The A-POL System

Mauricio Osorid andEnriqueCorona

Universidad de las Américas, CENTIA.
Sta. Catarina Martir, Cholula, Puebla,
72820 México
{josorio, is108990}@mail.udlap.mx

Abstract. Answer Set Programming (ASP) is a formalism widely used for knowl-
edge representation since its introduction in 1988 by Gelfond and Lifschitz [4].
Nowadays there are powerful implementations of this paradigm, like DLV? and
Smodels?. In order to increment the descriptive power of this tools, several ex-
tensions to their languages have been done. For example, the weak constraints of
Smodels and more recently the aggregate functions of DLV. Partial Order Pro-
gramming is very similar to mathematic programming, where a function is min-
imized (or maximized) and has a set of restrictions, the difference is that the
domain of values is a partial order [12]. Theorical work has already been done
to integrate this paradigms [11], one of the most important results is that partial-
order clauses can be expressed as normal clauses [8]. The main purpose of this
work is to present A-POL3, an extension for ASP that allow us to express op-
timization problems in a very suitable way, integrating disjunctive clauses and
partial-order clauses.

1 Introduction

Partial-orderclausesareintroducedandstudiedin [6, 9,10], we referthereadetto this
papersfor a full accountof the paradigm.In comparisionwith traditional equational
clausesfor de ning functions, partial-orderclausesoffer better supportfor de ning
recursve aggreyate operations Partial-orderclausesare actually a generalizatiorof
subseprogramclauseg?2, 5]. Therearetwo basicformsof a partial-orderclause[10]:

f(terms) > expression
f(terms) < expression

Sincetheseclausesreusedto de ne functions,we requierethateachvariableocurring
in expression shouldalsooccurin terms. Termsaremadeup of constantandvari-
ableswhile expressionarein additionmadeup of userde ned-functions.Informally,
thedeclaratve meaningof a partial-orderclauseis that,for all its groundinstancesthe
function f appliedto the agumentterms is > (respectiely, <) thanthe groundterm
denotedby the expression on the right-handside.In generalmultiple partial-order

Yhttp://www.dbai .tuwien.ac.at/proj/div/
2http://www.tcs._hut.fi/Software/smodels/
S http://www._udlap.mx/~is108990/apol
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clausegmay be usedin de ning somefunction f. We de ne the meaningof a ground
expressionf (terms) to bethe least-upper bound (respectrely, greatest-lower

bound) of the resultingtermsde ned by the differentpartial-orderclausesfor f. In

practicethe lattice domainsthat commonlyoccurin applicationsare sets(underthe
subsebrdering)andnumbergunderthenumericordering).In theformercasethe lub

andglb operationsare setunion andintersectionyespectiely; andin the latter case,
theseoperationsare numericgreaterthanandless-thanrespectiely. All theseopera-
tionscanbeimplementedjuiteef ciently , asshavnin [5]. To useinformationfrom an
extensionadatabasén partial-orderclausesve needto extendthemasfollows:

f(terms) > expression : — pi(termsi), ..., pn(terms,).
f(terms) < expression : — p1(termsi),. .., pn(terms,).

wherep; (1 < i < n) is apredicatesymbolandthevariablesin terms; mayappeatn
terms Or expression.

Examplel. [10] Supposehata graphis de ned by a predicateedge(X, Y, C), where
C isthenon-ngyative distanceassociateavith adirectededgefrom nodeX to nodeY,
the shortestdistancefrom X to Y canbedeclaratvely speci edthroughthefollowing
partial-orderclauses:

short(X,Y) < C: —edge(X,Y,C).
short(X,Y) < short(X, Z) + short(Z,Y) : — edge(X, Z,C).

The meaningof a groundexpressionsuchas short(a, b) is the glb (smallesnumber
in the above example)of the resultsde ned by the differentpartial-orderclausesin
orderto have awell-de ned function usingpartial-orderclauseswheneer a function
is circularly de ned (ascouldhappenin the above examplewhentheunderlyinggraph
is cyclic), it is necessaryhatthe constituenfunctionsbe monotonic.

