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Abstract ; Many new distributed multimedia applications involve dynamic multiple participants, have strin-
gent end-to-end delay requirement and consume large amount of network resources. In this paper, a new DDD-
CLCMR (distributed dynamic delay-constrained least-cost multicast routing algorithm) is proposed to support
these applications. DDDCLCMR scales wel! hecanse the source of the multicast tree needs only limited computa-
tion or may even not be invalved in the route computation. When group membership changes, the existung mulri-
cast tree is perturbed as little as possible. Simulation results show that DDDCLCMR performs very well in terms
of delay and cost for both static and dynamic multicast groups, compared with the best multicast algorithms
known.
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Many new distributed real-time applications of computer networks such as distance education and videoconfer-
encing involve multiple participants, have stringent end-to-end delay requirement and consutme a large amount of
network resources. In order to support these new applicarions efficiently, multicast routing algorithms that com-
pute least cost multicast trees under a given end-to-end delay constraint are desirable. Because the membership of
the multicast group changes frequently in some applications (e, g. teleconferencing), the routing algorithms should
alsu have the ability to alter an existing multicast tree to accommodate membership changes. Although a number of
delay-constrained multicast routing algorithms!' ™ have been proposed in the past few years, but they are all de-
signed for static multicast groups. References[4~~7] have proposed some dynamic multicast routing heuristies » bur

they only consider ore link metric (link cost or link delay). Some existing multicast routing protocols used in the
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Internet {MBone) can very well support dynamic multicast groups, However, the underlying multicast routing al-
gorithms have been designed only for best-effort delivery.

Though E. Biersack and J. Nonnenmacher™  have presented a dynamic algorithm (WAVE) for the multi-con-
strained QoS routing problem, there are some drawbacks with this algorithm. (1) The number of responses could
be very large; (2) The source node is always contacted whenever a new node is added, such a solution would not
scale well; and (3) WAVE does not consider explicitly a given delay constrainr.

In this paper, we extend the distributed unicast routing algorithm DCLC-DST proposed by us earlier™?, and
propose a distributed dynamic heuristic (DDDCLCMR) for the delay-constrained least-cost multicast routing prob-
lem. DDDCLCMR scales well because the source of the mulricast tree needs only limited computation or may even
not be involved in the route computztion. When group membership changes, the existing multicast tree is per-

turbed as little as possible.
1 Problem Formulation

A network can be modeled as a graph N {(V,E}, where V is the set of all nodes, representing routers or
switches, E is the set of edges representing physical or logical connectivity between nodes, Each link is bi-direc-
ticnal. Let s&V be the multicast source, MCV — {s} the multicast destinations, and K, the ser of positive resl
numbers. We define two additive functions to each link ¢ € E; the delay function delay (e} £+ R, and the cost
tuncrion cost(e) :E—~R,. Let ¢ be any destination node of M, p(s.¢) the path from s to ¢. For a given source node
J€V and a destination node set M, there exist (he lollowing relationships for the muliicast tree constructed by s

and M.
1} delay(p (i) = E delay (e)

£€ ple.r)

2) cost (T) = 2 cost ()

Definition 1. Delay-constrained multicast tree T(5, M. A delay-constrained multicast tree T (s, A) is the
multicast tree which is constituted by source s and destination set M. and satisfies the delay constraint, i.e. [delay
(pls))D,, s €M}, where D is the delay constraint of node #.

Definitivn 2, Delay-constrained least-cost multicast routing problem: Given a network N<{V,E}, a source
node s& 1/, a destination node st MEV — {5}, a positive link delay function delay( + ) € R+ and a positive link cost
function cost( « )& Ry, the delay-constrained least-cost multicast routing problem is to find a multicast tree that
satisfies

mindcost (TG M) TG MET (s, M)}
where Tr(s, M) is the set of all delay-constrained mulricast trees constituted by 5 and M.

It has been demonsirated that the delay-constrained least-cost muliicast routing problem is NP-complere-',

2 The Proposed Algorithm DDDCLCMR

2.1 Routing information

We first discuss the routing information, which needs to be available for the proposed algorichm to do the
route computation.

