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A Distributed Algorithm of Delay-Bounded
Multicast Routing for Multimedia
Applications in Wide Area Networks

Xiaohua Jia,Member, IEEE

Abstract—Multicast routing is to find a tree which is rooted The configuration of a connection is to configure the new
from a source node and contains all multicast destinations. There connection at each node on the tree, which includes the
are two requirements of multicast routing in many multimedia o0 a4ions, such as reserving network resources, registering
applications: optimal network cost and bounded delay. The net- AR o . . -
work cost of a tree is defined as the sum of the cost of all th€ connection in a swnchmg table_useq to switch incoming
links in the tree. The bounded delay of a routing tree refers packets to the corresponding outgoing links, and so on.
to the feature that the accumulated delay from the source to In connection-oriented communication, once a connection
any destination along the tree shall not exceed a prespecifiedis set up all traffic follows the selected route until the connec-

bound. This paper presents a distributed heuristic algorithm . . A .
which generates routing trees having a suboptimal network cost tion is torn down. Therefore, it is important for a multicast

under the delay bound constraint. The proposed algorithm is fully COnnection to select a routing tree whose network cost is
distributed, efficient in terms of the number of messages and minimal. The network cost of a tree is defined as the sum

convergence time, and flexible in dynamic membership changes. of the cost of all links in the tree. Finding such a tree in

A large amount of simulations have been done to show the 4 nenyork is called the Steiner tree problem [12], which
network cost of the routing trees generated by our algorithm

is similar to, or even better than, other existing algorithms. is NP-complete [11]. Many inexpen;ive heuristic algorithms
) o ) have been proposed (see surveys in [13], [19], and [20]) to
Index Terms—Delay-bounded multicast, distributed routing g4 4nnroximate solutions to Steiner trees. However, there
algorithm, multicast routing, multimedia systems, real-time com- . e . L _
munications. are three major difficulties in applying the existing heuristic
algorithms to the routing of real-time multicast connections:
The first difficulty is routing in a fully distributed fashion.
Most of the proposed heuristic algorithms are centralized in
ULTICAST is a kind of group communication whichnature. A centralized algorithm requires a central node (or
requires simultaneous transmission of messages frawvery node) to be responsible for computing the entire routing
a source to a group of destinations. Real-time multicast tige, and this central node must have the full knowledge
a multicast scheme in which messages should be receiasbut the global network. It suffers from some drawbacks in
by all destinations within a specified delay bound. Thelarge networks, such as poor fault tolerance (failure of the
are many applications relying on real-time multicast servicasgntral node), heavy computing load at the central node, high
such as interactive video conferencing systems, distributedmmunication cost in keeping network information up-to-
group-game systems, concurrent editing systems, and so g¥ite, and inaccuracy of routing information.
In real-time communications, a (logical) connection from the The second difficulty is the generation of an optimal routing
source to the destination(s) needs to be established befgee under a delay bound. In addition to having the minimal
any data transmission occurs [7]. During the connection setugtwork cost, the routing tree for a real-time connection
sufficient network resources (i.e., network bandwidth, buffefequires that the delay from the source to any destination shall
etc.) are reserved at each network node on the connectiomg® exceed a prespecified bound. However, the requirement
that user required quality of service (QoS) can be guarantegdminimizing network cost often conflicts with the bounded

at data transmission time. _ ~ delay requirement in multicast routing.
There are two steps of a multicast connection establishmentrhe third difficulty is the integration of routing with the

in wide area networks (WAN's): routing and configuration ofonnection configuration into a single phase of operations. The
the connection. The routing is to find a routing tree whicByisting methods for establishing connections tend to separate
is rooted from the source and links all the destinationge routing operation from the connection configuration. That
_ _ _ is, a routing tree is generated first, and then the configuration
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three difficulties. The proposed algorithm has the following
advantages.

1) Fully Distributed: Each node operates based on its local
routing information and the coordination with other
nodes is done via network message passing.

2) Suboptimal Routing Trees Under Delay Bouiithe net-
work cost of routing trees is suboptimal under the
condition that the delay from a source to any destination
along the tree does not exceed a prespecified bound.

3) Integration of Multicast Routing with Connection Con-
figuration: Because of this feature, our method uses a
small number of messages and short convergence timg 1. A simple example of a network graph.
to establish a connection. The message cost is even
comparable to those using centralized routing.