Example2. The 0-1 KnapsackProblem([14] is a well-known optimization problem
thatis known to be NP-completeSupposeve aregivenweightsw; andpro ts p;, for
1 < i < n,andacapacitym. For0 < M < m,andl < I < n,dene ks(I, M) to
betheprot of the optimalsolutionto the 0-1 knapsackproblem,usingobjectsd, ..., I,
andknapsaclcapacityM. Then,ks is de ned by thefollowing inequalities:

ks(0, M) > 0.
ks(I,M) > ks(I—1,M):—I>1.
ks(I,M) > ks(I—1,M —w())+p(I): —I>1,w(l) <M.

Thesolutionfor this problem(maximumpro t) is thevalueof ks(n,m).

Example3. This is a problemfrom the ACM InternationalCollegiate Programming
ContestProblemSetArchive®.

The fastfood chain McBurger owns several restaurants at highway. Recently, they have decided
to build several depots along the highway, each one located at a restaurant and supplyng several

4http://www.acm. inf.ethz.ch/ProblemSetArchive.html
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of the restaurants with the needed ingredients. Naturally, these depots should be placed so that
the average distance between a restaurant and its assigned depot is minimized. You are to write
a program that computes the optimal positions and assigments of the depots.

To make this more precise, the management of McBurger has issued the following spec-
ification: You will be given the positions of n restaurants along the highway as n integers
dy < dy < ... < d, these are the distances measured from the company’s headquarter, which
happends to be at the same highway). Furthermore, a number k& (¢ < n) will be given, the
number of depots to be built.

The k depots will be built at the locations of & different restaurants. Each restaurant will be
assigned to the closest depot, from which it will then receive its supplies. To minimize shipping
costs, the total distance sum, defined as

> i, |di—(position of depot serving restaurant i)|

mustbe as small as possible Write a program that computeshe positionsof the &
depotssud that thetotal distancesumis minimized.

A recursve solutionto obtainthetotal distancesumis asfollows:

cost(1,nr) ,nd=1
best(nd,nr) = e | cost(i,nr)+
=1 { best(nd — 1,7 — 1) »nd < nr

Wherenr is thenumberof restaurants;d is thenumberof depotsandcost(i, ) repre-
sentsthe costof placinga depotbetweerrestaurants and;j. A dynamicprogramming
approacho solve this problemcanbederivedfrom this formula,andthelocationof the
depotscanberecoveredfrom theresultingmatrix. Thiskind of problemscanbeeasily
formulatedwith partial-orderclauses:

best(I,I) < 0./ location(I).
best(1,I) < cost(1,I) : — middle(1,I) = M. [ location(M).
best(I,J) < cost(B,J) +best(I —1,B—1): —

I< J,I<B,B< Jmiddle(B,J)= M. /location(M).

Wheremiddle(X,Y) is thearithmeticmeanof X andY . In thisexamplewe introduce
a very useful featureof A-POL, witnessrecovery. This is not a standardfeatureof
partialorderprogramminghowever, it is very usefulfor optimizationproblemsin this
particularexample,recoveringthe witnessof best(k, n) we obtainthe ubicationof the
depotsin theatomsof typelocation.

Therestof this work is organizedasfollows. First we presenthe languageof A-
POL, thenwe explain how our currentimplementatiorworks and nally we provide
someexamplesandexperimentakesults.

2 Proposed Language

Ourlanguagencludesfunctionsymbols predicatesymbols constant@ndvariablesjt
canbedescribedvith thefollowing context freegrammar:
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program ::= clause | clause program

clause ::= disjunctive_clause | partial_order_clause

term ::= variable | constant

terms ::= terms | term, terms

expression ::= term | f(expressions)

expressions ::= expression | expression, expressions

f-p.atom; ::= function.atom | predicate_atom

f-p_atom; ::= f-p_atom; | not predicate_atom

function.atom ::= f(terms) = term

predicate_.atom ::= p(terms)

inequality_atom ::= f(terms) < expression | f(terms) > expression
f-p_predicates; ::= f-p_atom; | f-p_atom;, f-p_predicates;
f-p_predicates; ::= f-p.atom, | f-p_atom,, f-p_predicates.
partial_order_clause ::= inequality_atom :- f-p_predicates;
disjunctive_atoms ::= predicate_atom | predicate_.atom VvV disjunctive_atoms

disjunctive_head ::= disjunctive._atoms | ¢
disjunctiveclause ::= disjunctive_head :- f-p_predicates;

Wheref is ary functionsymbolandp is any predicatesymbol.A f-p symbolis eithera
functionor predicatesymbol.