Each node knaws the delay and cost of all its outgeing links. Each node has a unicast routing table that has a
delay vector and a cost vector. The delay vector consists of |V | entries, one entry for each node in the network.
Each entry gives the delay and the next hop for a node in the network. Likewise, the cost vector gives the cost re-

lated information. The information provided by each vector is computed and maintained by an existing unicast rout-
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ing protocol. Either a link-state routing algorithm ar a distance-vector routing algorithm can compute the abave
vectors, This issue is beyond the scope of this paper and we will not discuss these procedures in this paper.

Furthermore , each node also has a multicast routing table that conteins the routing information about each
multicast tree.

2.2 DCLC-DSF algorithm

LCLC-DSF algorithm is a distributed delay-constrained least-cost unicast routing algorithm recently proposed
by us. Here, we only give z simple description of DCL.C-DSF. The reader can refer to Rel. [9] for the detailed dis-
cussion.

In DCLC-DSFE. we define two functions, link judgement function, judge( = ): E-~R., and node selection
function. seleet( « ).V —E. The link judgement function is used 0 calculate the judgement value under a special
ule. The node selection function is used to select the ourgoing link according to the minimum judgement value.
From the source node, each selected node first computes the two functions. and then selects a feasible ontgoing
fink by the result of the node selection function. This process is repeated until the destination node is selected.

The link judgement funetion is crucial. Tt decides the performance of DCLC-DSF. We tried hundreds of link
‘udgement functicns during our study. The following one is 2 good example.

Witkout losing generality, we discuss any node v, any neighbor node w& A.» where A, is the set of all neigh-
hor nodes. Tn the following s We $eT pann(5vv) to be the least delay path from s o vy Dhw=0— Cdelay prar sy )
dclay{v,tw)), where s is the source, D the delay constraint, and pu¢(s.v) the path from s to © obtained by DCLC-
DSF.

L He& A,
' (eOSHU0)  qpn () 1K D A Dy 0 AW pa(5,0)
judge (v.w)=ﬁ D
) atherwise
select{v) = (v.w) While judge{v,w)=min{judge (v.:).i€ A}
2. e A,

I 0.0 and {cost (s )STcost (vate) -+ e08t (Pamin (10501 ) 1w Au A=t ). OR A= )
Then select(vi= {(u.t2
Else
‘cost{v,w)
judge(v,w)={ D

L+ oo otherwise

delay (G 220210, A DLW 0 A w & puy (s o) At

select{v)=(w.w) While judgelv,ed=min{jndgev.sd, i € At

DCLC-DSF is a simple. accurate and rabust heuristic. The averzge path cost inefficiency is always within §%
from CBE1, which is an optimal algorithm [or the delay-constrained least-cost unicast routing problem. By the
analysis of DCLC-DSF, we also have:

Thearem 1. A path constructed by DCLC-DSF from source s to destinetion 1 does not cuntain loops.

Theorem 2. DCLC-DSF always terminates in a fintte time.

Theorem 3. DCLC-DSF will construct a delay-constrained path from source s to destination ¢ if and only if
such a path exists.
2.3 DDDCLCMR algorithm

DDDCLCMR is based an DCLC-DSF. K first selects the source as an initial multicast sub-tree, then adds /re-
moves a destination node to form a new multicast sub-tree by the corresponding add/remove request. This destine-

tion node adding/removing operation exists during the whole multicast session. The process of establishing a mul-
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ticast tree in DDDCLCMR is the process that dynamically adds and removes the destination nodes.
2. 3.1 Destination ncde adding operation

Without lesing generality, we discuss any destination node z. Let 7', denote the multicast sub-tree while
adding ¢ (T, is composed of the initial multicast sub-tree, the added destination nodes and the added paths of the
added destinations), py{s,v} the path from s to v or ¥,y paslv.t) the path from v to ¢ obtained by DULC-DSF.