4) Dynamic Membership Changes of Multicast Groups:

all of the nodes ofD and an arbitrary subset ¢V — D),

destination can leave or join a multicast group Withod'f’r:/(\)/ie leaf Sﬁt CODS'StS only of a subshet of godleof
restructuring the existing routing tree (i.e., not affect the en multicasting a message to the nodesibisource
existing traffic on the connection). nodes (the root of a routing tree) sends a copy of the message

to each of its children along the tree. These children in turn
transmit the message to their children until all nodes in the

[I. SYSTEM MODEL AND PROBLEM SPECIFICATION tree (thus, all nodes D) have received the message. If
|D| = 1, it becomes a unicast, and [D| = |V| — 1, it is
A. Real-Time Optimal Multicast Routing a nonselective broadcast. According to the nature of trees, a

. multicast message flows through each branch of the routing
The network is modeled by a connected gra@V’, £), trede once and only once to reach all the destinations. Therefore,

where the nodes in the graph represent _network routers ?He network cost of multicasting a message to a group of
the edges correspond to communication links between no destinations is proportional to the sum of the cost of all links

Each linki € £ is associated W'th .tWO parametea@) and in the tree. We define the network cost of a multicast routing
d(l). ¢(I) denotes the communication cost bf which can

be the number of hops of in WAN'’s. d(I) is a measure tree I" as
of delay that messages experience lpnwhich includes the NetworkCost(T) = Z (D). @
queuing, transmission, and propagation components. In this =

paper, we assume that the two parametéfsandd(l) have

the following relationship: One important objective of multicast routing is to optimize

(i.e., minimize) the network cost of routing trees. By selecting
Vi, lp € B if c(ly) > c(ly), thend(ly) > d(ly). (1) optimal routing trees for multicasts, the network cost of
- - each multicast can be minimized. The gain of the savings

Under this assumption, tHeast cost pattbetween two nodes is espec_ially significant in multimedia applications where
(i.e., the shortest path in terms of cost) is alwaysshertest Communication occurs more frequently and messages are
delay pathbetween them. usua_llly very large in size due to the transmission of audio
The assumption in (1) is reasonable in most data commufl- video files. S o
cation networks. It is especially true when the cost parametefAnother requirement of multimedia communication is
is measured by the number of hops, because a path with [Bggnded delay of message delivery. In order for audio or
number of hops usually has shorter network delay. Fig_video to be effectively used in interactive communication, the
is a simple example of a network graph. For the clarity Stelay from source nodeto any destlnat|_on is expected to be
diagrams, we use the same integer number to indicate b8fPer bounded. The exact amount of this delay bound depends
values of cost and delay parameters of links in the diagre®R particular applications. The bounded delay requir_ement can
[it does not affect the generality of the diagrams because ¥ expressed as the following, whef¢s, u), u € D, is the
the assumption on the relationship between the cost and det@jh froms to « along the routing tred” and A is the delay
parameters in (1)]. Our algorithm still treats the two paramete?§und
separately. . . vueD: Y d) <A 3)
A multicast operation transmits a message to a group of lePlaw
destinations. A multicast route always takes a tree structure to '
reduce the number of message copies on the network, wher&@he network cost requirement is additive over the whole
message copying occurs only at fork nodes of the tree. thee, while the bounded delay requirement is additive over
multicast routing tree can be defined as the following. individual paths frons to destinations along the tree. Our goal
Given a source node € V, a set of destination nodesis to find a routing tree with optimal network cost defined
D c V, with s € D, a routing tree for a multicast connectionin (2) under the delay constraint defined in (3). To ensure
is a subtree of the grapti(V, E) rooted froms, that contains the existence of such a tree which satisfies (3), the following
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condition must hold, where SDR, ) is the shortest delay that the delay to any destinations shall be within a bound. A

path froms to w: recent survey of delay-bounded routing algorithms and the
evaluation of them can be found in [17]. Kompekd al.
Vue D: Z d(l) < A. (4) proposed twocentralized heuristics in [15]: thecost-delay
1€SDP(s,u) heuristic and thecost heuristic. Both of them are based on

Prim’s MST algorithm. A routing tree grows up from the
sources. Each time when selecting the next nontree node
to add to the tree, theost-delayheuristic uses the following
function to convert the cost and delay of a link into the weight

Otherwise, a routing tree which can meet the delay baind
does not exist .

B. Related Work

The three major difficulties in routing for real-time multicast it (Dlu] + #u, o)) < &
connections are: fully distributed routing, delay-bounded sub- thenwlu, v] = clu, v]/(A — (Dlu] + t[u, v]))
optimal routing, and integration of routing with connectio .