Definition 1. A program P is a couple(DA, PO) whee DA is a setof disjunctive
clausesaand PO is a setof partial-order clauses.

We are integrating disjunctive clauseswith partial order clausesn our language.
Sincetheirevaluationis donein differentways,we needto setupanorderof evaluation.

Definition 2. A program P is strati ed if existsa mappingfunctionlevelz,: F'U Pr —
N, whee N is a subseif consecutivenatural numbes, F is the setof userde ned
functionsymboldn P and Pr is the setof predicatesymbolsn P. Clausesof P must
havethefollowing properties:

(i) For aclauseoftheform:
f(terms) < term : — B.
f(terms) > term : — B.
Whee B is a setof f-p atoms,thenlevel;,(f) > levelsp(p), whete p is anyf-p
symbolappearingin B.
(ii) For aclauseoftheform:
f(terms) < g(expr) : — B.
f(terms) > g(expr): — B.
Wheke f andg areuserde nedfunctionsandB isde nedlikein (i), thenlevel,(f) >
levely,(9), level s, (f) > level sy, (h), levelsy(p), levelsy(g) > level,,(p) wheep
is any predicatesymbolappearingin B andh is anyuserde ned functionsymbol
in expr.
(iii) For a clauseof theform:
f(terms) < m(g(ezxpr)): — B.
f(terms) > m(g(expr)) : — B.
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Whee B is de nedlike in (i) andm is a monotonicfunction,thenlevel,(f) >
levelyy(9), levely,(f) > levelsy,(m), levelsy(h), level s, (p) whee p is any predi-
catesymbolappearingin B and h is anyfunctionsymbolin expr.

(iv) For aclauseof theform:

pi(termi) V...V py(term,) : — B

Whee B is de ned like in (i), thenfor eadh i (1 < i < n), levelsp(pi) >
levelsp(q), wher g is anyf-p symbolappearingin B.

(v) Nootherkind of clauseis allowed.

For a strati ed programP the function levels, is obtainedusingthe dependeng
graphof thef-p symbolsde nedin P.

Definition 3. For a strati ed program P wede ne thefunctionlevels,: F'U Pr — N
usingthedependencygraphG 4., (V, E) asfollows:

levelsp({y | B(xay) €E, Vz € V}) =1
levels,({y | levelgy(z) = n, I(z,y) € E}) =n+1

A restrictionin ourlanguagas thatpredicateandfunctionsymbolscannotbein the
samelevel, now thatwe have thefunctionlevel s, we de ne thefunctionlevel to deal
with thisissue.

Definition 4. Using level;,! we de ne the functionlevel:0 U N* — P(F U Pr) as
follows:

level(2n — 2) = {z | x € level ) (n) Az € Pr}

level(2n — 1) = {z | x € level ) (n) Az € F}

With this constructionall the predicatesymbolsin P arein evenlevels (including
zero)andall the functionalsymbolsin P arein odd levels. The evaluationorderof a
strati ed programpP is obtainedusinglevel.

3 Implementation

A-POL is writtenin Java andusesa compiledversionof DLV [3]. Ourimplementation
followstheproposedanguagevith asmallextensiorfor partial-ordercclauseshatallow
usto recover the witnessin optimizationproblems.To obtainthe x-point of partial-
orderclauseswve usea generaform of dynamicprogrammingasshovnin [7].

3.1 Main Computation Cycle

Now we presenthe mainalgorithmof A-POL for computingthe modelsof a strati ed
programpP.

