For this reasonwe needboth conditions
A1l andA2.

Lemma 3.1 LetP bealogic programs.t.condition(4) holds
andlet ¢ beana-coloringof I'p. ThenconditionA 1 holdsiff
conditionA 2 doesnothold.

In general,we do not have the equivalencestatedin this
lemma,becausahereare examples(seeabove) whereno a-
coloring exists. Lemma3.1 statesthat a-coloringsare well-

definedin the sensehatthey assignexactly onecolorto each
node.

%For asetof rulesS C P wewrite ¢(S) = @ or¢(S) = © if for
eachr € S wehavec(r) = @ ore(r) = ©, respectiely.



We obtainthe mainresult:

Theorem3.2 Let P be a logic program s.t. condition (4)
holdsand let T'p be the blodk graph of P. ThenP hasan
answerset A iff I'p hasan a-coloring c. Furthermoe, we
haveGR(P,A)={r € P | ¢(r) = ®}.

Answer sets can thereforebe computedby computing a-
colorings,e.g.c({re}) = © andc({rq,rp,7c,ra,r5}) = ®
correspondo answersetA4; of program(1).

4 Computation of A-colorings

For the following descriptionof our algorithm to compute
a-colorings,let P be somelogic programs.t. condition (4)
holds. Letc : P — {©,®} bea partialmapping.c is repre-
sentedby a pair of (disjoint) sets(cg, ¢g) S.t.cog = {r € P |
c(r)=06} andcg = {r € P | c(r) = ®}°. Wereferto map-
ping ¢ with thetuple(cg, ¢g) andvice versa.AssumehatT' p
is a global parameteof eachpresentegrocedurgindicated
throughindex P). Let U and N be setsof nodess.t. U con-
tainsthe currentlyuncoloredhodes(U = P \ (cg U ¢g)) and
N containscolorednodeswhosecolor hasto be propagated.
Figure 2 shavs the implementationof the non-deterministic
procedurecolorp in pseudacode.

procedure colorp(U, N:list; c¢:partialmapping
var n:node
if propagate,(N,c) fails then fail;
U := U\(C@UC@);
if choose (U, ¢,n) fails then
c:=(cgUU,cg);
if propagate,(U,c) failsthenfail elseoutput ¢;
else
U:=U\{n};
c:=(cg,c U{n}); .
if colorp(U,{n},c) succeedghen exit
else
¢:=(ceU{n},co \{n});

if colorp(U, {n},c) succeedshen exit else fail;
Figure2: Definition of procedurecolorp.

Notice that all presentedprocedures(except choose)
return some partial mapping through parametere or fail.
choose returnssomenodeor fails.

When calling colorp the first time, we startwith ¢ =
(@,Fp),U = P\ Fp andN = Fp. Thatis, we startwith all
factscolored®. Basically colorp takesboth a partial map-
ping ¢ anda setof uncolorednodesU andaimsat coloring
thesenodes.Thisis doneby choosingsomeuncoloredhoden
(n € U) with choosg andby trying to colorit & first. In case
of failurecolorp triesto color noden with &. If thisalsofails
colorp fails. Thereforewe saythatnoden is usedasachoice
point. All differenta-coloringsareobtainedby backtracking
over choicepoints.

choose (U, ¢,n) selectssomeuncolorednoden (n € U)
s.t.7y (n) = 0 andy; (n) # 0 or the following condition
holds:

CP thereis somen' € 74 (n) s.t.c(n') = @.

3Sincec is nottotal we do not necessarihave P = ¢ U cg.

If thereis nosuchn thenchooses fails. This strateyy to select
choicepointsensureghat nodescg, are grounded. Obsenre
that, if choose failsandU # () thenwe have to color all
nodesin U with ©, sincethey cannotbe groundedthrough
rulescg.

During recursve calls N containsthe choicepoint of the
formerrecursionlevel. The color of nodesN hasto be prop-
agatedvith propagate, (seeFigure3) for two reasonsFirst,
whencoloringnodesin N with colorz (z € {©, ®}) it is not
checledwhetherthisis allowed (wrt theactualc). Thischeck
is doneby propagate,. Thismeansgolorp fails only during
propagation(seeTheoremé4.1). Secondpropagatingalready
colorednodesprunesthe searchspaceand thus reducesthe
necessarnnumberof choices. Sincechoice points make up
theexponentialpartof our problem,propagatiorbecomeghe
essentiapartof our approach.