) . . - ) r{)thermse

configurations. We now discuss some existing solutions to
those problems. wlu, v] = oo

1) Distributed Steiner Tree HeuristicsSome widely
adopted distributed heuristics are based on minimum spannimigere ¢ and ¢ are the cost matrix and delay matrix, respec-
tree (MST) heuristics [1], [4], [9], [16]. An MST heuristic istively; « is a tree node an@®[u] is the delay froms to «
to generate an MST of the network gra@liF, V'), spanning along the tree. Then it selects nodevhich has the smallest
all nodes inV. Then an approximate Steiner tree is obtained[«, v] and adds it to the tree. Th®stheuristic simply selects
by removing, from the MST, subtrees containing no nodes imdev whose cost to the tree is minimal under the condition
{s} U D. Basically, there are two types of distributed MSTD[v] < A and adds it to the tree. These two heuristics are later
algorithms. One type is based on the Prim’'s MST algorithnextended to distributed versions in [16]. In their distributed
Prim’s algorithm [6] initializes the tree as the source node anersions, the two policies (heuristics) of selecting edges remain
then grows the tree by successively adding the next closdst same. But each time of selecting an edge, adding to the
node to the tree, until all nodes are in the tree. The otheee, it takes one round trip along the tree formed so far: a
type is based on Kruskal's MST algorithm [6]. Kruskal’'SFIND message is first sent from down to the tree leaves,
algorithm initializes each of the nodes as a subtree and joimsde by node, to determine the best out-going edge at each
subtrees pairwise repeatedly until all the nodes are in a singlede; then the best out-going edge is propagated from the
tree. There are two disadvantages to these algorithms. Filsgves back te, replaced by a better choice along the way.
all the nodes in the network are involved in the execution dhis is a time-consuming and message-costly procedure.
the MST algorithms, which is very costly in large networks. Jia et al. [14] proposed acentralized algorithm which
Second, it takes two steps to produce a routing tree: iipproves the performance of Kompellasstheuristic. When
generate an MST of the whole network and 2) prune the MSElecting nodes to add to the tree, iD[v] > A, it backtracks
to the routing tree. It costs more network messages and takes tree formed so far to find a structure of the tree which
a longer time to establish a connection. can link v to the tree with the least cost under the condition

2) Delay-Bounded Suboptimal Routinghe cost require- P[v] < A. It then restructures the tree to includeinto
ment often conflicts with the delay requirement in multicashe tree. Zhuet al. proposed anothecentralizedalgorithm
routing. A Steiner tree with optimal network cost may havealled the bounded shortest multicast algorithm (BSMA) in
a long delay to the farthest destination. Whereas a shortgsl]. BSMA starts with an SPT to all destinations. It then
path tree (SPT), in which each path from the source toiteratively replaces super-edges in the tree with lower cost
destination is a shortest path (in terms of delay), has thaths not in the tree without violating the delay bound. A
shortest delay, it may incur a high network cost. A tradeofiuper-edge is a path in the tree between two branching nodes,
algorithm between optimal network cost and minimum averag@o destinations, or a branching node and a destination. The
delay was proposed by Kumat al. in [3]. It generates two operation continues until the total cost of the tree cannot be
routing trees, an SPT and a Steiner tre€”. A k-degree reduced any further. The computation cost of searching the
tradeoff ¢ is a positive integer specified by the user) ibest replacement of a super-edge under the delay constraint is
achieved by first identifying out destinations to whom the very high. The computing complexity (K n® log n), where
difference between the delay ffi and the delay irif” is the K is the convergence number in searching a delay-bounded
largest. Then the paths fodestinations irif” are replaced by shortest path (shortest in terms of cost) for a super-edge, and
the corresponding shortest pathsfinobtaining a less optimal » is |V|.
routing 7”, but with a shorter average delay. This idea can be3) Integration of Routing with Connection Configuration:
extended to delay bounded routing by replacing those pathsa distributed environment, routing operation must be in-
in the Steiner tree whose delay exceeds the bound by theigrated with the operation of connection configuration so
shortest paths. This extended algorithm is later simulatedthmt a connection can be established faster. This is because
Section V. connection configuration needs to be done node by node along

In multimedia applications, there is actually no need tthe direction from the root to all leaf nodes. If the routing
minimize the average delay to all destinations. It often requireperation is separate from the configuration, it would take an
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extra traverse of the whole tree to configure the connectianum. Before discussing the details of our algorithm, we give

which is costly in both time and network messages. Centralhe following definitions.

ized algorithms compute routing trees at a central node, sdDefinition 1: A shortest path from a trééto a nontree node

they need another phase for connection configuration. Somév is notin7’) is a shortest path (in terms of cost) from a tree

distributed heuristics, such as those based on Kruskal's M8®dew (u is in T') to v, denoted byS P(u, v), andu satisfies

algorithm [1], [9], construct routing trees in parallel. The input

and output directions at a tree node are not known during theFor any tree nodé: >~ ¢()< > o) (5)

tree construction until the whole tree is generated. Therefore, ICSP(u,v) ICSP(k, v)

they also negd a sep_arate phase to configure the connec&iqg said to bethe tree node closest to.

