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Abstract. We suggest formal modelto represenandsolve the multicastrout-
ing problemin multicastnetworks. To attainthis, we drav the network adapting
it to a weightedaND-OR graph,wherethe weight on a connectorcorresponds
to the costof sendinga paclet on the network link modelledby that connector
Then,we usethe Soft ConstraintLogic Programming(SCLP) framevork asa
corvenientdeclaratve programmingenvironmentwhereto specifyrelatedprob-
lems.In particulay we shov how the semantiof a SCLPprogramcomputeshe
besttreein the correspondinghND-OR graph:this resultcanbe adoptedo find,
from a given sourcenode,the multicastdistribution tree havzing minimum cost
andreachingall the destinatiomodesof the multicastcommunicationThe costs
ontheconnectorganbedescribedilsoasvectors(multidimensionatosts) each
componentepresenting different Quality of Servicemetric value. Therefore,
the constructionof the besttreemayinvolve a setof criteriato be all optimized
(multi-criteria problem),e.g. maximumglobal bandwidthand minimum delay
thatcanbe experiencedn a singlelink.

1 Motivation and main idea

Multicastis animportantbandwidth-conservingechnologythat reducedraffic by si-
multaneouslydeliveringa singlestreanmof informationto multiple recevers.Therefore,
while saring resourcesmulticastis well suitedto concurrentlydistribute contentson
behalfof applicationsaskingfor a certaintimelinessof delivery: thus,multicastrouting
hasnaturallybeenextendedio guarante®uality of Service(QoS)requirement$19].

In this paperwe suggest formal modelto representindsolve the multicastrout-
ing problemin multicastnetworks with QoS. For the representationve use AND-OR
graphs[13] to modelthe network and SCLP programg1, 4,9] on the graphsto com-
putethe besttreeaccordingto QoScriteria.
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Givenamulticastgroupof receizer nodesanda setof optimizationobjectie func-
tions,themulticastroutingis the proces®f building amulticasttreethatoptimizethese
functions,oftenexpressingheaim of minimizing the costof thetree.If we aredealing
with QoSrequirementsa setof constraintss alsogiven: constraintsarein theform of,
for example,end-to-enddelay bounds,jitter bound, minimum bandwidthof the path
or otherQoSmetrics.Theresultingmulticasttreemustprovide bothreachabilityfrom
sourceto all destinationsandthe QoSconstraints.

First, we will describehow to representa network configurationin its correspond-
ing AND-OR graph,mappingnetwork nodeso AND-OR graphnodesandlinks to graph
connectos. QoSlink costswill be translatedin costsfor the connectorsGenerally
AND/OR graphsareusedto modelproblemsolving processesandtogethemwith min-
imum costsolutiongraphshave beenstudiedextensvely in artificial intelligence[16].

Afterwards wewill proposeheSoftConstraint.ogic ProgrammindSCLP)frame-
work [1, 4,9] asa corvenientdeclaratve programmingervironmentwhereto specify
and solve suchproblem.SCLP programsare an extensionof usualConstraintLogic
Programming(CLP) [10] programswherelogic programmingis usedin conjunction
with soft constraintsthatis, constraintsvhich canbe satisfiedata certainlevel. In par
ticular, we will showv how to represenan AND-OR graphasanSCLPprogramandhow
the semanticof sucha programcomputeghe besttreein the correspondingveighted
AND-OR graph.Therefore,the besttree found in this way, can be usedto shapethe
optimizedmulticasttreethatensurefQoSrequirement®n the correspondingietwork.

Sincesereral QoSparametersxpressthe costof alink atthe sametime, this prob-
lem canbeaddressedsamulti-criteria problem[6], wherethecombinatiorof thecosts
is donevia an operatorwhich is moregeneralthanthe usualsumof thelink weights.
This extensioncanbe easilycastwithin the SCLPprogrammingramework, becausét
is basedn the generalstructureof a semiringwith two operationgx and+). Then, x
is usedto combinethe costs while + andtheimplied partialordet to comparghem.

The work presentedand suggestedn this paperextendssomeresultson shortest
pathproblemspresentedn [5] and[6] . The mainideaunderlyingthis extensioncon-
cernsthe useof non-linearclausesn SCLR thatis, clausesvhich have morethanone
atomin their body:in this way, we canrepresentreesinsteadof paths.

