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Abstract— For dynamic QoS multicast routing, efficient When a node wishes to join an existing multicast
handling of node’s join and leave is an important problem. session, a route from the existing multicast tree to the
This paper addresses the problem of optimally connecting node must be computed. This paper deals with the
a new node to an existing multicast tree under source- yroplem of optimally connecting a node to an existing
to-destination delay and inter-destination delay variaton source-based multicast tree such that end-to-end delay

constraints (MRDC-JOIN). We assume a QoS framework d inter-destination del it traints of th
where a delay dependent cost function is associated with and inter-destination defay variation constraints or the

each network link. After showing that MRDC-JOIN is Np-  Overall tree are (still) satisfied (the existing tree cutigen
complete, we present centralized and distributed versions Satisfies the constraints). We assume a QoS framework

of the algorithm MRDC-JOIN. By means of simulation, Where a delay dependent cost function is associated with
we show that the algorithm is capable of handling join each network link and link delays are integer valued.
requests efficiently in terms of success rate and tree cost The rest of the paper is organized as follows. The
in co_mparison with a centralized static multicast routing underlying problem MRDC-JOIN is formulated in Sec-
algorithm [1]. tion 1. Section IIl reviews a number of related works.
Index Terms— Multicast, QoS, source-to-destination de- Section IV shows that MRDC-JOIN is NP-complete.
lay, inter-destination delay variation, mathematical pro- Heuristics for the sub-problem of MRDC-JOIN and the

gramming/optimization, simulations. test results are described in Section V. The simulation
results show that our heuristics outperform one of the
|. INTRODUCTION currently best known existing heuristics (ACOP [4]).

. . Section VI presents centralized and distributed versions
QoS-based multicast routing has attracted a ot Ofa heuristic algorithm for the problem MRDC-JOIN,

interest due to increasing demand in group-based real-c . . . . .
) . . : : . and discusses simulation results using the algorithm.
time applications that require stringent quality of seeyic .

) . . Section VII concludes the paper.
such as video conferencing and multi-player Internet
games. For applications involving group communication,

multicast is more efficient than unicasting as it allows for Il. PROBLEM FORMULATION

the dissemination of a single copy of data to a group of We represent a network as a connected directed graph
destinations instead of sending a separate copy to e%c(ti/ E). V and E are the set of nodes andn links

destination as In a unlca§t cgmmumcaﬂon. of the network respectively. The set of destinations is
As far as real-time applications are concerned, delaydénoted byM, which is a subset of

one of the most important Q0S parameters. Commonly’The source-based tree, that is rooted at a source fiode

the delay from a source to all destinations should t?i%d spand/, is represented as a directed t&@@/, Er)

bour_1deq| [2], [3]. In a_dd_ition, the r_equirement for inter\'/vhereVT and Er represent the set of nodes and the set
destination delay variation (the difference between dgf links in the tree. In the tre@, an unique path from

lays from the source to different destinations) also arisgsn

for applications that require a certain level of synchrge .
PP 9 YNCNTR branch point of pathspZ, and pZ,, denoted byBZ,

. . . . . sV uv?
nization among various destinations [2], [3]. Furtheﬁ-S the node where the two paths split,

ins“;rli’()n;:?lirrnnlzg]r?a:':eisggzt of the multicast connection e onsider a QoS framework similar to those de-
P ' scribed in [5]-[7] where it is possible to impose a

This work was supported by the Australia TelecommunicaGor requwement,dl', on link del?y for a COSt_cl(dl)- \_Ne
operative Research Centre (ATcrc). assume that link cost functions are non-increasing and

odeu to a nodev, if one exists, is denoted by, .



delays are integer. We further assume that link delajgorithms. Similar and related problems were also ad-
variation, A;, and the link propagation delay;, are dressed in [8], [9] and reference therein.

constant. If the delay requirement imposed on lir&d, Ours is different from previous work because not only
then, at any time, link delay is guaranteed to be withjpropagation delay and delay variation are taken into
[di — Ay, dy]. account but there is also an additional constraint on the