after the routing tree is generated. Definition 2: The cost from a tre@ to a nontree node,
There is no such solution so far which can overcome all ”Efenoted byC(T, v), is

difficulties discussed above. The principal goal of our work is T

to develop a routing method that is fully distributed, produces C(T, v) = Z (1) (6)

delay-bounded optimal trees, and can be integrated with the 15 P(u, v)

operation of connection configurations. )
wherew is the tree node closest to

Definition 3: A nontree nodev, which is said to be the
closest to a tre€l’, satisfies

I1l. OUR ALGORITHM

A. Requirements of Distributed Heuristics and Assumptions For any nontree node: C(T’, w) < C(T, v). )

Distributed heuristic algorithms do not need any node o .
to keep the information of the whole network, which ighe above definitions of trees are also applicable to paths,
potentially suitable for routing in large networks. A distributed/nich are a special case of trees: single-branch trees.

algorithm used for network routing must satisfy the following 2) Basic Idea of the AlgorithmThe basic idea of our al-
criteria. gorithm is as follows. The construction of a routing tree starts

1) The execution of the algorithm is restricted on thos ith qtre_e containing only source nodeA destination in
nodes which are involved in the multicast. The wholg which is the closest _to the _tree_: IS _selected. _The shortest
network will not get involved in each multicast routing.palth fr(_)m the tree to this destination is added into the tree.

2) Each node operates based on its local routing inform%y adding a path to a tree, all n_ode_s on th_e pgth are included
tion, so that there is no need for a central node (or eve'rmo the tree. Then the next dest|r_1at|0n,.wh|c.h is thg closest to
node) to keep the information of the whole network. the tree under the delay constraint def!ngd in (3), is selected

3) The communication cost for a multicast routing must b nd the shortest path from the ‘Tee _to Itis _addpd to the tree.
small and the time required for a connection establis \t each step, an unselected destination, which is the closest to
ment must be short. the tre_e under the de_lay constraint, is Qdded to the tree. This

. . . . . operation repeats until all nodes In are in the tree.
The idea of our algorithm in constructing routing trees’r, ocord the cost from the tree to the destinations as the

mimics Prim’s MST algorithm [6] and is in combination with &ree grows, a tablg2D (tree to destination) is introduced.
distributed shortest path algorithm. We assume that each ngge{e entry T2D[d,], for each destination;, has three fields

has the information about the shortest path (in terms of CO%%D[d]-c T2D[d;]-trenode, andT2D[d;]-tag, representing
and the delay of the path to every other node in the graph () hectively, the cost from the treedg the tree node closest
information is stored in the local routing table). This can b&) d;, and the status showing d is in the tree or not.
achieved by running the Bellman-Ford's distance-vector [2], g50h, tree node needs to remember the accumulated delay
[8] on both cost and delay metrics. Furthermore, we assUPEm source nodes to itself along the tree, denoted Hy,,.
there are no long live loops in the shortest paths. Several Io%th 79D and D. are initialized ats and carried in a

algorithm have been already proposed, such as in [5] and [1Py0y are ypdated as the message passes through each new
Sometimes dynamic changes of routing information may stHJee node

cause transient loops in shortest path routing. In our method, For the ease of description, we ufutab to denote the
routing tree is constructed sequentially (i.e., the tree grows Ii%m routing table at each n,ode For each naddn the

by link from the root) and the connection on the routing treﬁetwork, there is an entrRoutab[u] in the table.Routab[u]-c

under construction is registered into a table of connectionsigtthe cost of the shortest path (in terms of cost) from the local

each tree node as the tree grows. Thus, a loop can be identiﬂgge tou, and Routablu] - d is the delay of this path.

imm(_-:tdiately once_it is formgd. Our routing algor_ithm simply 3) The Algorithm Details:Every node in the system exe-

terminates and this connection setup request will be rejectedos the same routing algorithm. It is initially in an idle state

when a loop is encountered. waiting for connection setup requests. The pseudocode of the

o . o algorithm is given in the Appendix.