This paperis organizedasfollows: in Sec.2 we presenisomegeneralbackground
informationaboutmulticastrouting, including alsoits QoSextensionsthenin Sec.3
we describethe problemof finding the bestweightedtreein an AND-OR graph.Sec-
tion 4 featureshe SCLP framework, while Sec.5 depictshow to represent network
ervironmentwith anAND-OR graph.At last,in Sec.6 we describehewayto passrom
and-orgraphto SCLP programs shawving thatthe semanticof SCLP programis able
to computethe besttreein the correspondingh ND-OR graph.This treerepresentshe
solution:the multicasttreethat optimizesQoSrequirementsSection7 draws thefinal
conclusionsaindoutlinesintentionsfor futureworks.

2 Multicast Routing with QoS extensions

Given a nodegeneratingoaclets, we canclassifynetwork datadelivery schemasnto
threemain types:i) Unicast whendatais deliveredfrom one senderto one specific



recipient,providing one-to-onelelivery, ii) Broadcastwhendatais insteaddeliveredto
all hosts providing one-to-alldelivery, andfinally, iii) Multicast whendatais delivered
to all the selectedhoststhat have expressednterest;thus, this last methodprovides
one-to-maw delivery.

In this paperwe concentrat@n thethird paradigmsinceour intentionis to provide
a solutionto the problemof transmittinga datapaclket from onesourceto K recevers.
In its simplestimplementationmulticastcanbe provided usingmultiple unicasttrans-
missions,but with this solution, the samepaclet cantraversethe samelink multiple
times.For this reasonthe network mustprovide this servicenatively.

A multicastaddresss alsocalleda multicastgroupaddresswith which therouters
canlocateandsendpacletsto all the membersn thegroup.A groupmemberis a host
that expressesnterestin receving paclets sentto a specificgroupaddressA group
memberis alsosometimegalleda receiveror a listener A multicastsourceis a host
thatsendgpacletswith the destinatioraddressetto a multicastgroup.To deliver data
only to interestedparties,routersin the network build a multicast(or distribution) tree
(Figure 1). Eachsubnetverk that containsat leastone interestedisteneris a leaf on
the tree. Wherethe tree branchesroutersreplicatethe dataand senda single paclet
down eachbranch.No link ever carriesa duplicateflow of paclets,sincepacletsare
replicatedin the network only at the point where pathsdiverge, reducingthe global
traffic. Downsteamis in the dataflow directiontowardthe recevers,while Upstream
is in the directiontowardthesource.
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Fig.1: An exampleof a multicastdistribution treebuilt on a network: orientedarcshighlight the
tree(directionis down stream)while dashedinescorrespondo links not traversecdby the flow.



Applicationsthat take advantageof multicastrouting include,for example,video
conference corporatecommunicationsdistancelearning, distributed simulation, re-
sourcediscovery, softwaredistribution, stockquotes nevs andalsoentertainmenap-
plicationssuchas,video-on-demandjamesjnteractve chatlinesandinternetjukebox.

Sincemary applicationghatneedmulticastdistribution alsorequirea certaintime-
linessof delivery (real-timeapplications) multicastrouting hasbeenclearly extended
to includeandguarante€oSrequirementsa globalpictureof QoSis givenin [21]. In
this case the Constaint-Basedmulticastrouting, the problemis to find the bestdistri-
bution treewith respecto certainperformanceelatedconstraintsto betterutilize net-
work resourcesindto supportQoSrequirement®f the applicationsConstraint-Based
Routing(CBR) denotesa classof routingalgorithmsthatbasepathselectiondecisions
onasetof requirement®r constraintsin additionto the destinationconstraintcanbe
imposedby administratve policies,or by QoSneedq22]. Theotherintentof CBRis to
increasehe utilization of the network (CBR is atool for Traffic Engineering21,22]),
andis a partof theglobalframework thatprovide InternetQoS[21].

Multicast problemhasbeenstudiedwith several algorithmsandvariants,suchas
Shortest-Bth Tree (SPT), Minimum SpanningTree (MST), SteinerTree (ST), Con-
strained SteinerTree (CST), and othermiscellaneousrees[19]. Algorithms basedon
SPT(e.g.Dijkstra or Bellman-Ford[8]) aim to minimizethe sumof theweightsonthe
links from the sourceto eachrecever, andif all thelink costoneunit, theresultingtree
is the least-hopone. The MST (e.g. Prim algorithm[8]) spanall the receversin the
multicastgroup, minimizing the total weightof the treeat the sametime; at eachstep,
the treeis augmentedvith an edgethat contributesthe minimum amountpossibleto
the total costof the tree,so the algorithmis greedy A ST [20] is a treewhich spans
a given subsetof verticesin the graphwith the minimal total distanceon its edges.
If the subsetmatcheghe entiremulticastgroup, ST problemreducegdo MST. ST has
beenextendedto CST, includingsideconstraintconcerningQoSmetrics.STandCST
areNP-Completeroblemg20], andmary heuristicshave beenproposedo efficiently
dealwith them[19, 20].

