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Abstract:Thedelayanddelayvariation-boundedSteinertreeproblemisan
importantmulticastroutingissueinreal-timemultimedianetworks.Sucha
constrainedSteinertreeproblemisknowntobeNP-complete.A multicast
routingalgorithmispresented,whichisbasedontabusearchtoproduce
routingtreeshavingaminimalnetworkcostunderdelayanddelayvariation
constraints.Thesimulationshowsthatthealgorithmisefficientforactual
networks.ThisapproachmakesIP multicastutilizeresourcesefficientlyin
deliveringdatatoagroupofmemberssimultaneously.
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0 Introduction

Multicastis a mechanism to efficiently
supportmulti-pointcommunications[1].Inorder
to support real-time applications, network
protocols must be able to provide QoS
guarantees.Severaldelay-constrainedheuristics
havebeenproposed[2].However,someofthese
heuristicsmayfailtoprovidealowcosttreeas
theyassumethatnetworklinksaresymmetric.

Thereareseveralsituationsin whichthe
needfor bounded variation amongthe path
delaystakesplace.Duringateleconference,itis
importantthatthespeakeristobeheardbyall
participantsatthesametime,otherwise,the
communication may lack the feeling of an
interactive face-to-face discussion. Rouskas,
etal.[3]presentedaheuristicalgorithmthatwas
used to construct multicast trees, which
guaranteedcertain boundsontheend-to-end
delaysand delay variations.Sheu,etal.[4]

presenteda multicastroutingschemeoncore

basedtree(CBT).Buttheydonotattemptto
optimizethemulticasttreeintermsofcost.

Artificialintelligencetechniqueisusedfor
solvingthisproblembecauseofitssuccesson
similardifficultcombinatorialproblems.Forthe
delayanddelayvariation-boundedminimumcost
multicastrouting problem,severalheuristics
have been proposed[5-10].In this paper,an
efficientalgorithmispresented,whichisbased
ontabusearch[11]toproducealow-costmulticast
treewithdelayanddelayvariationconstraints.
Thisalgorithmiscalledtabusearch (TS)for
delayanddelayvariationconstraintslow-cost
multicast routing algorithm (TSDDVMA).
TSDDVMA belongsto source-based routing
algorithm,becauseitisassumedthatsufficient
globalinformationisavailabletothesource.
Thealgorithmstartswithaninitialshortestpath
treeconstructedbyusingSheu'salgorithm[4].
Thenthealgorithmconstructsabackup-paths-
setforeachdestinationusingK-thshortestpath



algorithm,andgeneratesneighborhoodstructure.

1 Problemdefinition

Mathematically, the delay and delay
variation-bounded minimum cost multicast
routingproblemcanbeformulatedasfollows.
GivenagraphG= (V,E),withnodesetVand
edgesetE,definetwoobjectivefunctions,c(u,
v)andd(u,v),oneachedge(u,v)∈E.Let
c(u,v)bethecostofedge(u,v)andd(u,v)be
itsdelay.Assumethatc(u,v)=c(v,u)and
d(u,v)=d(v,u).Onthisgraph,therearea
sourcenodes,andasetofdestinationnodesM,
calledthemulticastgroup.Thesetofvertices
fromthesetV - M - {s}iscalledSteiner
vertices.Ittriestoconstructadelayanddelay
variation-boundedSteinertreeT rootedats,
thatspansthedestinationnodesinMsuchthat
foreachnodevinM,thedelayonthepathfrom
stovisboundedbyadelayconstraintΔ,andat
the same time,the inter-destination delay
variationisalsoboundedbyaconstraintδ.
Formally,foreachv∈M,ifp(s,v)isthepath
inTfromstov,then

∑
e∈p(s,v)

d(e)≤Δ;∀v∈M (1)

∑
e∈p(s,u)

d(e)- ∑
e∈p(s,v)

d(e) ≤δ;∀u,v∈M (2)

Delayanddelayvariation-boundedminimal
costmulticasttreeisadelayanddelayvariation
constraintsSteinertreeTsuchthat

Cost(T)=∑
e∈T

c(e) (3)

isminimizedandsatisfiestheInequalities(1),(2).