A-POL(P) {
order = obtainOrder(P)
models = @

1=0
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while (order; # ¢ or orderiy1 # ¢) {
if (¢ mod 2=0)
models = ASP(models,order;)

else
models = POP(models,order;)
i=i+1

}

return models

}

where obtainOrder generategshe dependeng graphof the f-p symbolsin P and
obtainsits evaluationorderusingthe function level. obtainOrder returnsthe array
order, whereorder; containghe clausecorrespondingo thef-p symbolsin level (7).
ASP obtainsthe stablemodelsof disjunctive clausesin order; and POP obtainsthe
modelsof the partial orderclausesn order;, bothusingeachmodel € models asan
extensionadatabase.

3.2 DLV Wrapper

A-POL usesDLV to obtainthe stablemodelsfrom disjunctive clausesDLYV is usedas
ablackboxandthe comunicatiorbetweerthemis donedirectly from Java, this means
thataninput le is generatedor DLV andits outputmodelsareparsedandwrappedso
they canbe usedasan extensionaldatabaséor the next level in the strati cation path.
To generatddLV'sinput le, disjunctive clausef theform:

pl(t1)V. - -Vpn(tn) t=b1 (tn+1)7 .- :bm(tn+m), fl(tn+m+1) =71,..., fs (tn+m+8) =Ts-
arerewritten as:
pl(tl) V... Vpn(tn) P bl(tn+1), Ty bm(t”H'm): fl(tn+m+1,7'1), RN fs(tn+m+s; TS)‘

In ourimplementatioronly asubsebf the DLV languagés supportedto supportother
featureg(suchasweak constraintsand aggreyatefunctions)we would have to extend
the grammarof A-POL (in otherwords, extendthe grammarof the source-inputand
DLV-outputparsers).

3.3 Partial-order clauses compiler

A-POL is acompletepartial-orderclausesompilerthatsupportsy default two lattice
domains,numbersunderthe numericorderingand setsunderthe subsetordering.As

mentionedbefore,A-POL usesa generalform of dynamicprogrammingbecausenf

this, witnessrecoveryis donevery naturalway. Themainalgorithmusedfor computing
partial-orderclausess describedelow.

POP(model ,clauses) {
clauses” = flattening(clauses)
grounded = grounding(model,clauses”)
return fix-point(grounded)
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}

Whereflattening returnsthe attened form of the partial-orderclausesFor exam-
ple, considertheclause:

p(X) < q(r(s(Y,2))) : —t(W).
its attenedformis:
p(X) <ws:—t(W),s(Y,Z) =v1,r(v1) = v2,q(v2) = v3.

This is doneto eliminatecomposedunctionsin the right-handside of the inequality
atom of partial-orderclauses.The instantiationof clauses usingmodel asan ex-
tensionaldatabasés doneby grounding, this is the mostexpensve part of POP in
memory (and time) becausewe needto storeall the instancedclauseswe actually
storeanencodedsersionof this clausedor smallermemoryrequirementsTo grounda
clause € clauses of theform:

Ar<wvr:—As, . Ap, Ayl = VUn, Apg2 = Vno1,. .., Ay = 01
agroundingtreefor this clause is generatedsfollows:

Ground(clause, Ag) = E‘.U(A’“')l Ground(instance(U(Az);j, clause), Az41)

j=1

where

(i) U(A;) isthesetof groundedatomsof the sametype of A, thatunify with A,. For
example,if we have thegroundedatoms{p(a, b), p(a, ¢), p(b, ¢) } andthe partially
groundedatomp(a, X), thenU (p(a, X)) = {p(a,b), p(a,c)} (for A, thedomain
of thefunctionis usedto obtainU (A;)).

(ii) instance(U(A;);, clause) replaceshevariablesof A, with thevaluesof U (A;);
in all thef-p atomsof clause. Forexample for p(a, X) with U (p(a, X)) = {p(a, b)},
X will bereplacedwith b in all thef-p atomsof clause.

A-POL supportauserde ned libraries,this featurewill beexplainedwith morede-
tail later, however, it is very importantfor groundingbecauseét allow usto make an
importantcutin the groundingtreeof eachclause. Supposehatwe have aprede ned
booleanfunctioncalledle(X,Y) thatreturnstrueif X <Y andfalseotherwisewhen
X andY areinstancedve canevaluatele(X,Y), if its falsewe eliminateclause from
thetree,if its truewe eliminatele(X,Y") from clause andcontinuewith theinstantia-
tion of its branches.