Given a source-to-destination delay boufd, and total delay variation of the route. It is this constraintttha
an inter-destination variation delay bousd, afeasible makes MRDC-JOIN NP-complete as explained in the

delay partition S%.,. = {d;}icg, is a set of delay next section.
requirements imposed on the links of the multicast tree A number of papers (e.g., [2], [3]) considered multi-
T such that: cast routing with end-to-end delay and inter-destination
. delay variation constraints but all assumed fix link delays
Dyr, < D" VueM _ (1) and/or fix link costs. Compared to the assumptions made
Dyr = (Dyr —Apr) < D by previous work, our assumptions are more realistic,
Vu,0 € M, u+uv,b= BT ) hence, our solution will more likely find application in
bl 9 3 uv H
real-life problems.
G+A <d Ve Er 3) P
where,Dyr =37, di, andApr =370 0 Ay IV. MRDC-JOIN I1s NP-COMPLETE

We transform Restricted Shortest Path problem (RSP),

The constraints above have the following interpretdz 1 is known to be NP-complete [8], to MRDC-JOIN
tion: (1) requires that maximum delay from the source 1%t us consider an arbitrary instance of RSP: given a

a destination must not exceed the source-to-destinata%th(V E), each edge is associated with a weight
delay bound, (2) ensures _that the .diffe_:rence_in dela%i and Ier;gthle, find a shortest path from nodeto
from the source to any pair of destinations will not bguch that total path weight is no greal&: We construct
greater than the inter-destination delay variation bou@lnetworkG’(V’ E') that consists of!(V, E) and a new
(3) simply requires that the delay requirement imposee%ge(s u) (see 7Figure 1).Leb¢ = e];,w Di—W
. . . ) - e (4] .

on a link is fea5|b|e_. _ . Let the current multicast tree compose of edge:) and

Glyen the notation desc_rlbed above, the Multica Es,u) =0, Ay = 0, andd, = D*. For all e € G, set
Routing with Delay Constraints — JOIN (MRDC-JOIN);™ "y A _"" .. (d) = L.

. €
problem can now be formally stated as follows: We are going to show that the optimal solution to this

problem instance of MRDC-JOIN is also the optimal

Problem MRDC-JOIN: Give_n _ G(V. B), solution to RSP and vice versa. First, assume the optimal
{91, A, ei(d) hiep, @ source-to-destination delay bound tion of MRDC-JOIN is a pathy and a partition
D¢, an inter-destination delay variation bourddl, a {de}ec,. Then, we must have:

ejecp: ’ .

multicast treeT’” C G rooted at a source nodec V,

spanning a group C V — {s}, a feasible partition Zde < D¢ 4)
{d;}1e7, find an in-tree node € T and a route fromt ecp
to a given nodey, p C G\ T U {t}, and a sef{d; };c, ZA <Dt Zd _pe (5)

such thaty ., ci(d;) is minimized while the partition

. ; e 2
{di}iep.,., is feasible.

Because link cost is constant and the constraint (5)
becomes less strict aEeep d. increases, pathp and
a delay partition having total oD¢ must also be an

In a later section, we shall show that the sub-probleaptimal solution. In other wordg, is the least-cost path
of MRDC-JOIN is, in essence, a combined delay paamong all paths havind_ ., A, < D', SinceD' =W
tition and (unicast) routing problem with a single addiand A, = w,, p is also the optimal solution to RSP.
tional constraint on the total delay variation of the route. Conversely, supposg is the optimal path of RSP

The optimal delay partition and routing problem foproblem, it is easy to see that partitionide® over p
convex cost functions was investigated in [5] and will give a feasible solution to MRDC-JOIN. Let assume
pseudo-polynomial algorithm was proposed. Referentt®&tp is not the optimal solution for MRDC-JOIN, there
[6] extended that problem to general cost functions amaust exist a lower cost pait which is different fromp
developed a number of pseudo-polynomial algorithnfeemember that delay partitiotioes not affect the path
and fully polynomial approximation versions of thoseost). However, according to previous result, must

1. RELATED WORK



OPQRWVC(G, {Aly 617 cl(d)}IQE: t: v, -Da DU: U)

1. {A” }uev < Reverse-Dijkstred, {A; }eg, v)
2: forall u eV —{t} do

£=0 (d=De)

30 D(u,0) < 00, Agy ¢ 00

4. D(t,O) <+ 0, Att +~—0

5. for i =1,2,...,U do

6: forall weV do

7 D(u,i) < D(u,i — 1), Au,i) + A(u,i—1)
Fig. 1.  Problem transformation: adding an edge G¢V, E), & for all I € {(v',u)|(v',uv) € E} do
assigning link delays, and setting constraints. 9 for j =1,2,...,i do