Themostpopularsolutionsto multicastroutinginvolve treeconstructionThereare
two reasongor basingefficient multicastrouteson trees:i) the datacanbetransmitted
in parallelto thevariousdestinationglongthe branche®f thetree,andii) aminimum
numberof copiesof the dataaretransmitted.

Multicast QoS routing is generallymore complex than unicastQoS routing, and
lessproposalshave beenelaboratedn this area[22]. With respecto unicastthe addi-
tional compleity stemsfrom the needto supportsharedandheterogeneougsenation
styles(towardsdistinct group membersiandglobal admissioncontrol of the distribu-
tion flow. Someof the approachesisea Steinerformulation[11] or extend existing
algorithmto optimizethe delay(MOSPF[15] is the multicastversionof OSPF) while
the Delay Variation Multicast Algorithm (DVMA) [18] computesa multicasttreewith
bothboundeddelayandboundeditter. Also, delay-boundeénd cost-optimizednul-
ticastrouting canbe formulatedasa Steinertree:an exampleapproachs QoS-awae
MulticastRoutingProtocol[15] (QMRP).OthermulticastQoSroutingalgorithmsand
relatedproblems(entailing stability, robustnessand scalability) are presentedn [22],
andwe did notincludethemherefor lack of space.



3 AND-OR Graphs and BestSolution Trees

An AND-OR graph[13] is definedessentiallyas a hypeigraph. Namely insteadof
arcsconnectingpairs of nodesthereare hyperarcsconnectingn-tuple of nodes(n =
1,2,3,...). Hyperarcsare called connectos andthey mustbe consideredasdirected
from their first nodeto all others.Formally an AND-OR graphis a pair G = (N, C),
whereN is asetof nodesandC is a setof connectors

k
CngUNZ'.
=0

Eachk-connector(n;,,n;,, .. .,n;, ) is anordered(k + 1)-tuple, wheren,, is thein-
putnodeandn;,, ..., n;, aretheoutputnodesWe saythatn,;, is the predecessoof
n;,,...,n; andthesenodesarethesuccessof n,,. NotethatwhenC' C N 2 wehave
a usualgraphwhosearcsarethe 1-connectorsNote that thereare also 0-connectors,
i.e.,connectorsvith oneinputandno outputnode.

In Figure2 we give anexampleof anAND-OR graph,whosenodesareny, . .., ng.
The0-connectorairerepresentedsaline endingwith a squarewhereag:-connectors
(k > 0) arerepresentea@sk directedlines connectedogether For instance(ng, n1)
and(ng, ns, ny4) arethe 1-connectomand2-connectorrespectiely, with input noden.

An AND treeis a specialcaseof an AND-OR graph,where every node appears
exactly twice in the setof connectorsC, onceas an input node of someconnector
and onceas an output node of someother connector The only exceptionis a node
calledrootwhich appear®nly once,asaninputnodeof someconnectorTheleavesof
anAND treearethosenodeswhich areinput nodesof a 0-connectarAn exampleof an
AND treewith rootn), is givenin Figure3. Heren’,, ng andng areleaves.

Givenan AND-OR graphG, anAND tree H is a solutiontreeof G with start node
n,., if thereis afunctiong mappingnodesof H into nodesof G suchthat:

— therootof H is mappedn n...
— if (niy,n4y, ..., ni) is a connectorof H, then (g(n;,), g9(ns,),...,9(n;.)) is a
connectoof G.

Informally, asolutiontreeof anAND-OR graphis analogouso a pathof anordinary
graph.t canbeobtainedyy selectingexactly oneoutgoingconnectofor eachnode For
instancethe AND treein Fig. 3 is a solutiontreeof the graphin Fig. 2 with startnode
n, = ng, if weletg(nf) = na, g(n}y) = na, g(nf) = ns, g(nk) = ny, g(ng) = ng and
g(ng) = ng. Notethatdistinctnodesof the treecanbe mappednto the samenodeof
thegraph.

TheAND-0OR graphin Fig. 2 hasa k-adicfunctionoverthereals(costfunctior) asso-
ciatedwith eachk-connectorandis thereforedefinedasfunctionallyweightedaND-0OR
graph In particular aconstants associateavith eachO-connectorlt is easyto seethat
if thefunctionallyweightedgraphis anAND tree H, acostcanbegivento it, justeval-
uatingthefunctionsassociatedvith its connectorsRecursiely, to every subtreeof H
with rootin noden;, acostc;, is givenasfollows:

— If n;, is aleaf, thenits costis theassociated¢onstant.