B. Our Distributed Steiner Tree Heuristic When a node receives a request for opening a multicast
1) Definitions: Multicast routing is to find a routing tree connection with parameter® and A, it becomes the source

which spans all destinations and whose network cost is migi-of the multicast connection (see procedwpen in the
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TABLE |
T2DTo BE SENT OUT TO THE FIRST DESTINATION
dest | cost | trenode tag
b 3 s yes
h 4 s no f
i 5 s no 1 O 1 .h
TABLE 1
T2D UpPDATED BY NODE a
dest | cost trenode tag T 971 .i
b 3 s yes
h 3 a no Fig. 2. A multicast routing tree from Fig. 1.
i 5 K no

sending down aetupmessage via its neighbor to the newly
selected destination (see procedtoek in the Appendix). In

Appendix). A T2D table is first initialized. Thetrenode our example, nodé is selected as the next destination and

and tag fields of all entries in thel2D are set tos and

“no,” respectively, indicating that the shortest paths to arI]Odea is the tree n_ode t(h'. . L
L N The above operation continues as the multicast connection is
destinations start froms and no destination is in the tree

initially. Then the destination closest to the tree is Selectéaa(tended to destinations one after another, until all destinations

X . N . in D are in the tree. When the last destination is added to the
and its entry is marked ayés’ A connectionsetupmessage

is sent to the neighbar via which the selected destination car%ree’ acompletionmessage is sent ta The connection setup

be reached by the shortest path. Tégsupmessage carries the:t Zor?\?)lggf:‘di.slr'lhoeurlaes)'ia(ggzlt?r,lgigin t?e;;plmizza?oe tarllrezl\;fese
information of 72D andD,, (D, is initialized to Routab[v]-d ’ ¢ )

at this node). Table | shows tHE2D carried in thesetup Since the accumule_xtgd delay toia v is 6 > 4, link (n, i)
. ; . ) cannot be used to linkto the tree even though the cost from
message frons in the example of Fig. 1 wittD = {b, A, i}.

. . . L h to i is very small. The shortest path from the tree tmder
In this exampleb is selected as the first destination to bﬁ1 L L
added to the tree. e delay constraint is just the shortest path froto ¢ in this

; . , . case. Fig. 2 is the generated routing tree of Fig. 1.
When thissetupmessage arrives at an intermediate node, This is a fully distributed algorithm. Every node involved in

sayu, on the way to the designated destination (see procedg;le

. . . € execution of the algorithm operates based on its local rout-
setupin the Appendix),P, is extracted from the message an ing information. The operations of each node are triggered b
recorded at this node. For each destinatipmot already in 9 j P 99 y

. SR ) the arrivals of control messages. There are four types of control

the tree, the following condition is checked: . ) L
messages for a connection setup: 1)ogenrequest initially
(Routab[d;].c < T2D[d;].c) AND (D, + Routabld;].d < A). from the application; 2yetupmessages passing through every
(8) node to destinations in the routing tree; f8fjk messages to

Notice thatRoutab[d;] - c is the cost from this node (i.ew) fork nodes; and 4) aompletionmessage to the sourseEach
to d;, and72D[d;] - c is the cost from the so-far-formed treenode reacts to those messages asynchronously with others, and
to d;. If (8) is true, entryI2D[d;] is updated as as the overall effect the multicast connection is established

collaboratively.
T2DI[d;].c = Routab[d;] - ¢; T2D[d;].trenode = wu.

Then thesetupmessage is sent to the next neighbor, 88y . . .
leading to the designated destination. The accumulated defayDiscussion of the Algorithm

from s to «' is D,, + Routab[v'].d. Theorem 1: There is no cycle in a delay bounded routing
Table Il shows the updatefi2D at nodea when thesetup tree, assuming the underlying shortest path routing is loop-free.
message is sent down boalong path(sab). SupposeA = 5. Proof: Assume a cycle is formed when extending the

Since the cost from: to & is less than that froms to ~ and connection to destinatio#; andn, is the fork node branching
the accumulated delay th via ¢ is 5 < A, entryT2D[h] is to d,;. Thus,n; is the tree node closest th and path(n ;d;)
updated. Whereas the delay to destinationia « exceedsh, along the tree is the shortest path from to d4; in our
though the cost frona to ¢ is less than that if2D. algorithm. To form the cycle{n;d;) must meet another tree
When the connectiosetupmessage reaches the designatatbde, becausén;d;) is the shortest path and itself does not
destination, a nontree destination which is the closest to tbentain a cycle (a shortest path does not contain a loop).
tree is selected as the next one to be linked into the tre&®uppose(n;d;) meets tree node’, n; # n}, as shown in
The trenode field of the selected destination’s entry 2D Fig. 3. It is obvious thak’; is a tree node which is closer to
is the tree node closest to this destination. This tree nodgthann,, which contradicts the original assumption thgt
will be a fork node that branches to this destinationfobk is the closest tree node th at the time wheni; is selected as
message is then sent to this tree node. Upon the receipt of this next destination to be added to the tree. Thus, the theorem
fork message, the tree node continues the connection setugbids.
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TABLE 11l
COMPARISON OF ROUTING ALGORITHMS
Algorithms No. of messages Converge time
Our method 2m 2m
i ‘ B} MST heuristic | Snlog,n +2|E| +m Snlog,n
Bauer’s mn mR
Fig. 3. Impossibility of a cycle in a routing tree. Kompella’s 3 7

