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of additive type, suh as delay, loss and jitter. Band-width, in turn, belongs to the lass of bottlenek re-quirements, whih are muh easier to handle than"additive" requirements.Given a multiast group and a set of optimizationobjetive funtions, a set of onstraints in the formof end-to-end delay bound, minimum bandwidth, de-lay jitter bound, onstraint-based multiasting rout-ing is a proess of onstruting, based on the networktopology and the network state, a multiast tree thatoptimizes the objetive funtions while satisfying theonstraints. The objetive funtion ould be de�nedto minimize the delay of eah path from the soureto a multiast group member, whih is important fordelay-sensitive multimedia appliations, suh as real-time teleonferening. We all this kind of objetivesperformane-driven. Or it ould be de�ned to mini-mize the ost of a multiast tree, whih is importantin managing network resoures eÆiently. We allthis kind of objetives ost-driven [5℄. This is knownas the Steiner tree problem and is NP-omplete [7℄.Figure 1(a) shows an example network where theedge labels are the (delay, ost) pair. Edge ost ouldbe a measure of resoure utilization, e.g., the amountof bu�er spae or hannel bandwidth used, and edgedelay ould be a ombination of propagation, trans-mission, and queuing delay. The multiast group isf1; 2; 4; 6; 7; 8g, where 1 is the soure vertex. The de-lay onstraint for all destinations is 12. Figure 1(b)shows a multiast tree with a ost of 26. This is not adelay-onstrained multiast tree, sine the 1{7 delayis 15, whih is larger than the delay onstraint 12.Figure 1() shows a delay-onstrained multiast treewith a ost of 32.Some multiast routing algorithms are basedon building a least-delay soure-to-destination tree.This approah does not always lead to eÆient net-work resoure utilization, sine it does not neessar-ily optimize sharing of the network links. A numberof new multiast routing algorithms designed speif-ially for real-time appliations were proposed dur-ing the past few years [2, 3, 4, 8℄. Parsa, Zhuand Garia-Luna-Aeves [3℄ proposed a heuristi al-gorithm, alled the bounded shortest multiast al-gorithm (BSMA), to onstrut minimum-ost mul-tiast tree with delay onstraints. BSMA starts byonstruting an least-delay tree. Then it iterativelyreplaes superedges in the tree with lower ost su-peredges not in the tree, without violating the delay1
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(2, 2)() a delay-onstrained m treeFigure 1: Example network, m trees and delay-onstrained m treesbound, until the total ost of the tree annot be re-dued any further. Kompella, Pasquale, and Polyzos[2℄ proposed a heuristi algorithm, alled the KPPheuristi. KPP �rst omputes a delay onstrainedlosure graph over the multiast group. Then, KPPuses Prim's algorithm to obtain a minimum spanningtree of the losure graph. The edge seleted eah timeis the one whih does not violate the delay onstraintand minimize a seletion funtion. Observing thatevery multiast tree has a Steiner topology, Xue andXiao [8℄ proposed a fully polynomial time approxi-mation sheme for omputing a minimum ost delay-onstrained multiast tree under a Steiner topology.This paper presents a new algorithm for the on-strution of a minimum-ost multiast tree with delaybounds. Consistent with the assumptions made in allprior approahes to delay-onstrained minimum-ostmultiasting, throughout this paper we assume thata node running DSMCA has omplete topology in-formation.The rest of this paper is organized as follows. Insetion 2, we de�ne the problem model. In setion 3,we review Steiner topologies and disuss the relation-ship between minimum ost delay-onstrained multi-ast trees and minimum ost delay-onstrained real-

izations of a Steiner topology. In setion 4, we presentour DSMCA algorithm. In setion 5, we present sim-ulation results.2 Problem De�nitionWemodel a ommuniation network by an undiretededge weighted graph N = G(V;E; ; l), where V isthe set of n nodes, E is the set of m edges. Nodesrepresent routers or swithes, and edges represent theommuniation link between them. (e) = (u; v) =(v; u) � 0 is the ost of an edge e = (u; v) = (v; u) 2E. l(e) = l(u; v) = l(v; u) � 0 is the delay thatpakets experiene on edge e = (u; v) = (v; u) 2 E.Let G0 be a subgraph of G. The ost of G0, denotedby (G0), is the sum of the edge osts over the edgesin G0. Let � be a path in G. The delay of �, denotedby l(�), is the sum of the edge delays over the edgeson �.A multiast request is given by a tuple(s; �; t1; t2; : : : ; tp) where s 2 V is the soure vertex,t1; t2; : : : ; tp are p destination verties and � is theorresponding delay onstraint. A multiast tree forthe given multiast request is a tree subgraph of Nwhih spans the soure vertex and all the destinationverties. The multiast tree that we are interestedin onstruting is a delay-bounded minimum Steinertree(DBMST) and the problem an be formally de-sribed as follows.DBMST problem: Given a graph N = G(V;E; ; l)and a multiast request, onstrut a delay-boundedminimum Steiner tree T spanning the soure vertexand all the destination verties, suh that the ost ofthe tree is minimized while delay onstraint is satis-�ed. If �i is the unique s{ti path in T ,minimize Pe2T (e) (2.1)s:t: Pe2�i l(e) � � (2.2)For example, during a teleonferene, it is impor-tant that the speaker be heard by all partiipantswithin a bounded time; otherwise the teleonferenemay lak the feel of an interative disussion.3 Tree topologies and their re-alizationsWe will need the following onepts introduedin Xue and Xiao [8℄. De�nition 1 Let V =f�; �1; �2; : : : ; �p;!1; !2; : : : ; !qg be a set of 1 + p+ qverties. A tree T = G(V ; E) is alled a treetopology for soure vertex s and destination ver-ties t1; t2; : : : ; tp if the degree of !j is at least 3 forj = 1; 2; : : : ; q. !1; : : : ; !q are alled Steiner verties.A tree topology T is alled a Steiner topology if