In DDDCLCMR, when ; joins an existing tree, { contacts node v on the existing tree T. with an add request
JoinReq(id:t.[),) where isis the unigue identifier of this multicast session. In order to reach a good s:atistical per-
farmance, node v is randomly selected on T..

The destination node adding operation is described as follows,

Step 1. Set n<u.

Step 2. If n=y and delay (pama (s4£)) > D, there exists no delay-constrained path from s to z and this operation
1erminates (s may negotiate with # 1o relax the delay bound); otherwise go to the next step.

Step 3. If delay (e (s2m) Y +delay (o t #0150, node r computes a path from itself to ¢ satisfving the delay
constraint of D —delay(gr(s.72) ) using NCLC-1SF; otherwise ga to the next step.

Step 4. » sends the received add request message JoinReg (id £, D0) to %'s parent node w on T, {according 1o
Theorem 4, n should not send this request to its child node(s) on T,). Sct n<1w, go w0 Step 2.

According to Thearem 5, if the network satisfies the delay constraint of ¢, there exists & node n on 7', satisfy-
iy the condition of Step 3. Afrer destimation node ¢ is added, a new multicast sub-1ree composed of the original
multicast sub-trees (7.} and the added path (parin)) is formed. The new muhicast sub-tree will be used for the
next destination node adding operation. This adding operation repeats until ail the destination nodes are added.

It is easy to prove that DDDCLCMR will passibly farm loeps only when judge (v, e} = judge (v, w' ) = min
{judge (2,51, k& A,) for link (v,10) and (v, ) in N(V,E). This is because that when this condition securs .
DCLC-DSF will randomly select an outgeing link from (v,we) and (v.w'). Tn order to remove loops many locp-
avoiding algorithms can be adopted. Here we only give a simple vne: adding additional information 7 (the wopology
of the sub-tree 770 10 JoinReq(id ,2,DDCF (1)) message, When judge (v,w) = judge (v, w’ ) =min {judge (v &) .k &
A,} for (vyw) and (v,w') exists in DDDCLCMR, DDDCLCMR first locks up T, if one of them already hzs exist-
ad in 1, then selects the outgoing link existing in T, as v's owtgoing link. Otherwise, DDDCLCMR randamly se-
lects one from {w.w) and (v.w') as v's outgoing link. Tn this way, the loaps ran be casily avoided.

2.3.2 Destination node removing cperation

The same as the discussion abour destination node adding operation. We discuss any destination node 2.

Step 1. Set n=y.

Step 2. Il » connects to more than two edges in the multicas: tree, make the node as the relay node. and this
operation completes. Otherwise. go to the next step.

Step 3. n releases the resource reserved for this routing, and sends a remove message RmReg(idn) 10 its {a-
ther node v on the multicast tree T,.

Step 4. Remove link (o,n). Set n+—v, go to Step 2.

When removing a leaf destinaticn node, the path pr(n,£) is removed from 7, and a new multicast tree 77, =71,
~ prlnst) is formed , where n is the disconnection node of £ on 7. Ilowever, when remaving a non-leaf destination
node s the multicast opulogy will not be changed.

2.3.3 Example of destination node adding and removing operation
Figure | shows an example of adding and removing destination nodes under the delay constraint =25 to all

destinations.
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adding node 14, addedpath: (L1 — 13 =15 = 14) removing node 6 removiny node 9, removed path: (11— 9)

® snuree @ lestination fcost, deluy}

Fig.1 An example of adding and removing cperation with =25 to all the destinations
3 Analysis of DDDCLCMR

3.1 Ceomplexity of DDDCLCMR

For a network N(V,E) with ¢ links and » nodes, we respectively discuss the situation of adding or removing
a destination node.

1. Adding a destination node

The computation complexity of adding a destination ncde at any node is ((13. This is because each time a
10de receives a JoinReq message, it performs a fixed amount of computations , irrespective ol the size of the net-
work.