Fig.2: A weightedaND-OR graphproblem.

— If n;, is theinput nodeof a connector(n;,, ni,, - .., n;,), thenits costis ¢;, =
fr(ciy, ..., c;,,) where f,. is the function costassociatedvith the connectorand
¢i,, - - -, G, arethecostsof thesubtreesootedatnodesn;, , ..., n;, .

The generaloptimization problemcan be statedas follows: given a functionally
weightedAND-OR graph, find a minimal cost solution tree with start noden,.. The

functionusedto assigravalueto theinputnoden;, of ak-connectokn;,, n;,, ..., n;,)
is of theform f,.(ci,, ..., ¢, ) = ar+ci, +. ..+ ¢, Whereq, isaconstanassociatetb
theconnectolandc;,, . . ., ¢;, arethecostsof thesubtreesootedatnodesn;,, ..., n;, .

Thereforethecostof thetreein Fig. 3, with rootnoden., is 17.

In thefollowing of this paperwe will shav thatthis costfunctionis only aninstan-
tiation of amoregeneralbnebasedn the notionof c-semiring[1, 2].

4 Soft Constraint Logic Programming

The SCLPframewvork [1, 4,9], is basedon the notion of c-semiringintroducedin [2,
3]. A c-semiringS is atuple (4, +, x, 0, 1) whereA is asetwith two specialelements
(0,1 € A) andwith two operations+ and x that satisfy certainproperties-+ is de-
finedover (possiblyinfinite) setsof elementof A andthusis commutatie, associatie,
idempotentjt is closedandO is its unit elementand1 is its absorbingelement;x is



Fig.3: A minimal costsolutionAND treefor the graphin Fig. 2, with startnoden,. = na.

closed,associatie, commutate, distributesover +, 1 is its unit elementando is its
absorbingelement(for the exhaustie definition,pleasereferto [3]).

The + operationdefinesa partialorder<g over A suchthata <g biff a + b = b;
we saythata <g b if b representa value betterthana. Other propertiesrelatedto
thetwo operationsarethat+ and x aremonotoneon <g, 0 is its minimumand1 its
maximum, (A, <g) is a completelattice and + is its lub. Finally, if x is idempotent,
then+ distributesover x, (A, <g) is acompletedistributive latticeand x its glb.

Semiring-basedonstraintsatishiction problems(SCSPs)are constraintproblems
whereeachvariableinstantiationis associatedo an elementof a c-semiringA (to be
interpretedasa cost,level of preference,..), andconstraintsare combinedvia the x
operatiorandcomparedsia the <g ordering.Varyingtheset A andthe meaningof the
+ andx operationsye canrepreseninary differentkindsof problemshaving features
like fuzzinessprobability andoptimization.Moreover, in [3] we have shavn thatthe
cartesiarmproductof two c-semiringsis anotherc-semiring,and this can be fruitfully
usedto describamulti-criteriaconstraintsatishctionandoptimizationproblems.

The SCLP framework extendsthe classicalconstrainiogic programmingformal-
ism[10] in orderto be ableto handlealsoSCSP[2, 3] problems.In passingrom CLP
to SCLPlanguageswe replaceclassicalconstraintswith the moregeneralSCSPcon-
straintswherewe areableto assigna level of prefeenceto eachinstantiatecconstraint
(i.e. a groundatom). To do this, we alsomodify the notionsof interpretationmodel,
modelintersectionandothers,sincewe have to take into accounthe semiringopera-
tionsandnottheusualCLP operations.

The factthat we have to combineseveral refutationpathswhenwe have a partial
orderamongthe elementf the semiring(insteadof atotal one),canbefruitfully used
in thecontext of this papemwhenwe have anAND-OR graphproblemwith incomparable
costsassociatedo the connectorsln fact,in the caseof a partial order the solutionof
the problemof finding a besttree shouldconsistsof all thosetreeswhosecostis not
“dominated”by others.