Currently we propagateonly in arc directionasit is suf-
ficient for correctnessand completenes®f the algorithm.
Therefore,we have to deal with four propagationcases:if
anodeis coloredz (z € {©,®}) thenthis color hasto be
propagatedver 1- andover O-arcs. Let r',r € P benodes
s.t.(r',r) € A U A! andassumehatr’ is alreadycolored.
Thenwe have to propagatehis color to noder. For example,
propagating:(r') = @ over l-arcsgivesc(r) = ©. Forrea-
sonsof correctnessye cannotpropagatecolorswithout ary
furthertests.We have gotthefollowing result.

Theorem4.1 Let P be a logic program s.t. condition (4)
holds, let I'p be the correspondingblock graph andlet ¢ :
P — {&,®} beamapping If ¢ is an a-coloringof T'p then
foreachr' € P if ' € Fp thenc(r') = @ andthefollowing
conditionshold:

(A) foreadhr € ;" (r') wehavec(r) =6
if c(r')=a®

(B) foreadhr € ;" (r') wehavec(r) =
if ¢(r') =6 andfor each " € v, (r) : ¢(r"") =6 and
[vo (r) = 0 or thereis somer” € 5 (r) : c(r") =]

(C) foreachr € v (r') wehavec(r)=a
if ¢(r') =@ andfor eachr" € v (1) : c(r") =6

(D) foreachr € v (r') wehavec(r)=©
if ¢(r')=6 andfor eachr" € 5 (1) : c(r") =6.

Accordingto Theorem3.2,arule contributesto someanswer
setA if it is colored®. In caseof (A) thereis no furthercon-
dition, because noder hasto be coloreds if thereis some
1-predecessor” of r which is colored® (take "' = »' in
A1b Definition 3.2). In otherwords,r cannotbe appliedif it

is blocked by someotherappliedrule. Intuitively, condition
(B) saysthatr hasto be appliedif all of its 1-predecessors
arecolorede (r is notblocked)andoneof its O-predecessors
is colored® (body™ (r) is a consequencef appliedrulesor

r is afact). Condition (C) statesthatrule r is appliedif it is
“grounded”throughoneof its 0-predecessorandif it is not
blockedby someotherrule. Thelastconditionpostulateshat
rule r cannotbe appliedif body™ (r) cannotbe derived from
otherappliedrules. Theoremd.1 impliesthata mappingc is
no a-coloringif propagate. fails. Figure3 shavstheimple-
mentationof propagate,. The purposeof propagates is to



procedure propagates (N :list; c: partialmapping)
var n':node
while N #( do
selectn' from N;
if (n' €ce) then

(A) if propAp(n',c) fails then fail;

(C) if propCp(n',c) fails then fail;
else

(B) if propBp(n',c) fails then fail;

(D) if propDp(n',c) fails then fail.

Figure3: Definition of procedurepropagate.

applythe correspondingropagatiorcasese.g.if ¢(n') = @
thencaseqA) and(C) haveto beapplied.

Thefour proceduresisedin propagate, canbeeasilyim-
plementedFor example propBj is shovnin Figure4. First,

procedure propBp(n':node c:partialmapping
var n:node;, S :setofnodes
S := {n € " (n") | condition(B) holdsfor n} ;
while S#0 do
selectn from S;
if n€ecg then fail;
if n¢ce then
c:=(co,ce U{n});
propagates(n,c) .
Figure4: Definition of procedurepropByp.

it determineshe setS of all 1-successorsf n' s.t. condi-
tion (B) holds. Finally, it testswhetherall nodesin S canbe
colored®. If noden € S is currently uncoloredit is col-
ored@® andits color is propagatedIf ¢(n) =© thenpropBp
fails, otherwisen is alreadycolored® andwe go onwith the
next nodefrom S. The procedure$or theremainingpropaga-
tion casesanbe implementedanalogously Wheneer some
currentlyuncolorednodeis coloredduring propagationthis
coloris recursvely propagatedby calling propagate.