10: di(j) < min{d|¢;(d) < j}

11: if di(j) <d; + A, then
also be the optimal solution to RSP, which contradici&" _di(j) <o+ A

13: it Ay + Ay + A, < Do then

assumption thap’ has lower cost thap. _ : ) . P
Since the transformation is obviously polynomial ang]‘l]gj it gEZ’ g idé(g})tr%(&,’ ZZ.__J})then
MRDC-JOIN is in NP, MRDC-JOIN is NP-complel®. .. Asy Atu,l+Au,u ’

17: else
V. OPTIMAL UNICAST ROUTING AND DELAY 18: if D(u,i) = di(j) + D(u',i — j) then
PARTITIONING WITH DELAY VARIATION CONSTRAINT 19 Ay = min{ Ay, Ay + Awra}
_ 20 if D(v,q) < D then
We first solve the (NP-complete) problem of optip;. add D — D(v,i) to delay partition of the outgoing
mal delay partition and routing with a delay variation link of ¢
constraint that is a sub-problem of MRDC-JOIN. By2: return the corresponding route and partition.

thinking of each link as a set of links of different delayg3: return FAIL

and costs, the problem can be considered as a multi- o _ . .

constrained optimal path (MCOP) problem [4], hencggétizdns The heuristic algorithm for the case of integer lirdstc

it can be solved by heuristics such asMCOP [4].

The computational complexities of MICOP and the k-

shortest path version of MCOP areO(nlogn+mD) link delay is feasible (see lines 11-12). Once the delay

andO(nlog n+kmD log kn+(k*>+1)mD), respectively. requirement is met (line 20), line 21 makes sure that
As will be seen from Section V-C, the performance dias been fully partitioned and returns the route and the

H_MCORP for this kind of problem is very poor, whichcorresponding delay partition (line 22).

motivates us to find better heuristics. For the integerin comparison with OPQR, OPQRwWVC requires an

cost function case, we develop a heuristic that is basadditional Reverse-Dijkstra run at the beginning and a

on OPQR [6], and for the convex cost function cassimple check in each iteration, therefore, its complexity

we derive from Dynamic-OP-MP [5] a heuristic that i3s O(nlogn + m +mU (U + log D)).

capable of obtaining better results in less time.

B. Convex Cost Functions

A. Integer Cost Functions The optimal delay partition and routing problem could

In order to accommodate total delay variation requirée solved exactly and efficiently when cost functions are
ment Dwv, our heuristic algorithm OPQRwVC employsconvex by a dynamic algorithm DYNAMIC-OP-MP [5].
a double-pass approach (see Figure 2). First, in thefact, its computational complexity i©(m.D log D).
reverse pass, a Reverse-Dijkstra algorithm is invoked The reasons for this efficiency and a detailed description
compute the minimum total delay variationy;,,, from of the algorithm are given in [5].
all other nodesu to nodewv starting fromwv (line 1). Using DYNAMIC-OP-MP as a basis, we develop
This information is then used in the forward pass ta heuristic algorithm OPQRwVC-CC with the same
determine if the heuristic should consider a node, i.approach used in OPQRwVC. Like DYNAMIC-OP-MP,
only a node with foreseen total delay variation that meeBPQRwVC-CC has one main function and 3 sub-
the requirement will be considered (line 13). Lines 14-1@utines, i.e., INIT, UPDATE, and GET, our sub-routines
updateD(u, %), which is the minimum total delay at aare almost the same as the original ones except that
nodew for a given costi, and the corresponding totalinformation regarding the “forward” total delay variation
forward delay variation. OPQRwVC also ensures that tla¢ each node for each total delay is also maintained and



updated along wittbase information. In the main func- MRDC-JOING, {Ar, 01, () her, D, D' T {di e, v)
tion, the foreseen total delay variation is checked before

best route information is updated at each node. Overall; ifvel then o -
. . ' if delay variation constraint is satisfigden
the complexity of OPQRwVC-CC i®(nlogn + m + return OK
mD log D). else
return FAIL