Tablel: A simpleexampleof anSCLPprogram.

s(X) - pXY).
p(ab) - q(@).
p(ac) :- r().
q(@) - t(a).
t(a) - 2

r(a) - 3

A simple example of an SCLP programover the semiring (N, min, 4+, +00, 0),
whereN is thesetof non-ngjative integersandD = {a, b, ¢}, is representeth Tablel.
Thechoiceof this semiringallows to representonstrainoptimizationproblemswhere
the semiringelementsare the costsfor the instantiatedatoms.The intuitive meaning
of a semiringvaluelike 3 associatedo the atomr(a) is thatr(a) costs3 units. Thus
theset N containsall possiblecosts,andthe choiceof the two operationsnin and+
impliesthatwe intendto minimizethe sumof the costs.This givesusthe possibilityto
selectthe atominstantiationwhich givesthe minimum costoverall. Given a goal like
s(z) tothis programthe operationakemanticgollectsbothasubstitutiorfor x (in this
casegx = a) andalsoa semiringvalue(in this case2) which representshe minimum
costamongthe costsfor all derivationsfor s(x). To find oneof thesesolutionsit starts
for the goal and usesthe clausesas usualin logic programming.exceptthat at each
steptwo items are accumulatedand combinedwith the currentstate:a substitution
and a semiringvalue (both provided by the usedclause).The combinationof these
two itemswith whatis containedn the currentgoalis donevia the usualcombination
of substitutiong(for the substitutionpart) and via the multiplicative operationof the
semiring(for thesemiringvaluepart),whichin thisexampleis +. Thus,in theexample
of goal s(X'), we gettwo possiblesolutions bothwith substitutionX = a but with two
differentsemiringvalues:2 and3. Then,the combinationof suchtwo solutionsvia the
min operationgive usthesemiringvalue2.

5 Using AND-OR Graphs to representQoS multicast networks

In this Sectionwe explain a methodto traslatethe representatiof a multicastnet-
work with QoSrequirementgFigure5a) into a correspondingveightedaND-OR graph
model(Figure5b). This procedurecanbe split in threedistinct steps respectiely fo-
cusingon therepresentationf i) network nodesji) network links andiii) link costsin
termsof QoSmetrics.

Eachof the network nodescanbe easilycastin the correspondinghND-OR graphs
asa singlegraphnode:thus,eachnodein the graphcanrepresentin interconnecting
device (e.g. a router), or a node acting as the sourceof a multicastcommunication
(injecting pacletsin the network), or, finally, arecever belongingto a multicastgroup
andparticipatingto the communicationln Sec.6, whenwe will look for the besttree
solution, the root of the bestAND tree will be mappedin the noderepresentinghe
sourceof the multicastcommunicationijn the sameway, receverswill be modelledby



theleavesof theresultingAND tree.Whenwe translatea recever, we addanoutgoing
0-connector(Figure 5b), whosemeaning(cost)will be explainednext in this Section.
Supposehat{ng,n1,...,ng} in Figure5a aretheidentifiersof the network nodes.

To modelthelinks, we examinetheforwardingstar(f-star) of eachnodein thenet-
work: we considetthelinks asoriented sincethe costof sendingpacletsfrom noden;
to n; canbedifferentfrom the costof sendingirom n; to n; (onenotorientedlink can
be easilyreplacedy two orientedones).Supposinghatthe f-starof noden; includes
thearcs(n;,n;), (n;, nx) and(n;, n,), wetranslatehis f-starby constructingonecon-
nectordirectedfrom n; to eachof the subsetof destinationnodes{j, k, z} (Fig. 4),
for a total numberof 2™ — 1 subsetsgexcluding {0}. Thus, all the resultingconnec-
torswith n; astheinputnodeare(n;, n;), (n:, nx), (n:, n.), (ni, ng, n;), (i, Nk, n2),
(ng,nj,m,) and(ng, n;, ng,ny).

To simplify Fig. 4b, arcslinking directly two nodesrepreseni-connectorgn;, n;),
(ni,ng) and(n;, n.), while curvedorientedinesrepresent.-connectorgwith n > 1),
wherethe setof their outputnodescorrespondo theoutputnodesof thetraversedarcs.
With respectto n;, in Fig. 4 we have curved line labelledwith a that correspondo
(i, ng,nj,nz), bto (n;,ng,n;), cto (n;,n;,n.), and,atlast,d to (n;, ng,n.). To
have a clearfigure, the network links in Fig. 5a are oriented“towards” the recevers,
thuswe put only the correspondingonnectorsn Fig 5b.
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Fig.4: a) thef-starof n; network-nodeandb) its representatiowith connectors.

In the examplewe proposehere,we are interestedn QoS link-stateinformation
concerningonly bandwidthanddelay Therefore eachlink of the network canbe la-
beledwith a 2-dimensionatost,for examplethe pair (7, 3) tells usthatthe maximum
bandwidthon thatspecificlink is 70 Mbs andthe maximumdelayis 30 ms.In general,
we could have a costexpressedwith a n-dimensionalvector wheren is the number
of metricsto betakenin accountwhile computingthe bestdistribution tree.Sincewe
want to maintainthis link stateinformationevenin the AND-OR graph,we label the
correspondingonnectomwith the sametuple of values(Figure5).