We now consider the worst casc message complexity of adding a destination, i.e. the number of messages
aeeded in the worst case that the link state changes with each probe of DCLC-DSF. According to Ref. [9], the
worst case message complexity of DCLC-DSF is (2(e*). For other message it is not more than O(a). So the worst
case message complexity of adding a destination is (2(e?). In fact, the network is 100 unstable to use in practice in
‘he zbove case. Genefally, the perind of the routing session establishment is very shorty the network state unlikely
thanges drastically, In this situation, the message complexity of DCLC-DSE is (e}, thus for a stable network the
message complexity of adding a destination node irn DDDCLCMR is Ode).

2. Removing a destination node

Aceording 1o the destination node removing operation, it is obvious that the worst case message complexity of
removing a destination node is (), and the camputation complexity of removing & destination node is OC1).

3.2 Correctness of DDDCLCMR

Theorem 4. Let s denote the svurce of the existing wulticast tree Tyw any non-leaf node of 7',v any one child
nede of 20 on T and ¢ the new node to be added. H delay (py(svw))+delay (pgna (w23 > 12,y then delay (pris,v))
+delay ( pani (v22)) > 10

Theorem 5. DDDCLCMR will constriuct a delay-constrained multicast tree constituted hy source s and destina-

tion set M if and only if such a multicast tree exists.
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The proofs of Theorems 4 and 5 are given in the appendix.

Compered to WAVE, DDDCLCMR has the following merits. (1) The numher of responses sent to the new
node 1o be added could be smaller; (23 DRDDCLCMR scales better because the sowrce in DDDCLCMR only needs
limited computation or tay cven not be involved in the route computaticn; {3) DDDCLCMR specifically considets

a given delay constraint.
4 Experiments

We have used simulation experiments to evaluate the accuracy of DDDCLCME, and have run our simulations
on the distributed routing simnlator, DRS™, developed by aurselves. We have done the icllowing experiments;
(1) routing request success raric, (2) average message complexity ., (37 multicast tree cost inefliciency.

For each run of the experiment we generated a random network with an average node degree of 4. The source,
the destination set and the delay requirement (1) of each connection request are randomly generated. L 35 uni-
formly distributed in the range of [30ms,160ms . The cost of each link is uniformly distribured in [0450ms . The
delay of each link is uniformly distributed in [0, 20Cms ].

For simplicity., wa sét the delay constraints of all destination rnodes equal in our experiments.

4. 1 Routing request success ratio
The routing request success re1io fry i3 defired as follows ;
Brog= N/ N ey
where N, is the number of muiticast routing requests accepted, N, is the total number of multicast routing re-
questa,

The least delay multicast tree algorithm (LYY} has the highest routing request success ratio of all delay-con-
strained multicast routing algorilhms because il connects the destination to the source using the least delay path be-
tween them. Therefore, we compare DDDCLCMR wich LDT in this experiment, Note that we only consider the
destination node adding cperation and omit the destination removing operation in this experiment.

Figure 2 compares the success ratios of DDDCLCMR and LDT (N.y=100). The success ratio is a function of
the delay requirement. The two zlgorithms have the same success ratio in satisfying the imposed delay constrainr.
This is hecause both of them are always capable of constructing & delay-constrained multicast tree, if one exisrs.

This also proves Theorem 5.
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Fig. 2 Comparison of average success ratios of Fig. 3 Average number of messages of
DDDCLCMR and LDT (N, =100) DDDCLCMR (N, =100}

4,2 Average message complexily

The average message overhcad Ny iz defined as follows.
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Now ™ Noy ! Niog
where Nu. is the total number of messages sent, Ny, is the retal number of connection requests.

Figare 3 shows the average number of messages of 15 destination nodes versus the size of the network with
number of nodes varying in [20,200], for three different values of the delay constraint: 50ms, 80ms and 120ms.
Al the three curves indicate clearly that the average number of messages grows very slowly with the size of the
network. This meaus that DDDCLCMR algorithm can be applied in large-scale networks without causing message
flood, which alse proves that DDDCLCMR can scale well.