C. Performance Evaluation
We compare the performance of MCOP (k = 1..3),

forall t € T do
ComputeD, Dv,U

© 0N o Ok wNT

i , G+« G\TU{t}
OPQRwVC, and OPQRwVC-CC using tlsaccess rate _
(SR), which refers to the fraction of route requests for’ ZOLJTGEL(%{\A{Z?Cl(d)}zeE,t,v,D,Dv,U)

which feasible routes are found by a given algorithrrh; if route foundthen

and average route cost (Avg. Cost). _ 12:  return the best route found and its corresponding attach-
In our simulation, a 50-node network is generated ment nodet and delay partition.

based on Waxman’s model [10]. Each link in the networl@: else

is assigned two random values representing propagati@n return FAIL

delay and delay variation. Link cost function of a link is o _

randomly picked from a pool of 3 convex cost functionéz.'g' 3. The heuristic algorithm for the MRDC-JOIN problem
The cost functions are chosen to be convex on purpose,

as that allows for direct comparison of all algorithmshodes in the current multicast tree (a.kattachment
Any wo nodest andv in the network that are at IeaStczalndidate) to the new node and simply pick the least cost

4 hops away from each other will be included in thg,o This section will describe the algorithm and discuss
simulation. Selection of delay constraints is carefullg aNhe simulation results in the following subsections
systematically conducted to ensure that the constraints

are sufficiently tight. Table | shows the SRs and avera%e

route costs obtained by the algorithms. Algorithm Description

The centralized version of algorithm MRDC-JOIN is
shown in Figure 3. Lines 1-5 handles the case where an
in-tree node wishes to join the multicast session. The
join is successful if the delay variation constraint is met,
but unsuccessful otherwise. If the joining node is outside

TABLE |
SUCCESSRATES AND AVERAGE ROUTE COST OFH_MCOP,
OPQRNVC, AND OPQRVVC-CC

Algorithm | Success Rate(%)| Average Cost| of the current multicast tree. The current texeept the
H-MCOP ¢ = 1) 25 22 11.9455 attachment candidate currently under consideration must
H_MCOP ( = 2) 45 35 11.9336 be temporarily “removed” frqm the network (Iine_8) to
H.MCOP (: — 3) 5252 11.8156 ensure that the new route will not form a loop with the
OPORWVC 100 14.9349 _eX|st|ng tree. After route cprrlputatlon ”for a can(_jl(_zlate
OPORWVC-CC 100 11,7200 is completed, the network is “restored” to the original

(line 10). The ROUTE algorithm in line 9 can be any of
the heuristics described in Section V.

As can be seen from Table |, the success rates ofComputational complexity of this version is roughly
both OPQRwVC and OPQRwWVC-CC are 100% whil¢lr|? times the computational complexity of ROUTE,
those of HMCOP are only 25.22% fok = 1 and up to which is quite expensive. However, this complexity can
52.52% fork = 3. The average cost reduction obtainelde reduced by performing MRDC-JOIN in a distributed
by OPQRwWVC-CC is 27.4% and 2% in comparisofashion.
with OPQRwVC and HMCOP respectively. The 2% In the distributed version, a node that wishes to join
cost reduction of OPQRwVC-CC compared toMMCOP a multicast session first checks if it is already in the
does not seem to be significant, however, we need rtmlticast tree. If that is the case, it will join the multitas
remember the fact that WICOP doesnot often find group only if delay variation constraint is met. If the

feasible solutions in this experiment. node is not currently on the tree, it unicastsan-
request message to the source. The source and any in-tree
VI. PROPOSEDALGORITHM FORMRDC-JOIN node that receives the request will forward the request

The general idea behind our join algorithm is tonessage to its downstream nodes along the multicast
determine the optimal (feasible) route from each of thieee. In the end, all in-tree nodes will receive this request



Upon reception of the join-request, every in-tree node VII. CONCLUSIONS

computes the delay constraints based on its knowledgg, this paper, we have formulated the fundamental
of the downstream nodes and delay information piggiroplem of delay constrained multicast routing which is
backed on the forwarded join-request, computes the bgghnecting a new node to an existing tree under source-
route toward the new node, and if it finds a feasible rouig, gestination and inter-destination delay variation-con

it unicasts &bid to the new node. The new node collectg;raints (MRDC-JOIN). We subsequently showed that
all the bids, selects the best one and requests the NRfRDC-JOIN is NP-complete.