The main algorithmto obtainthe x-point of a setof partial-orderclausess de-
scribedin [7], to ilustratethis procedurewe will useexamplel (shortestdistancebe-
tweentwo nodesof agraph)with thefollowing extensionaldatabase:

EDB = {edge(a,b, 1), edge(b,c, 2),edge(a,d, 4)}.

FirstconsidethatA-POL will obtainlevel(0) = {edge, +} andlevel (1) = {short} the
solutionof the rst levelistrivial. To solve short rst wegroundits clausesisingeDB,
obtaining:
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short(a,b)
short(b,c)
short(a,d)
short(a,a)
short(a,b)
short(a,c)
short(a,d)
short(b,a)
short(b,b)
short(b,c)
short(b,d)
short(a,a)
short(a,b)
short(a,c)
short(a,d)

INININIAINININININININIANININ A
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short(a,b)=v-,
short(a,b)=v-,
short(a,b)=v:,
short(a,b)=v-,
short(b,c)=v-,
short(b,c)=v,,
short(b,c)=v-,
short(b,c)=v-,
short(a,d)=v:,
short(a,d)=v-,
short(a,d)=v-,
short(a,d)=v;,

short(b,a)=v;,
short(b,b)=v;,
short(b,c)=vs;,
short(b,d)=v;,
short(c,a)=vs,
short(c,b)=vs,
short(c,c)=vs,
short(c,d)=v;,
short(d,a)=vs,
short(d,b)=v;,
short(d,c)=v;,
short(d,d)=vs,

Vo+V3=Vi.
Vo+V3=Vi .
Va+V3=Vi .
Vo+V3=Vi .
Vo+V3=Vi .
Va+V3=Vi .
Vo+V3=Vi.
Vo+V3=Vi.
Va+V3=Vi .
Vo+V3=Vji .
Vo+V3=Vi .
Va+V3=Vi .

The solutionof this programis doneusinga matrix to storethe partial valuesof the
function.Then,were ne themusingdifferentiterationsuntil we obtaina x-point. The
initial stateS; of the matrix storesthe valuesobtainedoy the EDB of our program:

alb|c|d

short(a,b) < 1. |a|T|1|T|4
short(a,d) < 4. |b|T|T|2|T
short(b,c) < 2. [c|T|T|T|T
diT|T|T|T

In thenext interation,we computestateS,. For this,we nolongerusethe EDB but only
thelDB andS; .

albjc|d

ajT|1|3|4

short(a,c) < vi :- short(a,b) + short(b,c) = vi. |b|T|T|2|T
C|T|T|T|T

diT|T|T|T

Thenext interationSs is asfollows:

albjc|d

ajT|1|3|4

short(a,c) < vi :- short(a,b) + short(b,c) = vi. |b|T|T|2|T
C|T|T|T|T

diT|T|T|T

At this point, So = S3 thenS3 is our x-point. A-POL storesalsoa parentmatrix, if
the value of the matrix at X is re ned usingthe groundedclausecl the body of this
clauseis storedin the parentmatrix at X, usingthis informationwe canrecover how
aspeci ¢ positionwasobtaineddoingthis in our example,we canobtainthe shortest
pathinsteadof justtheshortestistancebetweertwo nodesof agraph.Thisis the nal
parentmatrix of our example:
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a b c | d
short(a,b)=1|short(a,b)=1,short(b,c)=3|short(a,d)=4
short(b,c)=2

oO|l0(T|o

Supposeghatwe wantto know the shortespathbetweeru ande, startingfrom position
(a, ¢) in the parentmatrix we have to go to (a, b) and(b, ¢), sincethis positionsdo not
give usmoreinformation,we aredone.With alargergraphwe probablywould have to
trackmorepositionsin the parentmatrix, however, this simpleexamplegive usa good
ideaof how A-POL recoversawitnessin this kind of problems.

3.4 Advanced Features

A-POL hassomeadwancedeatureghatallow usto incremenits ef ciency anddescrip-
tive power. This featuresare,witnessrecovery, userde ned librariesanduserde ned
partial-orders.