2 Multicastrouting algorithm with
delayanddelayvariationconstraints

Thenumberofpossiblemulticasttreesina
computer network of a moderate size is
extremelylarge.Furthermore,becauseofthe
multiobjectivenatureoftheproblem andthe
variouscostparameters,itisnotclearwhat
constitutesthe best tree. Modern iterative
heuristicssuchasTShavebeenfoundeffective
indealingwiththiscategoryofproblemswhich
haveanexponentialandnoisysearchspacewith
numerouslocaloptima.Theseiterativealgorithms

areheuristicsearch methods,whichperform a
nondeterministicbutintelligent walkthrough
thesearchspace.
2.1 Initialsolution

Forthedelayanddelayvariation-bounded
Steiner tree problem, Rouskas, etal.[3]

constructed a delay and delay variation
constraintsSteinertree,butthealgorithm's
complexityishigh.Inthispaper,theinitial
solutionT0isconstructedbyusingDDVCA[4,5].
IfDDVCAreturnsfalse,thenthealgorithmmay
failtoobtainafeasiblesolution.
2.2 Backup-paths-set

Foreachdestinationnodev ∈ M,firstly
computeleastcostpathsfromstovbyusing
K-thshortestpathalgorithm toconstructa
backup-paths-set[7,12-14]. Let Bv be the
backup-paths-setfordestinationnodev,then

Bv = {B1
v,…,Bl

v,…,BL
v} (4)

Iftherearenokdifferentpathsfromthe
sourcetodestinationnodevsatisfingthedelay
constraint,itisshownthatthedelayconstraint
istoosmall,thennegotiatewithdestinations
nodeabovethedelayconstraint[3].
2.3 Neighborhoodstructure

AneighborstructureofthesolutionTnowis
definedas:
N(Tnow)= {T|T⊆G,T=(Tnow-ps

v)∪Bl
v,

v∈Mand1≤l≤k} (5)
whereps

visthes-thbackuppathfordestination
nodev.

Seethefollowing definitions aboutthe
multicasttree.GivenanetworkG=(V,E)and
amulticasttreeT,p(s,v)isapathfromstov,
for∀s,v∈V.

Definition1 Addingpath (∪).Adda
pathp(s,v)intoT,denotedbyT∪p(s,v),
 T∪p(s,v)= {e|e∈Tore∈p(s,v)}(6)

Definition2 Deletingpath(-).Deletea
pathp(s,v)fromT,denotedbyT -p(s,v),
wheresisthesourcenodeandvisadestination
node,
T-p(s,v)= ∪

u∈M,u≠v
{e|e∈Tande∈p(s,u)}

(7)
Theorem1 GivenanetworkG = (V,E),

asourcenodes,destinationnodesetM.Δandδ

208 大 连 理 工 大 学 学 报 第50卷 



arethedelayboundandthedelayvariation
bound of multicast session, respectively.
SupposeTisasubtree,andΔT <Δ,δT ≤δ.
Sub(M)isthedestinationscoveredinTsofar,
andSub(M)≤M.Usedmaxanddmintorepresent
themaximaldelayandminimaldelayofthepath
amongthepathsfromstoeachdestinationof
Sub(M)inT,respectively.∀m ∈ M,m ∉
Sub(M),ifp(s,m)satisfiesmax{0,dmax-δ}≤
d(p(s,m))≤ min{dmin+δ,Δ}andT' = T ∪
p(s,m),then

ΔT' ≤Δ,δT' ≤δ (8)
Theorem 1 showsthatthe procedure of

constructingafeasibletreemeetsdelayanddelay
variationbounds,ifthedelayofapathfromsto
nextuncovereddestinationsatisfiesmax{0,dmax-
δ}≤d(p(s,m))≤min{dmin+δ,Δ},andthenthe
treeafteraddingthispathisstillafeasibletree[5].
2.4 Tabumoves

Atabulistismaintainedtopreventreturning
topreviouslyvisitedsolutions.Thislistcontains
informationthatforbidsthesearchtosome
extentfrom returningtoapreviouslyvisited
solution.Inapproachofthispaper,amulticast
treeisconsideredasanelementoftabulist.
2.5 Aspirationcriterion