For partialmappinge : P — {©, ®} we definethe setof
correspondinganswersetsA, as

A, = {X | X isanswersetof P and

Cop g GR(P,X) andCe n GR(P,X) = @}

If ¢ is undefinedor all nodeshen A, containsall answersets
of P. If ¢ is atotal mappingthen A, containsexactly one
answersetof P (if ¢ is ana-coloring). With this notationwe
formulatethefollowing result:

Theorem4.2 Let P be a logic program s.t. condition (4)
holds, let ¢ and ¢(r) be partial mappings. Thenfor each
r € (eg U cg) We haveif propagate,({r}, c) succeedsind
¢(r) istheactualpartial mappingafter executingpr opagate,
thenAc = Ac(r)-

This theoremstateshat propagate, neitherdiscardsnor in-
troducesanswersetscorrespondindo somepartial mapping
¢. Hencejt justifiesthatonly nodesusedaschoicepointslead
to differentanswersets. Thereforebacktrackings necessary
only over choicepoints(seeFigure2).

Define Cp = {c | ¢ is some output of colorp(P \
Fp,Fp, (0, Fp))}. With this notation,we obtaincorrectness
andcompletenessf colorp.

Theorem4.3 Let P be a logic program s.t. condition (4)
holds,let T'p beits block graph,letc : P — {©,®} bea
mappingand let Cp be definedas above Thenc is an a-
coloringof I'p iffc € Cp.

Let us demonstratehow colorp computesthe a-colorings
of the block graphof program(1) (seeFigure 1). We in-

voke colorp(U, N,c) with U = P\ {rg}, N = {rq} and
¢ = (0,{rq}). First, propagate, (N, c) is executed By prop-
agatinge(ry) = @ with case(C) we gete(ry) = @ andre-
cursively ¢(r.) = @. Thisgivesc = (0, {rq,rp,rc}). Af-

ter updatinguncolorednodeswe obtainU = {r,,r.,rs}.

Now choose (U, ¢,n) (n variable)is executed.For choose

thereare two possibilitiesto computethe next choice point
s.t. CP hold, namely r, and r.. Assumen = r,.

After updatingU we have U = {r.,r;} and the first
recursve call colorp(U,{r,},c) is executedwhere ¢ =

@,{ra,rs,7c,7a}). Againcolor & of noder, hasto beprop-
agatedby executingpropagates({r.}, (8, {ra, s, 7¢,7a}))-

By using propagationcase(C) for ¢(r,) = @& we obtain
¢(ry) = @®. This color is recursiely propagatedusing
case(A), which gives ¢(r,) = ©. This leadsto ¢ =

({re}s {ra,ro:7¢c, a5 }). SinceU becomeshe empty set,
choose> fails andc is the first output. Invoking backtrack-
ing meansthat the last recursve call to colorp fails. Then
¢ = ({ro},{rq,rs,rc}) andcolorp(U, {r,},c) is executed.
By using case(D) for ¢(r,) = © we obtainc(ry) = © and
thuse(r.) = & with case(B). Hencethe secondsolutionis
¢ = ({re,rs},{ra,rs,7e,7e }). Sincethereis no otherchoice
point, we have no furthersolutions.

5 Generalizations

In this section,we discussgeneralization®f the presented
approachFirst, we shav how to apply our methodto normal
logic programswith multiple positive bodyliterals. Let P be
anormalprogramwithoutrestrictions.For eachruler = p +

qi,.--,qn,not s1,...,not s we define

+~ q',not s1,...,not sy , .
p.={P H ;T U{g: <+ ¢;11<i<n} (b
" {q’ﬁqi,---,qz } {6 & ail1<i<n} ©)
whereq', g1, . . ., ¢/, arenew atomsnot appearingn P. For a

programP we setPy = |J,..p Pr. Hence,we have defined
a local programtransformatiorwhich haslinear size of the
original program. Eachnormal programis transformednto
someprogramin which body ~ (r) = ( for eachrule » with
|body™ (r)| > 1. Thatis why we may interpret Py assome
kind of normalform of P. The following lemmaobviously
holds:

Lemma5.1 LetP beanormallogic programandlet A bea
setof atoms.ThenA is an answersetof P iff there existsan
answersetA i of Py s.t. A and A iy containexactlythesame
atomsout of the setof all atomsoccurringin P.