Witness recovery Theinnerprocedurdor recoseringa witnesswasexplainedabove,
however, it is necessaryo tell A-POL whatinformationwe wantto retrieve from each
clauseto do this, we extendthe syntaxof partial-orderclausesasfollows:

f(terms) > expression : — pi(termsi), ..., pn(terms,). [ info(iterms).
f(terms) < expression : — pi(termsi),...,pn(termsy). [ info(iterms).

To ilustratethis let us useour shortestdistanceexample(1), supposehat we wantto
recovertheshortespathinsteadf justthedistanceso,wewantto obtaineveryexisting
edgefrom our clauses.

short(X,Y) < C: —edge(X,Y,C). [ way(X,Y).
short(X,Y) < short(X, Z) + short(Z,Y) : — edge(X, Z,C).

Noticethatnothingis addedo the secondtlausethisis becauseave areonly interested
in the existing edges,andthe secondclause nds a cheapemway betweentwo nodes
using intermediatenodes.Now we needto specify which way we want to recover,
supposehatwe wantto know the shortespathbetweemodea andc, we cando this
in A-POL asfollows:

select way where short(a,c).

In our resultingmodelwe canrecover the path from the atomsof type way. Notice
that in this particularimplementationwe can only obtain one path even if different
pathswith the samecostexists, now we presenian alternatie implementatiorof this
problemto x thisissue:

short(X) < 0: — start(X).
short(X) < short(Y) + C : — edge(X, Z,C). [ way(Y, X).

Suposehatour extensionaldatabaséncludesstart(a), thenshort(X) representshe
shortestlistanceérom nodea to nodeX .
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User defined libraries Userde ned librariesarenotjustafang implementationissue,
but a very corvenientway of increasinghe corefunctionsof A-POL. SinceA-POL is
written in Java, loading external classedor their usein a speci ¢ programis a very
easytask (like dynamiclinking libraries).All prede nedA-POL functions(add,sub,
mul, div, etc..)areimplementedasuserde ned libraries.For creatinga new prede ned
functiontheuserhasto extendaLibrary class overrideits functionalmethod(execute),
compileit andregisterit. For functionsthatarevery easyto de ne in proceduralan-
guagegnostof thetime is easie(andmoreef cient) to write andregisteranew library
thantry to codeit in A-POL.

User defined partial-orders The co-domainof thefunctionsde ned by partial-order
clauseds a partial or completeorderedset.In A-POL a speci ¢ partial-ordercanbe
describedrom the relationsbetweerits elementsTo ilustratethis let us considerthe
setd = {a,b,c,d,e} wherea < b < ¢ < d < e, therelationsbetweertheir elements
areR={a<bb<cc<dd<e}.

4 Examplesand Results

In this sectionwe presentsomeexamplescodedin A-POL and someexperimental
results.

Example4. A-POL simplementatiorof theshortespathbetweertwo nodesof agraph
is asfollows:

declare < short(node).

select way where short(X) <- end(X).

% extensional database

node(a). node(b). node(c). node(d).

edge(a,b,1). edge(b,c,2). edge(a,d,4).

start(a). end(f).

% rules

short(X)<= 0 :- start(X).

short(X)<= add(short(Y),C) :- edge(Y,X,C). 7/ way(Y,X).

The rst line is requiredto specifythedomainandthetype of partial-orderclauseghat
de ne thefunction short. We alsowrote a DLV versionof this problemusingweak
constraints:

% rules

way(X,Y,C) v other(X,Y,C) :- edge(X,Y,C).

- edge(X,A,C), start(A), way(X, A,C).

:- edge(D,X,C), end(D), way(D,X,C).

- edge(X,Y,C), edge(X,Y1,Cl), way(X,Y,C), way(X,Y1,C1), Y I= Y1.
:- edge(X,Y,C), edge(X1,Y,Cl), way(X,Y,C), way(X1,Y,Cl), X 1= X1.
r(X) :- start(X).

r(X) - r(Y), edge(Y,X,C), way(Y,X,C).