Aspirationcriterionisa device usedto
overridethetabustatusofmoveswheneveritis
appropriate.Ittemporarily overridesthetabu
statusifthe moveis sufficiently good. The
aspirationcriterionmustmakesurethatthereversal
ofarecently-mademove(thatis,amoveinthetabu
list)leadsthesearchtoanunvisitedsolution,

generallyabetterone.Inthisapproach,ifthecost
ofatabucandidatesolutionisbetterthancurrent
solution,thenitreplacescurrentsolutionandis
consideredasnewcurrentsolution.
2.6 Terminationrule

Afixednumberofiterationshavebeenused
asastoppingcriterion,andexperimentedwith
differentvaluesofiterations.Itisfoundthatfor
allthetestcases,theTSDDVMA converges
withinamaximumof200iterations.Thepseudo
codeforTSDDVMAisasfollows:

ProcedureTSDDVMA (G = (V,E),s,M,
Δ,δ,c,d)

1.T0 =DDVCA(G,s,M,Δ,δ,d);
2.IfT0 =NULLthenreturnFAILED;
3.iter=0;
4. Generate backup-paths-set by using

k-SPA;
5.while(iter< Maxiternum)
6. GenerateneighborsolutionN(Tnow)
7. GetbestsolutionTmin∈N(Tnow)
8. ifsatisfingaspirationcriteriathen
9. Tbest:=Tmin;Tnext:=Tmin

10. updatetabulist;
11.else
12. ifCost(Tmin)<Cost(Tbest)then
13.  Tbest←Tmin

14.  updatetabulist;
15. endif
16. iter←iter+1
17.endwhile

2.7 Timecomplexity
Theorem2 The time complexity of

TSDDVMAisO(kmn3),wheremisgroupsize
andnisnetworksize,kistheparameterin
k-SPA.

Proof Thetimecomplexityofgenerating
initialsolutionbyusingDDVCAisO(mn2)[4],
and the complexity of constructing
backup-paths-set by using k-SPA is
O(kmn3)[3,7-10,13,14].Becauseoneiterationcosts
O(k),thus,forQiterations,thecostbecomes
O(Qk).Sotheworsttimecomplexityofthe
algorithmisO(mn2+kmn3+Qk).ThetermQk
isusuallymuchsmallerthankmn3,sothetime
complexityofTSDDVMAisO(kmn3).

3 Simulationresultsanddiscussion

TheTSDDVMAalgorithmdescribedinthis
paperhas been tested on severalrandomly
generated networks based onthe Waxman's
algorithm[15].

Inthefirstsetofexperiments,TSDDVMA
iscomparedwithDDVCA[4]andSADDVMA[5,6]

forcostperformance,whereDDVCAisadelay
anddelayvariation-boundedSteinertreewithout
consideringthetreecost.Fig.1showsthetree
costctforvaryingnetworksizenwiththegroup
sizem =4and6respectivelywithanaverage
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nodedegreeof3,Δ=0.40andδ=0.20.The
sourcenodesanddestinationnodesvaryineach
timeexperiments.ItcanbeseenfromFig.1that
TSDDVMAhasabettercostperformancethan
DDVCA,andisclosetoSADDVMA,andcould
constructlow-costtreeswhichsatisfythegiven
delayanddelayvariationboundandmanagethe
networkresourcesefficiently.

Inthesecondsetofexperiments,Fig.2shows
thetreecostforvaryingnetworksizenwiththe
groupsizem =5,anaveragenodedegreeof3.5

(around)and4.0respectively,Δ=0.40andδ=
0.20.Ingeneral,TSDDVMA hasgoodcost
performanceandisfeasibleandeffective.

Finally,considertheiterationtimesofthe
algorithm.Fig.3showsthetreecostforvarying
iterationtimes withthenumberofnetwork
nodesn=40and50respectively,groupsizem
=4,5and6.Thealgorithmconvergesquickly,
andhasdesirablecharacteristicsofapproximation
iterativeheuristics,whichsatisfiesthereal-time
requirementsofmultimedianetwork.