It is straightforward to extend the algorithm presentedn
Sectiord to normalprogramsPy. Letuscallall rulesr € Py
with |body™(r)] > 1 AND-nodesand all other rules OR-
nodes.Obsenre,thatonthe onehand,we do nothave to mod-
ify Definition3.10f blockgraphgor programsPy. It staysas



it is. We justdistinguishtwo differentkindsof nodesin I'p,, .
On the other hand, Definition 3.2 and proceduregpresented
in Section4 dealonly with OR-nodesand consequentlyve
have to extendit to AND-nodes. For AND-noder we know
by definitionthat~; (r) =0 (see(5)). Thereforey cannotbe
blockedandwe do not have to considercasesA 1b and A2b
of Definition 3.2. In orderto extendDefinition 3.2,we require
thatthefollowing conditionshold for eachAND-noder (cor-
respondingo conditionsA1la and A 2a of Definition 3.2 for
OR-nodes):

A3 c¢(r)=o iff thereis somer’ € 4, (1) s.t.c(r')=6
A4 c(r)=@ iff for eachr’ € v, (r) wehavec(r') =@.

Accordingto (5), for AND-noder we have y; (r) =~ (r) =

0, |vd (r)|=1andyg (r)Uyg (r) will nevercontainary AND-

node. For this reasonwe obtainonly two new propagation
casesjn which we propagatehe color of OR-nodesover 0-

arcsto AND-nodes.Letr € 47 (r') be someAND-nodeand
letz € {6, ®} betheactualcolor of r’ (OR-node).Thenwe

have thefollowing new cases

(C") for eachr € v§ (') wehavec(r) =@ if c(r') =@ and
for eachr” € 45 (1) : c(r") =@

(D) for eachr € 7 (r') wehavec(r) =0 if c(r')=o,

which canbeeasilyintegratedinto propagates.

[Gelfond and Lifschitz, 19904 shawv that logic programs
with classicalnegation are equivalentto normal logic pro-
gramswhennew atomsareintroduced. With this technique
our approachis also suitablefor computinganswersetsof
generallogic programs(with classicalnegation). Addition-
ally, we may apply techniquegpresentedn [Janhuneret al.,
2004 to handledisjunctive logic programs.

6 RelatedWork

Directedgraphsareoftenassociatedavith logic programsand
usedin theoryandapplications.Usually, the nodesof these
graphsarethe atomsof theprogramse.g.dependenggraphs
or TMS networks[Doyle, 1979%. Theseapproachesserules
to define graphson atomswhereaswe have usedatomsto

definegraphsonrules.

OtherapproachegDimopoulosandTorres,1996;Brignoli
etal., 1999 aremoreor lessrule-basedut have someserious
drawbacks: they deal only with prerequisite-fregorograms,
becauséwrt to answelsetsemanticsjhereis someequialent
prerequisite-fre@rogramfor eachprogram.Sincein general
equivalentprerequisite-freprogramshave exponentiakizeof
the original ones,approachesvhich rely on this equivalence
needexponentialspace.

In fact, the block graphis a specializationof graphsde-
fined on rulesin [Papadimitriouand Sideri, 1994; Linke and
Schaub200q for defaulttheories Whereasn the caseof de-
fault logic the aforementionedjraphsare abstractionof the
essentiablockinginformation,herethey containall informa-
tion necessaryor computinganswersets.Althoughwe focus
on the practicalusageof the block graphit may alsobe used

*Truth maintenancesystemscan be translatedinto logic pro-
grams[Brewka, 1991.

asatool for theoreticalhnalysisof logic programs For exam-
ple, resultspresentedn [Linke andSchaub 2004 imply that
alogic programwithout odd cyclesalwayshassomeanswer
set.

Clearly, colorp is, like snmodel s, a Davis-Putnamlike
procedure. Once again, the main differenceis that colorp
determinesanswersetsin termsof generatinguleswhereas
snodel s anddl v constructanswersetsin termsof literals.
Using rulesinsteadof atomshasthe advantagethatwe have
completeknowledgeaboutwhichrule is responsibléor some
atom belongingto an answerset. Atom-basedapproaches
additionally have to detectthe responsiblerule and ensure
groundednesd)ecausen generaltheremay be severalrules
with the samehead. We obtaingroundednessf generating
rulesasa by-productof our stratgy to selectchoice points
with procedurechoose.