4.3 Multicast tree cost inefficiency

Because the bounded shortest multicast algorithm (BSMAL) has the best cost performance among all the pro-
posed delay-constrained static multicast heuristics!!'!, thus we sclect BSMA for comparison. Besides we also com-
pare DDDCLCMR with NAIVE™ which is a kuown dypamic mullicast algorithm that can compute multicast trees
satisfying a given delay constraint,

The Mulricast Tree Cost Inefficiency ¢(7'} is defined as follows,

@(TY= (cost (T —cost (Tpema )1/ cost (Tusaes )
where Tuswa is the delay-constrained multicast tree obtaned by BSMA. In this simulatuon, we first consider the
situation where the request is only JornfReq. next we consider the situation where the request may be JoinReg or
RmReq.

1. Only Add Request

In the simulation. the original request of the destination node was sent to a random node on the exis:ing tree.

This experiment simulates the situation of some zpplications in which members rarely leave the added group
until the end of the applicatian. Figure 4(a} shows the percentage excess cost over BSMA versuz number of net-
work nodes for the number of add requests of 20 and the delay bound of 40ms. Figure 4(b) shows the percentage

excess cost over BSMA versus number of add requests far the number of netwark nodes of 100 and tae delay bound

of 80ms,
1 T T T T T . B
o84 . - . S ”J % - " p.L Tod
—— \ :
A T /V_AET‘__ A ——— ﬁi
05."——"—,_'-‘—,'/ ' T N /‘/. g i
B : e : .
[T - SeA oA B - g
vzd - : o u,zl . K . . ]
L DDBCROMRL L, popeLeMR -
00 Y : p : | o0 P
e W T REw . T -
0 o0 BD ol LF>) AL 162 w0 200 5 AL At 0 pol ke 35 a0 4 0
nurnber of network rodes myniber al'add requests
(a) Percentage excess cost over BSMA versus (L) Percentage excassa cost over BSMA versus
mumber of network nodes for the pumber of number of add requests for the number of
add requests of 20 and delay bound D=8§0ms network nodes of 100 and delay bound D= 80ms

Fig- 1

From these figures, we see that the DDDCLCMR has a cost performance that is aiways within 10% worse
than BSMA . while the NAIVE is up to 70% worse than BSMA (which is similar with the simulation result in Ref,
[7]3. This proves that RDDDCLCMR is accurate and sealable.

2. Add ur Remove Reguest
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This experiment simulates the situation where the request may be JoinReq or RmReq. To determine whether
the next request is addition or remove, we compute the lollowing probability function P, (£) whicl is similar with

that introduced in Ref, [4]:

_ aln—k)
PB = e =T =0k

where n is the number of network nodes, 4 is the current number of group nudes on the multicast tree and a is a
parameter between (0,1). a represents the ratio of the number of group nodes to the number of the network norde-
s. To determine whether the next modification will be a join or leave, we compute & random number ~{0=r<C1).
1f F,(k)<r, the new request is KmReg and randomly one of the group members on the current tree is determined
as the node to be deleted; if P,(#322r, the next request is JeinReg and & non-group member is rendomly sclected
as the node 10 be added.

In the simuvlation, we set #=0. 15, D==R80ms, the network node number= 100, The simularion results are
shown in Fig. 5. Figure 5(a} shows the results when the number of requests is small (<Z10) and Fig. 5(b> shows
the case for large number of requests (s<50). From both figures it is easy to see that the cost inefficiency for DDD-
CLCMR increases slightly with the number of requests under both situations. However, NAIVE has a cost perfor-
mance that ig always mueh worse than DDDCLCMR. NAIVE is up to 60% worse than BSMA , while DDDCLCMR

is always within 109 worse than BSMA from small number to several hundreds of requests in our simulation.

e » — T —

as

Sud L e : ; . . 1 N4

P 1 “1- DBDICLCMA S0
DJ{DCLCAMIR : e : R
S BT TR T e m m
number of requests number of requests
{a) (b