(a)Groupsizeis4 (b)Groupsizeis6
Fig.1 TreecostctversusnetworksizenforΔ=0.40,δ=0.20andaveragenodedegree3

(a)Nodedegreeis3.5 (b)Nodedegreeis4.0
Fig.2 TreecostctversusnetworksizenforΔ=0.40,δ=0.20andm=5

(a)Numberofnetworknodesn=40 (b)Numberofnetworknodesn=50
Fig.3 Treecostctversusiterationtimesiforexamplenetwork
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4 Conclusions

Simulationsdemonstratethatthealgorithm
ofthispaperperformsexcellentperformanceof
cost,rapidconvergenceand betterreal-time
property.

References:

[1]BERTSEKAS D, GALLAGER R.Data Network
[M].NJ:Prentice-Hall,1992

[2] KOMPELLAVP, PASQUALEJC, POLYZOSG
C. Multicasting routing for multimedia
communication[J].IEEETransactiononNetworking,
1993,1(3):286-292

[3] ROUSKASG N, BALDINEI.Multicastrouting
withend-to-enddelayanddelayvariationconstraints
[J].IEEEJSAC,1997,15(3):346-356

[4]SHEU P R, CHEN S T.A fastandefficient
heuristic algorithm for the delay-and delay
variation-bounded multicast tree problem [J].
ComputerCommunication,2002,25:825-833

[5]ZHANG K, WANG H, LIU F Y.Distributed
multicast routing for delay and delay
variation-bounded Steiner tree using simulated
annealing [J].ComputerCommunication,2005,28:
1356-1370

[6]ZHANG K, WANG H, LIU F Y.Anefficient
algorithmbasedonsimulatedannealingformulticast
routingwithdelayanddelayvariationconstraints[C]
//Proceedingsofthe19thInternationalConferenceon
AdvancedInformation Networkingand Applications
(AINA'5).WashingtonDC:IEEEComputerSociety
Press,2005

[7]SUNWS,LIUZM.Multicastroutingbasedneural
networks [J]. Journal of China Institute of
Communications,1998,19(11):1-6(inChinese)

[8]LUGuo-ying, LIUZe-min.Multicastroutingbased
on ant-algorithm with delay and delay variation
constraints [C] // The 2000 IEEE Asia-Pacific
ConferenceonCircuitsandSystems.Tianjin:IEEE,
2000

[9]ZHANGSB, LIUZ M.Anew multicastrouting
algorithm basedonchaoticneuralnetworks [J].
Chinese Journal of Computer, 2001, 24(12):
1256-1261(inChinese)

[10] GUO W, XIYG.Minimalcostmulticastrouting
problemwithendtoenddelayanddelayvariation
constraints [J].Journal of China Institute of
Communications,2001,22(6):13-20(inChinese)

[11] WANGL.IntelligentOptimizationAlgorithmswith
Applications [M]. Beijing/Heidelberg:Tsinghua
UniversityPress/Springer,2001

[12]SALAMA H F, REEVES D S, VINIOTIS Y.
Evaluation of multicast routing algorithms for
real-timecommunication on high-speed networks
[J]. IEEE Journal on Selected Areas in
Communication,1997,15(3):332-345

[13]SHIJ, ZOU L, DONG T L.Theapplicationof
geneticalgorithmin multicastrouting [J].Acta
ElectronicaSinica,2000,28(5):88-89(inChinese)

[14] WANG H, FANG J, WANG H, etal.
TSDLMRA:anefficientmulticastroutingalgorithm
basedonTabusearch [J].JournalofNetworkand
ComputerApplications,2004,27(2):77-90

[15] WAXMANBM.Routingofmultipointconnections
[J]. IEEE Journal on Selected Areas in
Communication,1988,6(9):1617-1622

基 于 禁 忌 搜 索 的 组 播 路 由 算 法
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摘要:实时多媒体网络中,带延迟与延迟抖动约束的斯坦利树问题是一个研究热点.这种带

约束的斯坦利树被证明是NP-完全问题.提出了一种基于禁忌搜索的带延迟与延迟抖动约束

最小代价组播路由算法.实验结果表明,该算法对于实际网络是有效的.这种方法使得IP组

播把数据同时发送到组成员时有效地利用了网络资源.
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