In casea connectorrepresenmore than one network link, its costis decidedby
assemblinghe costsof the theselinks with the compositionoperatione, which takes



asmary n-dimensionalectorsasoperandsasthe numberof links representety the
connectarNaturally we caninstantiatethis operationfor the particulartypesof costs
adoptedto expressQoS:for the examplegivenin this Section,the resultof o is the
minimumbandwidthandthe highestdelay ergo, theworstQoSmetricvalues:

O(<b1, d1>, <b2, d2>7 RN <bn, dn>) — <|’nin(bl7 bg, ceey bn)7 ma)((dl, dz, - ,dn)>

The costof the connector(ny, ng, n4) in Fig. Sb will be (7, 3), sincethe costsof con-
nectors(ni, n3) and(ny, ny) arerespectrely (7, 2) and(10, 3):

o((7,2),(10,3)) = (7,3)

To simplify Fig. 5b, we insertedonly the costsfor the 1-connectorsbut the costsfor
the otherconnectorsanbe easilycomputedwith the o operationandareall reported
in Table3.

Sofar, we areableto translatean entire network with QoSrequirementsn a cor
respondingAND-OR weightedgraph,but still we needsomealgebraicframenork to
modelour preferencesor the links to usein the besttree.For this reasonwe usethe
semiringstructure(Sec.4). An exhaustie explanationof the semiringframework ap-
proachfor shortest-distancproblemss presentedhn [14].

For example,if we are interestedin maximizing the bandwidthof the distribu-
tion tree,we canusethe c-semiringS gandwiatn, = (B U {0, +00}, max, min, 0, 4+o00)
(otherwise,we could be interestedin minimizing the global bandwidthwith (B U
{0, 400}, max min, +oo, 0). We canuseSpeiqy = (P U {0, +00}, min, max, +o0, 0)
for the delay if we needto minimize the maximumdelaythat canbe experiencedn
asinglelink. With this resultandthe depthof thefinal tree,we cancomputean upper
boundfor the end-to-enddelay Elementsof 5 andD can be obtainedby collecting
informationaboutthe network configuration the currenttraffic stateandtechnicalin-
formationaboutthelinks. Sincethecompositiorof c-semiringds still ac-semiring[3],

SNetwork = ((BU{0,+00}, DUA{0, +00}), 4+, x', (0, +00), (+00,0))

where+’ and x’ correspondo the vectorizationof the + and x operationsn thetwo
c-semiringsgivenbdy, b € BU {0, +o00} andd;,ds € DU {0, +o0},

<b1, d1> —|—, <b27d2> = <maX(b1, bg), min(dl,d2)>

<b1, d1> X, <b27d2> = <min(b1, bg), ma)((dl,dg»

Clearly, the problemof finding bestdistribution tree is multi-criteria, since both
bandwidthanddelaymustbeoptimized.We considethecriteriaasindependenamong
them,otherwisethey canbereconductedo asinglecriteria. Thus,themultidimensional
costsof theconnectorarenotelement®f atotally orderedset,andit maybepossibleo
obtainseveraltrees,all of which arenotdominatedoy others but which have different
incomparableosts.

For eachdestinatiomnode,the costsof its outgoing0-connectowill be alwaysin-
cludedin every pathreachinghenode.As seenn Section3, a0-connectohaonly one
input nodebut no destinatiomodes.If we considerareceier asa plain node,we can



setthe costasthe 1 elementof the adoptedc-semiring(1 is the unit elementfor x),
sincethe coststo reachthis nodearealreadytotally describedy the otherconnectors
endingin this node:practically we give highestQoSvaluesto this 0-connectoyinfinite
bandwidthandnull delay Otherwisewe canimagineareceverasamorecomple sub-
network, andthuswe cansetthe costof the 0-connectorasthe costneededo finally
reacha nodein thatsubnetverk (in casewe do notwant, or cannot,shav thetopology
of the subnetverk).

Figure 5 shaws the transformationof the network of Fig. 1 into a corresponding
AND-OR graph.Group membersnot interestedin the communicationare not repre-
sentedsincethedistribution treehasnot to reachthem.In Fig. 5a, onerecever (node
ng) hasbeenreplacedvith a subnetverk, with respecto Fig. 1.
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Fig.5: A network exampleandthe corresponding\ND-OR graphrepresentation.

6 AND-OR graphsusing SCLP

In this sectionwe will shav how to represenain AND-OR graphasan SCLP program
over a specificc-semiring.First of all, we presentand solve the problemon a AND-
OR graphwhoseconnectorshave unidimensionalcosts(monacriteria),and after we
proposea multi-criteriaexampleconcerninghe multicastQoSnetwork in Fig. 5b.