that sends the selected bid to connect the new node 1, gimulation, our heuristcs OPQRWVC and

the current tree via foin message. OPQRWVC-CC outperformed MWCOP (k = 1,2,3),
The computational complexity of this distributed ver; e 1009 success rate compared to 52.52% MEOP

be more control overhead associated with the exchangingye presented centralized and distributed versions of

of messages. algorithm MRDC-JOIN. The complexity of the dis-
tributed algorithm is the same as the heuristic employed
B. Performance Evaluation in the algorithm. By means of simulation, we showed

We generate 3 networks of 50 nodes, 100 nod®t the algorithm is capable of handling join requests
and 200 nodes using the same method describedemc'emly in providing high success rates and good tree
Section V-C. A source node and a set of nodes &@Sts in all test networks.
randomly selected from among the network nodes. TheFOr future work, we shall investigate the problem of
sequence in which the selected nodes are going to j&@ndling more than one join request at a time and the
the multicast session is randomized. The number B@ssibility of incorporating the distributed version of

successful joins and total tree cost are recorded. TMRDC-JOIN into a multicast routing protocol.
process is repeated 100 times for each test network. In

order to account for the impact of SRs on route cost, REFERENCES
tree cost in each run is scaled %% The success rates [1] Hieu T. Tran and Richard J. Harris, “Qos multicast rogtin
and the scaled costs are averaged over 100 runs. with delay constraints,” irinternational Network Optimization

We compare the average success rates and averageConference (INOC), Evry, France, 2003. N
P Y George N. Rouskas and lllia Baldine, “Multicast routimgth

tree costs obtained by a!gorithm M_RDC'JOIN with thos end-to-end delay and delay variation constraint&FEE Journal
computed by a centralized algorithm MRDC-GA [1].  on Selected Areas in Communications, vol. 15, no. 3, pp. 346—

Simulation results are shown in Table II. 356, 1997. o _ _ _
[3] C P Low and Y J Lee, “Distributed multicast routing, with
TABLE I end-to-end delay and delay variation constraint§omputer

Communications, vol. 24, no. 9, pp. 848-862, 2000.
[4] T. Korkmaz and M. Krunz, “Multi-constrained optimal bat
MRDC-JOINAND MRDC-GA selection,” inINFOCOM 2001, 2001, vol. 2, pp. 834-843.
[5] Dean H. Lorenz and Ariel Orda, “Qos routing in networkgtwi
uncertain parameters,EEE/ACM Transactions on Networking,

COMPARISON OFSUCCESSRATES AND AVERAGE TREE COST OF

Test MRDC-JOIN MRDC-GA vol. 6, pp. 768-778, 1998.

Network | Avg. SR(%) | Avg. Cost | SR(%) | Cost [6] Dean H. Lorenz, Ariel Orda, Danny Raz, and Yuval Shauvitt,

50 nodes 87.27 76.21 100 521836 ‘_‘Efficient gos par_tition and routing of unicast and multicas
in IWQOoS 2000, Pittsburgh, PA, USA, 2000, pp. 75 — 83.

100 nodes 90 113.77 100 | 96.4997 [7] Hieu T. Tran and Richard J. Harris, “Near-optimal alltoa

200 nodes 88.87 276.39 100 208.217 of delay requirements on multicast trees,”|FiP Interworking

2002 - Converged Networking: Data and Real-time over IP,
Perth, Western Australia, 2002, pp. 325 — 339, Kluwer Aca-

. demic Publishers.
The results show that MRDC-JOIN is capable Of[8] R. Hassin, “Approximation schemes for the restrictedrst

constructing a multicast tree quite efficiently. The costs  path problem,” Mathematics of Operations Research, vol. 17,
given by MRDC-JOIN are less than 1.5 times the tree] no. 1, pp. d36 - ‘LZ, 1992. | f

: _ ; 9] D. Raz and Y. Shavitt, “Optimal partition of qos requirents
costs provided by MRDC-GA in all cases. In terms Of[ with discrete cost functions,TEEE Journal on Selected Areas
success rates, MRDC-JOIN also performs very well as, i, communications, vol. 18, no. 12, pp. 2593-2602, 2000.
on average, more than 87% join requests are successf{ilty B.M. Waxman, “Routing of multipoint connectionsZelected
handled. The performance of MRDC-JOIN seems to get Areasin Communications, IEEE Journal on, vol. 6, no. 9, pp.

better when the network size increases. 1617-1622, 1988.