From the above theorem, it can be seen that messages in
the multicast connection would never get into an infinite loofyme needed for the transmission of a message between two
in the network. Also, our algorithm will always find a routingnodes. This is obvious, because our method constructs a tree
tree within a finite amount of time, because at each step ¥quentially.
the tree expansion a destination will be added into the treel) Number of Messages and Convergence Time of Other
via a determined shortest path between it and the tree. dﬂ#thOdS: For MST heuriStiCS, an efficient distributed imple-
algorithm does not have the deadlock problem of as discus$gg@ntation of theMST algorithm [9] take3(5n log, n+2[E])
in those parallel algorithms [1], [9] during connection setupMessages an@(5n log, n) time units to generate a MST for

Theorem 2: A delay bounded multicast routing tree will be2 graph, where: = [V|, and at least anoth&?(m) messages
always found if one exists. are needed to prune the MST into a routing tree. The two

Proof: Suppose there exists a de|ay bounded routing trgtst”buted heuristics (Shortest path heuristic and Kruskal's

for a multicast source, a set of destination®, and a delay shortest path heuristic) proposed by Baeeral. in [1] use
boundA. That is, the condition in (4) holds for the givenD, O(mn) messages and(mR) time units to construct a routing
and A. From the condition in (4), we know that the shortedfee in the worst case, wheRis the diameter of the network.
path tree (in terms of delay) meets the delay bound. In olife distributed algorithms proposed by Kompeditial. in
algorithm, the routing tree is initialized as a tree in which thEL6] needO(n®) messages an@(n*) time units to generate
route froms to any destination is the least cost path. Under tifedelay-bounded routing tree. Table Ill summarizes the costs
assumption of relationship between delay and cost parametrghese algorithms.
in (1), such an initial tree is also the shortest path tree in The centralized delay-bounded routing algorithms in [14]
terms of delay. Therefore, even under the most stringent deffjd [21] do not need any network message to compute
requirement 4 is equal to the delay of the shortest path t@ routing tree. However, a centralized method has many
the farthest destination), the shortest path tree will be foud§@wbacks, as discussed in the introduction.

by our algorithm, which is the final routing tree. 2) Comparisons of Total Cost for a Connection Establish-
) ment: To set up a connection, it requires operations of routing
D. Cost Analysis and connection configuration. One important feature of our

There are two important criteria to evaluate distributed routethod is that multicast routing is integrated with the con-
ing algorithms: the number of messages and the convergenegtion configuration. Since our algorithm generates a routing
time (i.e., time needed for a tree construction). tree sequentially from the source to destinations, connection

Theorem 3:In the worst case, our method uses twes- configuration can be done at each node asstttepmessage
sages to construct a multicast routing treertalestinations. is processed during the routing. By our method, when the

Proof: Each node in the network graph represents @nstruction of the routing tree is completed, the configuration
router and we assume our routing algorithms run on eveo§ the connection is also done and the connection is ready to
router. We count the transmission of a control message framse. In a centralized algorithm, after a routing tree is computed,
a source node to a destination node as one message pas#istj|l needsO(m) messages to configure the connection. The
without counting the message relay operation performed Bistributed algorithms which construct routing trees in parallel
intermediate nodes between the source and the destinatalso need another phase for connection configuration, which
Our routing method is sequential, which uses the followingieans extra cost on top of routing tree generation.

messages to construct a tree: From the above discussion, we can see that our algorithm
1) m setup messages froms or fork nodes to them takes less network messages and less convergence time to set
destinations; up a connection than other distributed multicast routing algo-
2) at mostm — 1 fork messages fromn — 1 destinations fithms. The message cost of our method is almost comparable
to fork nodes: to those using centralized routing. The quality of the trees
3) onecompletionmessage to inforns of the completion Produced by our algorithm is analyzed and compared with
of the routing. other algorithms in the simulation section.
Thus, it takes at mosEm messages in total to construct a ) ) )
routing tree. E. Dynamic Change of Multicast Memberships
In terms of convergence time, our method requitestime In many multicast applications, such as teleconferencing

units to complete a routing tree, assuming one time unit is tegstems, multicast participants are free to leave or join a
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multicast session dynamically. It is important to ensure that 510

any change of multicast memberships will not affect the traffic

on the current connection and that the routing tree after the ~_ “®° :

change will remain suboptimal in terms of network cost. 8 410 R ;iilll?)dified Kumars
A widely referenced example of group management pro- X \- —a—SPT

tocol is Internet group management protocol (IGMP), which 2 360 \'\ +E§mAella

has become a standard of group management for the Internet = 210 '\'le!. P

multicast. Due to the connectionless nature of the Internet, ] n = =

there is no logical connection among the group members sl

and thus IGMP does not consider the network cost of a g8 8 8 3,8 8 3 8

connection. In the connection-oriented communication, there

is a connection for each multicast group and this connectibl- 4- Network cost versus.