To representhe classicalproblemwherethe meaningof besttreeis thetreewhose
sumof the costsof its connectords minimum we consideran SCLP programover the
semiringS = (N, min, +, +00, 0), which, asnotedabove, is an appropriatedrame-
work to representonstraintproblemswhere one wantsto minimize the sum of the
costsof the solutions.In the first example,we are interestedn finding the tree with



the minimum cost. Thus,the constantassociatedo eachconnectorthatis, its cost,is
in N andthe costsof the subtreegootedat the sonsof a certainnodeare combined
togethemusingthe+ operatorMore preciselyto describehe operationof combination
we will usethe x operatorof the semiring;the additive operatowill be usefulinstead
to compardifferenttrees,sincethepartialorder<g is inducedby + operation.

FromtheweightedaND-0OR graphproblemin Fig. 2 we canbuild anSCLPprogram
asfollows. For eachconnectomwe have two clausesonedescribesheconnectoandthe
otheroneits cost.More preciselytheheadof thefirst clauserepresentthestartingnode
n,,, andits bodycontaindoththefinal nodesandapredicatesay f;, ... ;. , representing
the costof the connectofrom noden;, to nodesn, , ..., n;, . Then,thesecondclause
is afactassociatingo predicatef;, .. ;, its cost(whichis asemiringelement).

Table 2: The SCLP programrepresentingll the AND treesover the weightedAND-OR graph
problemin Figure2.

No :- f 0,5,4,N 5, Ng. f075’4 - 2.
No :- f 0,1,N 1. f 0,1 - 3.
n, - f 1,2,N 2. f 1,2 - 3.
ng:- f 1,3,N 3. f 1,3 = 7.
ny:- fas3,ns. fas - 1
Nng - f2,5,4,n 5,N 4. f2,5,4 - 3.
ns :- f 3,6,5,N 6,N 5. f 3,6,5 -~ 1.
Ng:- fas,ns. fas - 2.
ng:- f 4,8,N 8. f 4,8 - 2.
Nns - f 5,6, 6. f 5,6 - 3.
Nns - f5,7$8,n 7,N g. f577,’3 - 2.
Ng - f 6,7,8,N 7,N 8. f 6,7,8 = 3.
n;:- 4. ng - 3.

The whole programcorrespondindgo the AND-OR graphproblemin Figure2 can
beseenin Table2. To solve the AND-OR graphproblemit is enoughto performaquery
in the SCLPframawork; for example,if we wantto computethe costof the besttree
rootedatn, andhaving asleavesa subsebf thenodesepresentingherecevers(in this
case{nr,ng}), we haveto performthequeryn,. Theoperationasemanticsnachinery
findsall trees(modulosomecutsdueto heuristicslandthencombinesall the solutions
via the additive operationof the semiring,whichin this caseis min.

Notice thatto representlassicalbesttree problemsin SCLRE we do not needary
variable. Thus the resulting programis propositional.However, this program,while
giving usthecostof thebesttree,doesnot give usary informationabouttheconnectors
whichform suchatree.Thisinformationcouldbeobtainedby providing eachpredicate
with an algumentwhich representshe connectorchosenat eachstep,aswe did for
shortespathproblemsn [6].

Theformulationgivenin Table2 hasalsoanotherdravback:theresultingbesttree
hasnot the constraintto reachall the leavesrepresentinghe recevers. To take in ac-



countthis problem,we provide a differentSCLPformulation(examplein Table3): we

providetheclausegso represensub-treess,,...(x,y), wherex is therootandy is thelist

of thetreeleaves. Thetails for this clausecanbeboth C(x, y) or C(x, z), Stree (2, y),

sincea sub-treecandirectly berepresentetly a connecto(C(z, y)) with inputnodex

andalist y of outputnodes,or a connectoreachingintermediatenodesz plusa sub-
treefrom z to destinatiomodesy (tail C(z, z), Stree (2, y)). At last,aclausewith head
Stree(|y, z) andtail Siqee(x, 21), Stree (Y, 22), append(z1, 22, z) is neededto man-
agethe junction of the disjoint treeswith rootsin the list [z|y]. Clauseswith head
C(ng, [ng, ...ng]) representhe connectorsof the AND-OR graphwith input noden;

andthelist of outputnodesny, ...nx, while the tail specifiesthe costof the connector
To properlyusethis formulation,we supposehelist of the outputnodesof theconnec-
torsaslexicographicallyordered With the queryS,.c. (., [no, ..., nk]), we areableto

find thebesttreerootedatn, andreachingall theleavesin thelist [no, ..., ng].