A Delay-Saling Multiast Algorithm 3Table 1: Two realization of the topology in Figure 2Æ �1 �2 �3 �4 �5 !1 !2 !3 !41 2 4 6 7 8 8 8 2 31 2 4 6 7 8 2 8 2 31. q = p� 1;2. the degree of !j is exatly 3 for j = 1; 2; : : : ; p�1;3. the degree of � or �i is exatly 1 for i =1; 2; : : : ; p.
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�2 �3�4 �5 !4 �1!2 !3!1������ PPPPPPPP�� �� �� ���� ��Figure 2: A Steiner topology orresponding to themultiast tree in Figure1()De�nition 2 Let T be a tree topology. A realiza-tion R = R(T ) of T is a pair of mappings RV andRE where RV maps V to V suh that1. RV(�) = s;2. RV(�i) = ti for i = 1; 2; : : : ; p; and3. RE maps eah edge (�; �) in T to a RV(�) �RV(�) path in G.The delay of (�; �) in N indued by realizationR anddelay funtion l, denoted by l(�; �;R), is the delay oftheRV(�)�RV(�) path in N . The ost of (�; �) in Nindued by realizationR and ost funtion , denotedby (�; �;R), is the ost of the RV(�)�RV (�) pathin N .De�nition 3 A realization R of a tree topologyT is a delay- onstrained realization if the induedpath delay from � to �i is no more than � for i =1; 2; : : : ; p. The ost ofR, denoted by (R), is the sumof the indued edge osts of all the edges in T . Theost of T , denoted by (T ), is the minimum amongthe osts of all delay-onstrained realizations of T .

Table 1 shows two realizations of the Steiner topol-ogy in Figure 2. The �rst realization in Table 1 has aost of 28 and does not satisfy the delay onstraints.The seond realization is a delay-onstrained realiza-tion with a ost of 32.Xue and Xiao[8℄ proved the following theorem.Theorem 1 Let T be a minimum ost delay-onstrained multiast tree. Let T be a minimum ostSteiner topology. Then (T ) = (T ), i.e., there existsa minimum ost delay-onstrained realization R of Tsuh that (R) = (T ). 2Computing a minimum ost delay-onstrained re-alization of a Steiner topology is NP-hard [8℄. How-ever, Xue and Xiao presented a polynomial time ap-proximation sheme for this problem. In the follow-ing setion, we will apply this tehnique to design adelay-saling algorithm for omputing a good Steinertopology and a good approximation to the minimumost delay-onstrained multiast tree. Computationalresults show that in all ases, the delay bound is sat-is�ed and the ost of our tree is smaller than thoseprodued by previous heuristis.4 Desription of DSMCAIn this setion, we present our algorithm, DSMCA(Delay Saling Multiast Algorithm). The nameomes from the fat that the algorithm works by sal-ing delays. Given a delay onstraint D, we an om-pute single soure delay-onstrained minimum osts{v paths for all v 2 V whose delay is at mostd 2 f1; 2; : : : ; Dg. This an be aomplished inO(mD + nD log(nD)) time by a modi�ation of Di-jkstra's algorithm [8℄. We will use L(u; v; d) to de-note the minimum ost of a u{v path whose delayis bounded by d. In [8℄, Xue and Xiao presenteda dynami programming algorithm for omputing aminimum ost delay onstrained multiast tree undera Steiner topology and delay onstraint D. The timeomplexity of that algorithm is O(D2n2 lg p). Due tospae limitation, we will not desribe that algorithmhere but will use that as a subroutine in the designof our algorithm.DSMCA onstruts a Steiner topology by start-ing from the soure node and iteratively adding onemultiast destination at a time until the topology isompleted. At eah iteration, the least-ost topologyof all possible di�erent topologies is seleted. ForSteiner topology Tp for the ase of p-destinations,there are 2p � 1 edges in Tp. We an obtain 2p � 1di�erent Steiner topologies Tp+1 for the ase of (p+1)-destinations, obtained by joining the new destinationto one of the 2p�1 existing edges in Tp. Therefore, atthe ith iteration, there are 2i�1 di�erent topologies.The least-ost one is seleted as Ti+1. The basi stepsof the DSMCA heuristi are desribed in Algorithm