needs to be restructured when members dynamically leave or

join the group. Centralized or parallel routing methods do not IV. SIMULATIONS

allow any change of a connection once it is set up. Any changein the following simulations, we compare our algorithm with
of the multicast membership requires the recomputation ofpgher delay-bounded routing algorithms on the network cost of
new routing tree and the setup of a new connection. Thus, theyiting trees they generate. Five algorithms, namely the SPT
cannot provide a smooth transition from the old connection ggorithm, the modified Kumar's algorithm [3], Kompella's
the new one while the traffic is continuously flowing on th@ostheuristic [16], Zhu’s BSMA algorithm [21], and the one
old one. we proposed (Jia’s) are simulated.

In our method, when a destination requests to leave aNetwork topologies used in the simulations are deliberately
multicast group, it is disconnected from the connection. If th@anipulated to simulate wide-areparse networksA large
destination is a leaf node of the routing tree, the disconnectiggtwork is likely to be loosely interconnected. Annode
can be done easily. Aeaverequest is sent upward (to thegraph is considered to be sparse when less than 5% of the
root direction) along the routing, node by node, until ipossible (%) edges are present in the graph. Since we only
reaches a fork node (or another destination) immediately ab@éhsider a connected graph, the number of edges im-an
this destination. At each node this request passes througBde connected graph can vary from— 1 to (). The
the connection is released. As the result, the destinationnistwork graphs used in the simulations are constructed using
disconnected from the multicast tree, while the rest of thRe approach given in [18]. The nodes are distributed randomly
connection remains intact. If the destination is not a legfer a rectangular coordinate grid. Each node is placed at a
node, i.e., this destination is also responsible to forwafgcation with integer coordinates. A link between two nodes
multicast messages to other destinations, then this node canpahdv is added by using the probability functid®(«, v) =
disconnect itself from the multicast tree. In this case it Simply exp (—d(u, v)/pL), whered(u, v) is the distance between
changes the function of this node to perform only switching and v, L is the maximum distance between any two nodes,
operation, which switches incoming messages to the outpifd 0 < A < 1, 0 < p < 1. Larger values of\ result in
ports of this connection. The applications are not affected. graphs with higher link densities, while small values @f

When a node wants to join an existing multicast group, iicreases the density of short links relative to longer ones. In
sends a request to the source of the group. The source sefigssimulationsy is set to 0.7\ is decided to be 0.7 to make
a join request to the current destinations of the group on tiige graph look sparse after many tests. Graphs are generated
multicast channel. The request message carries a 3-tle ( and tested until one with a single connected component is
node, cost, trenodeto record the cost from the tree to th&ound. The cost of a linKu, v) in the graph is the distance

new destination. At each node this request passes throughyfihodesw and v on the rectangular coordinate grid. Again
modifies thecostandtrenodeinformation if it has a less costly for simplicity, the delay of a link is made equal to its cost in

path to the new destination under the delay constraint. Whgja simulations.
the request arrives at a leaf node along the tree, the leaf nodghe network cost is measured by the mean value of the
sends thiscost and trenode information back to the source.total number of simulation runs. At each simulation point, the
After collecting replies from all the leaf nodes of the tree, theimulation runs 100 times. Each time, the nodes in grbup
source knows the tree node closest to the new destination aig randomly picked up from the network graph. The network
the cost from the tree to it. It then senddaak message to cost of routing trees is simulated against two parameters: delay
this tree node to extend the connection to the new destinatigund A and multicast group size. In order to simulate the
By adding the new destination into the multicast group, theal situations, group size is always made less than 30% of
existing connection is unaffected. the total nodes, because multimedia applications running in
Regarding the cost of a membership change, it takes OMyAN’s usually involve only a small number of nodes of the
one control message to disconnect a destination from a cegtwork.
nection, and2m + 2 messages for a new member to join a Fig. 4 is the network cost versus. During this round of
connection. Since thin request is sent to all destinations irnsimulations, the network size is fixed at 200 nodes, and group
parallel (by using the multicast connection), it takes only fowize is 10. We define the smallest meaningful value/of
time units to complete goin operation. as dmax = max({d,| for any v € D: d, is the delay on
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Fig. 5. Network cost versus group size.
Fig. 6. Distribution of simulation results.