:- end(D), not r(D).
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~ way(X,Y,C). [C:1]

Now we presenexperimentakesultsusingcompletegraphsfor bothimplementations:

# nodes|DLV A-POL
10 0.16s 0.65s
20 4.77s 0.84s
40 4m 21.45s |1.15s
60 22m 57.025|2.21s
80 — 2.85s

Exampleb. Partial-orderclausesanbeusedor carryingoutsophisticated w-analysis
computationsasillustratedby thefollowing progranwhich computeshereacingdef-
initions and busy expressionsn a program o w graph.This informationis computed
by a compilerduring its optimizationphase[1]. The original formulationof the o w-
analysisequationss:

out(X) = gen(X) U (in(X) — kill(X))
in(X) = Jp out(P)

Where P is a predecesonf X. Now we presentan A-POL implementationof this
problem(this particularexampleis from [1]):

setmode.

declare > out(block).
declare > in(block).
declare > gen(block).

declare > kill(block).

% extensional database
block(1..4).

pred(2,1). pred(2,3). pred(2,4).
pred(3,2). pred(4,2). pred(4,3).
gen(1)>= {a,b,c}. gen(2)>= {d,e}.

gen(3)>= {f}. gen(4)>= {g}-
kill(1)>= {d,e,f,g}. kill(2)>= {a,b,g}-
Kill(3)>= {c}. Kill(4)>= {a,d}.

% rules

in(X)>= out(Y) :- pred(X,Y).
out(X)>= gen(X).
out(X)>= sub(in(X),kill(X)).

In theabove programki 11 (X) andgen(X), areprede nedset-\aluedfunctionsspec-
ifying the relevantinformationfor a given program o w graphand a basicblock X.

pred(X,Y), de nes whenY is predecessoof X. The rst line specify that the co-
domainof the functionsde ned by partial-orderclausesare sets.The set-diference
(sub) is monotonicin its rst argument,andhencethe programhasa uniqueintended
meaningasit is shavn in [1]. The operationakemantichehaesexactly asthe algo-
rithm proposedn [1] to solve this problem.



264 Mauricio Osorio and Enrique Corona

Examples. A-POL simplementatiorof the 0-1 knapsacks asfollows:

maxint = 20.

declare > ks(object, tweight).

declare > profit(object).

select takel where ks(4,10).

% extensional database

object(0..4).

tweight(0..10).

weight(1,2). weight(2,3). weight(3,5). weight(4,8).

profit(0)>= 0. profit(1)>= 1. profit(2)>= 2.

profit(3)>= 3. profit(4)>= 5.

% rules

ks(N,K)>= ks(sub(N,1),K) :- le(1,N). /7 takel(N,K).

ks(N,K)>= add(profit(N),ks(sub(N,1),sub(K,X))) :-
weight(N,X), le(X,K), le(1,N). 7/ takel(N,K).

take(X1,Y) :- takel(X1,Y), not take(X2,Y), X2 > X1, object(X2), tweight(Y).

In thisexamplewehave 4 objectsgachobject hasaweight andaprofit, noticethat
we recoverwhich objectsareselectedrom partial-orderclausesandwe usedisjunctive
clausego make moreclearthe output.

Example7. Theoptimalparentizatiorfor a matrix-chainmultiplicationis atypical dy-
namicprogrammingproblem[14] we presenta solutionto this problemin A-POL:

declare < r(nmat).

declare < c(nmat).

declare < m(nmat,nmat).

select asoc where m(1,6).

% extensional database

nmat(l..6).

r(1)<= 30. c(1)<= 35.

r(2)<= 35. c(2)<= 15.

r(3)<= 15. c(3)<= 5.

r(4)<= 5. c(4)<= 10.

r(5)<= 10. c(5)<= 20.

r(6)<= 20. c(6)<= 25.

% rules

m(N,N)<= 0 :- le(1,N). 7/ asoc(N,N).
m(l,N)<= add(add(m(l,K) ,m(add(K,1) ,N)) ,mul (mul (r(1),c(K)),c(N)))

le(1,N), le(1,D), 1t(K,N), le(1,K), nmat(K). / asoc(l,N).