A Delay-Saling Multiast Algorithm 41. The Running time is O(n4p2 lg p), where p is thesize of the multiast group and n is the number ofnodes in the network.Algorithm 1 DSMCAstep 1 Sale the delay of the links by n� .step 2 Let T be the unique Steiner topology forsoure s and destinations t1 and t2. Usingthe algorithm of [8℄ to ompute an low ostdelay onstrained multiast tree T under thistopology. Set k := 2.step 3 while k < p dofor eah of the 2k � 1 edges in T doonnet tk+1 to that edge to form a newSteiner topology;ompute the minimum ost delay-onstrained multiast tree under this topol-ogy;endforLet T be one of the 2k � 1 topologies thatyields the minimum ost;k := k + 1;endwhilestep 4 Compute and output an approximation tothe minimum ost delay onstrained multiasttree under topology T .5 Simulation resultsDSMCA has been implemented in C++. A C++lass library, LEDA is used in software implementa-tion. The experiments were arried out on a PIIIdesktop with 512M of memory and running RedHatLinux 7.0. We used random graphs of a given nodesize n and edge size m. The link ost and delay arealso random numbers uniformly distributed in theinterval [1, 100℄. Group members were piked uni-formly from the set of nodes in the graph, exludingthe nodes already seleted for the group.In the experiment, the average degree of the ran-dom graphs is 4. The size of the graph was variedbetween 10 and 100 nodes. A total of more than40,000 runs were performed. Two di�erent sizes wereused for the number of destinations in the runs: 5and 10. The ost of eah multiast tree produed byBSMA is normalized by the ost of our DSMCA al-gorithm for the same group instane. The resultingost ratio � is averaged over the number of groups K,i.e. � = 1K KXi=1( ost(BSMA)ost(DSMCA) � 1) (5.1)The results are shown in Figure 3. The labelBSMA1.0 is given to the ost ratio of BSMA with
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(a) 5 destinations
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(b) 10 destinationsFigure 3: Normalized redution in ost.
the delay bound equal to the delay of minimum-ostsolution obtained using Dijkstra's algorithm. The la-bel BSMA0.5 is given to the ost ratio of BSMA withthe delay bound halfway between the two extremesof the minimum-ost and minimum-delay solutions.From Figure 3, we observe that when the delayis tight, on average BSMA's ost was higher thanDSMCA's ost by at least 10%. When the delay is in-reased, the di�erene beomes smaller beause thereare fewer delay-bound violations.The proessing time was omputed for eah ofthe simulated heuristi. The overall average runningtimes of eah heuristi are shown in Table 2.



A Delay-Saling Multiast Algorithm 5Table 2: Average proessing time in seonds for mul-tiast group size of 6No. of nodes BSMA DSMCA10 0.02 0.1220 0.07 0.4430 0.12 0.9940 0.28 1.7450 0.38 2.6760 0.50 3.7670 1.02 5.3580 1.22 6.9690 1.56 8.76100 1.76 11.046 ConlusionsIn this paper, a new delay-bounded minimum-ostmultiast heuristi is presented. DSMCA onstrutsa Steiner topology by starting from the soure nodeand iteratively adding one multiast destination at atime until the topology is ompleted. At eah itera-tion, the least-ost topology of all possible di�erenttopologies is seleted. Our simulation results showthat DSMCA on average produes lower ost treesthan other known heuristis.Referenes[1℄ J. Walrand, P. Varaiya, High-performane om-muniation networks, Morgan Kaufmann Pub-lishers, 2000.[2℄ V. P. Kompella, J. C. Pasquale, and G. C.Polyzo, Multiast routing for multimedia om-muniation, IEEE/ACM Transations on Net-working, pages 286-292, 1993[3℄ M. Parsa, Q. Zhu and J. J. Garia-Luna-Aeves,An iterative algorithm for delay-onstrainedminimum-ost multiasting IEEE/ACM Trans-ations on Networking, Vol. 6(1998), pp. 461{474.[4℄ A. Goel, K. G. Ramakrishnan, D. Kataria andD. Logothetis, EÆient omputation of delay-sensitive routes from one soure to all destina-tions, IEEE INFOCOM'2001.[5℄ G.L. Xue, Provably Good Approximations toMinimum Cost Delay-Constrained MultiastTree, IEEE international Conferene on Com-puter and Communiations and Networks, pp.610{614.[6℄ H. F. Salama, D. S. Reeves, and Y. Vinio-tis, Evaluation of multiast routing algorithms

for real-time ommuniations on high-speed net-works, IEEE J. Selet. Areas Commun., Vol. 15,pp. 332{345, Apr. 1997[7℄ M. Garey and D. Johnson, Computers and In-tratability: A Guide to the Theory of NP-Completeness, New York:Freeman, 1979[8℄ G.L. Xue, W. Xiao, Approximations to minimumost delay-onstrained multiast tree under asteiner topology, with appliations, IEEE/ACMTransations on Networking, under review.[9℄ L. H. Sahasrabuddhe, B. Mukherjee Multiastrouting algorithms and protools: A tutorial,IEEE Network, pp. 90-102, Jan/Feb 2000