Fig.5 Percentage excess cost over BSMA versus number of add/remove requests,

for number of network nodes =100 and delay bound =&0ms
5 Conclusions

In this paper, we studied the delay-constrained least-cost multicast routing problemn which is known so be NP-
complete, and proposed a heuristic algorithm. called distributed dynamic delay-constrained least-cost multicast
routing heuristic (DDDCLCMR )}, DDDCLCMR is a distributed dynamic multicast routing aigorithm based on the
unicast heuristic DCLO-DSF. ITn DNDDCLCMR, the sanree of the malticast tree needs anly limited computation or
may even not be involved in the route computation. When group membership changes, the existing multicast tree
is perturbed as little as possible,

We proved the correctness of DDDCLCMR by showing that it is always czpable of constructing a delay con-
strained multicast tree, if soch a multicast tree exists. Simulation results show that DDDCLCMR requires much
fewer messages on the average. We compared the performance of DDDCLCMR with BSMA, which has the best
cost performance among all the proposed delay-coastrained sratic multicast heuristics. We also compared GDD-
CLCMR with NAIVE., a typical dynamic delay-constrzined multicast routing algorithm. Our evaluation of the cost
performance of the algorithms showed that DDOCLCMR is always within 1025 {from the BSMA, while NAIVE is
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up to 70% worse than BSMA in some cases.

Ir. summary, DDDCLCMR is a simple, efficient, diswributed multicast routing algorithm thet scales well to
large netwerk sizes. This encourages us to use it as a starting point for implementing a multicast routing protocal
that is capable of providing QoS guarantees for real-time multicast applications. Future work should focus on
mechanisms 1o cope with transient situations when the contents of the cost vectors and the delay vectors at differ-

ent nodes are not consistent. In addition, we would like to extend DDDCLCMR to other NP-complete QoS multi-

cast rouiing.
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Appendix

The Praof of Theorem 4.
Ohviously, there exists delay Cumn (w07 1 25delay (o) | delay Cpamn (o) ). Therefore.
delay (py Gsawd ) +delay D pomn (o, 00 ) =delay Cpr i rw ) Y Hdelay Gars) b delayl pama Ciret) )55
delay{ prin,w) ) T delay( fumis () 15> Tk
Thearem 4 holds.
The Proof of Theorem 5,
Theorem 5 is equivalent to.
(1} Tt 2 delay-constrained mwitcast tree constituted by source s and destination set M exists, DDDCLUMR will constraet pae

without [ail, And
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¢2) Tf DDDCLCMR constructs a multicast ttee, the tree will be delay-constrained.

Proof 1. As to {1}, we prove its converse-negative proposition, which is equivalent to the criginal proposition, i. e. if [DD-
CLCMR fails to constract a delay-constrained multicast trec constituted by source s and destination set M. no delay-constrained
muliticasl Iree exisis.

DRDCLEMR failing o consteact o multicast tree means that at least one destination node ¢€ M [ails =0 jain the multicast sub-
tree. Let T, be the multicast sub-tree while adding destination node 2.

According to DDDCLCMR, DDDCLCMER fails to add # only il delay { pumnls,63) 7k, so that delay (p(s.0) ) 22 delay (pumin (4
¢33 D, for any path pls,e) from s to . Thersfore, no path from s to ¢ satishes the delay constraint, and ne multicast free consti-
tuted by s and M satisfies the delay bound.

{1} holds.

Proof 2. Without losing generality , we discuss any destination node 2. Let 7', be the mmlticast sub-tree when adding . and
the connection node of ¢ and 7.

According to the destination node adding operation. # succecds in adding only if delay (pr (s o)) delay (pamn {023V
which mesns there exists at least one parh from © to ¢ that satisfies the delay constraint D, --delay (pris o)),

Avcording to Theorem 35 DCLC-DSE will construct a path paslo.e) from w to ¢ which satisfies.

delay (par(uat) )52l) - delay (prds, )}

delay (pacsCo, ) +delay Cpr s, w310l
Therefore, the routing path py (5,0 + pag{v.) of ¢ satisfics the delay constraint Da
(2} holds.
By combining €1} and (2), Theorem 3 holds.
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