Wherer (X) andc(X) arethe numberof rows and columnsof matrix X respectiely.
This problemcan also be found in the ACM InternationalCollegiate Programming
Contesiproblemsetarchive. Thefollowing resultsareusingthejudge'sinput (consider
thatin a real contestthis inputs have to be processedy the programin lessthana
minute).
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declare
declare
declare
declare
declare
declare

The A-POL System

# matrixtime |# groundedclausest iterations
3 0.81s |13 17

6 0.86s |53 123

10 1.18s (195 1515

20 4.24s (1390 12030

40 23.275|10780 106720

Theimplementatiorof thefastfoodexample(3) is asfollows:

<
<
<
<
<

<

middle(dom,dom) .
rest(dom).
sumato(dom,dom,dom) .

cost(dom,
best(dom,
rdist(dom,dom) .

dom) .
dom) .

select location where best(5,10).

% extensional

dom(1..10).

rest(1)<= 11.
rest(3)<= 68.
rest(5)<= 86.
rest(7)<= 96.

database

rest(2)<= 28.
rest(4)<= 84.
rest(6)<= 93.
rest(8)<= 160.

rest(9)<= 171. rest(10)<= 200.

% rules

middle(X,Y)<= div(add(X,Y),2).
rdist(l,J)<= dist(rest(l),rest(J)).
cost(l,J)<= sumato(l,J,middle(l1,J)).-
sumato(l,l,K)<= rdist(l1,K).
sumato(l,J,K)<= add(rdist(l,K),sumato(add(l,1),J,K)) - 1t(l1,J).
best(l,1)<= 0. / location(l).

best(1, 1)<= cost(l,l)

- middle(1,1) = M. / location(M).

best(l,J)<= add(cost(B,J),best(sub(l,1),sub(B,1))) :-

le(1,B),

middle(B,J) = M, 1t(1,J),

le(B,J), dom(B). /7 location(M).
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Whererest representshe distanceof the restaurantand cost (X, Y) is the cost of
placingadepotbetweerrestaurantx andy. Now we presenexperimentatesultsusing
someof thejudge'sinputs.

#resti{time |# groundedclauses# iterationg
10 |1.7s |1090 6460

25  |12.3s |12975 212150

50 |3m7.6s|93450 3244300

In theabore exampleswe useprede nedfunctions(which areimplementedsuser
de ned libraries)suchas:
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Function Meaning
add(X,Y) |[X+Y
sub(X,Y) |X-Y
mul (X,Y) |XxY
div(X,Y) |X/Y
dist(X,Y)||X-Y]
le(X,Y) |X<Y
1t(X,Y) [X<Y
ge(X,Y) |X>Y
gt(x,Y) |[X>Y

If anew functionis required the usercaneasilycodeit andregisterit for its use.

5 Conclusions and future work

Partial-orderclausesseemto be a betterapproactfor optimizationproblemsthandis-
junctive clausesThey offer a more directway to expressoptimizationfunctionsand
we have found domainswherethey are moreef cient thandisjunctive clausesSince
partial-orderclausesanbe expressedsnormalclauseg8], they canbeseenasavery
ef cient macrofor certainkind of AnswerSetprogramsA-POL's main designoffers
someimportantfeaturessuchas witnessrecovery and userde ned functions(which
alsoallow usto make cutsin the groundingtree). This featuresmake A-POL a more
e xible andpowerful tool.

A very importantissueis that A-POL hasto supportall the featuresof DLV, our
currentversiononly supportsa subsef the DLV languageAs mentionedbefore, A-
POL iswrittenin Java. Thiswasa goodchoiceto createa prototypein ashortperiodof
time. However, if a betterintegrationwith DLV is desired A-POL shouldbe rewritten
in C++. Theuseof partial-orderclausesn otherfront endssuchasDLV-K hasnotbeen
consideredht this point, we believe this could be very usefulmainly for ef ciency rea-
sons.Nowadaysparallelanswersetsystemsarebeendeveloped/13]. Our partial-order
clausexompilercoulduseparallelprogrammingechniquegmainly in the grounding)
andconsideringhatall the programsn A-POL arestrati ed, consecutie levelscould
beevaluatedn parallel.
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