An exampleof this kind of programis givenin in Table 3, andcorrespondso the
AND-OR graphproblemin Figurebb. Performingthe query S, c. (no, [n6, n7, s, 9] ),
the semanticsof this programis representedn Figure 6 and correspondgo the best
distribution treewith respecto bandwidthanddelaymetricvaluesof thelinks. Theal-
gebraiccostmodelhasbeenproposedn Section5 andis representedly the c-semiring
SNetwork = ({(BU {0,400}, D U {0, +00}),+', X', (0, +00), (+00,0)). The costof
thetreein Fig. 6is (4, 5), sincex’ computeghe minimumbandwidth- maximundelay
of theconnectors.

Thefinal costof the tree obtainedwith the SCLP programis equivalentto the one
that can be computedusing x’ inside the f,. function givenin Sec.3. Startingfrom
sourcenoden, andconnectot(ng, n;) with cost(10, 1), thecostof thetreec,,, is

Cno = fr(cnl) = <107 1> X/ Cny

Table3: The SCLPprogramrepresentinghe weightedanD-0R graphproblemin Figure5b.

StTGE( z, y) - C(ZE, y)

Stree( T, Y) - C(z, 2), Stree(z, y).

Stree( x| Y, 2) = Stree( T, 21), Stree(y, z2), append( zi, z2, 2) .
C(no,[n 1]) - (10,1). Cni[n 2,nsnyg]) - (3,6).

C(ny,[n 3na4) - (7,3). C(nu,[n 2,n4)) = (3,6).

C(n1,[n 2,n3]) - (3,6). C(nq,[n 2]) - (3,6).

C(ny,[n 3]) - (7,2). C(nq,[n 4]) - (10,3)
C(na,[n 4)) = (L5). C(ns,[n 5.n6)) = (2,9).

C(ns,[n 5] = (2,9). C(ns,[n ¢]) = (3,5).

Cnan snol) - (4,3). C(ny[n 5] - (4,2).

C(n 4,[n 9]) - <573> C(n 5,[n 7,n g]) - <771>

C(ns,[n 7] = (8,1). C(ns,[n s = (7).

Cne,l 1) - (00,0). Cinz[ ] - {00,0).
Cins,[ ] = {00, 0). Clno,[ ] = (6,3).




Fig.6: Thebestmulticastdistribution treecorrespondingo the programin Table3.

7 Conclusions

We have describeda methodto representeand solve the multicastQoS problemwith
the combinationof AND-OR graphandSCLPprogrammingthebesttreeona AND-OR
graphcorrespondo the bestmulticastdistribution treemodelledby thegraph.The best
treeoptimizessomeobjectivesregardingQoSperformancee.g.minimizing theglobal
bandwidthconsumptioror reducingthe delay Thestructureof a c-semiringdefineshe
algebraidramevork to modelthecostsof thelinks, andSCLPframevork describesnd
solvesthe SCSPproblem(the besttree)in a declaratve fashion.Sinceseveral distinct
criteriamustbeall optimized(thecostsof thearcsincludedifferentQoSmetricvalues),
thebesttreeproblembelongsto multi-criteriaproblemclass.

Futureresearclcould addresslsothe remodellingof the besttree dueto the con-
tinuousnetwork-statechangesincluding the requestof multicastgroup membergo
dynamicallyjoin in andleave from thecommunicationpr the modificationsof the QoS
metricvaluesonthelinks, sincea network mustbeefficiently usedto transporimultiple
flows atthe sametime.

If the problemis seenasa SCSP a-consistency1] canbe usedto speed-upghe
searchin the solutionspacepy pruningthosesolutionsinconsistentvith therecevers
requirements.

Evenif in this paperwe have appliedSCLP programsover AND-OR graphto find
the bestmulticastdistribution tree, the sameframavork could be usedalsoto solve
problemson decisiontables[17], by translatingtheminto AND-OR graphs,or even
otherdynamicprogrammingproblems.Decisiontablesare widely usedin mary data
processingapplicationsfor specifyingwhich action must be taken for ary condition



in

someexhaustve set. Every conditionis characterizedy somecombinationof the

outcomesof a setof conditiontests.An importantproblemis to derive from a given
decisiontablea decisiontreewhich is optimalin somespecifiedsense.

Previousworks(suchas[12]) introducedageneraimodelof dynamicprogramming

basedon AND-OR graphsandshaowved thateachdynamicprogrammingproblemcould
be reducedto the problemof finding an optimal solutiontreein an AND-OR graphs.
Therefore SCLPcanexpressthe semanticof mary of theseproblems.
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