7 Conclusion

The main contribution of this paperwasthe definition of the
block graphI'p of a programP. As a theoreticaltool, the
block graphseemsto be suitablefor investigationsof mary
conceptdor logic programsg.g.answersetsemanticsyvell-
foundedsemanticor query-answeringAs a first result,we
have describedanswersetsas a-colorings(a non-standard
kind of graphcoloringsof I'p). This led usto analternatie
algorithmto computeanswersetsby computinga-colorings
which needgpolynomialspace.

Finally, let us give first experimentalresultsto demon-
stratethe practicalusefulnes®f our algorithm.We have used
two NP-completeproblemsproposedn [Cholevinski et al.,
1995: the problemof finding a Hamiltonianpathin a graph
(Ham) andtheindependensetproblem(ind).

Concerningtime, our first prolog implementation(devel-
opmenttime 6 month)is not comparablavith stateof theart
implementationsHowever, Theoren¥.2 suggest$o compare
the numberof usedchoicepoints,becauset reflectshow an
algorithmdealswith the exponentialpart of a problem. Un-
fortunatelyonly snodel s givesinformationaboutits choice
points. For this reasonwe have concentratean comparing
our approachwith snodel s. Resultsare given for finding

K7 Kg Kg KIO
snodel s | 4800 | 86364 | 1864470| 45168575
noMoRe | 15500 123406| 1226934| 12539358

Tablel1: Numberof choicepointsfor HAM -problems.

all solutionsof differentinstancesf Ham andind. Tablel
shaws resultsfor someHam-encodingsof completegraphs
K,, wheren is the numberof nodeS. Surprisingly it turns
out thatour non-monotoniadeasoningystem(noMoRe) per
forms very well on this problemclass. Thatis, with grow-
ing problemsizewe needlesschoicepointsthansnodel s.
This canalsobeseenin Table2 which shavs thecorrespond-
ing time measurements:or finding all Hamiltoniancyclesof
a K¢ we needlesstime thanthe actualsnodel s version.
To be fair, for Ind-problemsof graphsCir,,®we needtwice

®In acompletegrapheachnodeis connectedo eachothernode.
®A so-callectircle graphCir,, hasn nodes{v, . . ., v, } andarcs
A ={(vi,vit1) | 1 <7 < n}U{(vn,v1)}



thechoicepoints(andmuchmoretime) snodel s needshpe-
causewe have not yet implementedbackward-propagation
However, evenwith thesamenumberof choicepointss nod-
el s is fasterthannoMoRe, becausenoMoRe usesgeneral
backtrackingof prolog, whereassnodel s backtrackingis
highly specializedor computinganswersets. The sameap-
pliestodl v.

Ham for K, Ind for Cir,,
n= 8 9 10 40 | 50 60
snodel s|| 54 | 1334 | 38550(| 8 | 219 | 4052
dl v 4 50 493 || 13| 259 | 4594
noMbRe || 198 | 2577 | 34775 38 | 640 | 11586

Table2: Time measurements secondgor HAM - andIND -
problemson a SUN Ultra2 with two 300MHz Sparcproces-
Sors.

For future work, we may alsothink of differentimprove-
mentsof our algorithm. First of all, we have to integrate
backward propagationpropagatingcolors againstarc direc-
tion), sincethis will definitely improve efficiency by further
reducingthe numberof choicepoints. Secondwe maytry to
pre-colornot only factsbut alsosomeothernodes,e.g. each
noden with (n,n) € A' hasto be colorede. The block
graphmayalsobeusedfor otherimprovementsFor example,
it is possibleto replace0-pathswithoutincomingandoutgo-
ing 1-arcsby only oneO0-arc. Finally, we have to investigate
differentheuristicsfor procedurechoose to selectthe next
choicepoint.

The approach as presentedin this paper has been
implementedin ECLiPSe-Prolog[Aggoun et al., 2004.
The current prototype is available at http://www.cs.uni-
potsdam.de/"linke/nomore.
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