the shortest path from to u}). A starts fromd,,,,. With . .
: . The simulation results presented above are mean values of
an even smaller\, there does not exist such a routing tree

. . . many simulation runs. Sometimes a few bad cases may drag
which can meetd. A is incremented byhs./8 each time. down the mean value significantly, which affects the general

The increment ofl,,,.. /8 is used after many simulation runs . R
. : rformance of an algorithm. Thus, we present the distribution
in order to capture any meaningful changes of network c . : . A .

of the simulation results of our algorithm in Fig. 6. Thexis

against the change ak. Since for each simulation rub is is the ratio of the network cost to the mean value. The

different, d,,,. is different. TheA values on theX axis are o ) .
. axis is the percentage of the simulation cases whose network
the mean values oA in all runs. o .
Fg?st is in the range of the ratio. Each small range onathe

From Fig. 4, we can see that the network cost of the S : . . ; .
. . ) axis is 0.05 unit (centered on the indexing numbers). During
algorithm is on the top and does not changedaicreases. . : . R
this round of simulations, network size is fixed at 200 and

This is because the generation of the shortest path tree doe o
. network topology does not change. The group size is 10 and
not depend onA. The other four algorithms perform much , . 3 . : .
better than the SPT aA increases. Wher\ is small, the A IS dinas + () dimax. The simulation runs 500 times, each
: . S . ' ime with a different set of destinations.
path sharing of a routing tree is discouraged, which makes t

. : . rom Fig. 6, it can be seen that the performance of our
routing tree wlder (bush-like) so that the_ delay from the ro tIgorithm is very stable, without dramatic fluctuation. The
to any node is shorter (to meet the stringent delay boun

. . i .. performance is also in a good normal distribution. All the cases
This contributes to a high network cost of the four heuristi 9

) L [l'into a range between (0.70-0.025) and (1-6%.025) of
at small values ofA. As A increases, more destinations Calh e mean value. with over 90% of the cases in the narrow
share path segments, which results in the decrease of }Qﬁge of 0.80—1'.20.
network cost. Whem\ becomes large enough so that Kumar’s
method need not replace any path of its Steiner tree (i.e., even
the longest path in its Steiner tree can mégt the final

routing tree generated by its Steiner tree. The curves of Jia'sWe have presented a distributed delay-bounded multicast
Kompella’s, and BSMA methods merge with (or very closgouting algorithm. In addition to the distributed nature and low
to) the curve of Kumar's at some points wheteno longer €xecution cost of our algorithm, it has three special features.
is a constraint in computing routing trees, and the netwof#rst, it integrates routing with connection configuration as

cost remains unchanged thereafter. BSMA performs S"ghgysingle phase of operations, which significantly reduces the
better than Jia’s, Kompella’s, and Kumar's methods when number of messages and time of the connection setup. Second,
is small. As we mentioned before, BSMA is a centralizelj @llows dynamic change of memberships without affecting
algorithm. This small performance gain is at the cost of high® €xisting traffic on the connection, which is desired by
complexity of computation. Our method performs closely t812ny multimedia applications. Third, it generates good-quality
Kompella's. However, as discussed before, our method tak@&!ting trees with low network cost, and performance is stable.
many fewer messages and shorter time than Kompella's to sePUr method generates routing trees sequentially, i.e., ex-
up a connection. tending the routing tree to one destination after another. If the

Fig. 5 is the network cost versus group size. In this rourfgulticast group is very large, it could take quite a long time
of simulations. the network size is set to 200 andis O Setup a connection due to the sequential nature. However,

dmax + (§) dmax- The group size starts at 5. It is interestind? Multimedia applications and many other modern network

to see that the three curves representing Jia’s, Kompe"éﬂgplications, the group sizes of multicasts usually are small.
and BSMA algorithms stay very close with each other, whic'lﬁ‘ these cases, our method can set up a connection in a short

are significantly lower than the curves of SPT and Kumar¥me.
algorithms. It also can be seen that the increasing speed of
the network cost of the three lower curves is slower than the
other two, as the increase of group size. It demonstrates thaEach node in the system executes the following pseudocode,
our algorithm also performs well when the group size is largethere variablelocal nodes are the local node number and

V. CONCLUSIONS

APPENDIX
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Routab is the local routing tableRoutab[d;]-n, Routab[d;]-d,
and Routab[d;] - ¢ denote, respectively, the next neighbor
leading tod;, the delay, and cost td; via the shortest path.

setup()
req-out.type = fork;
req-out. 12D = T2D;

main()
wait for request reqg-in message;
switch (reg-in.type)
caseopen open();
casesetup setup();
casefork: fork();
casecompletion complete();
end main;
open()
s = local;
D =0;
initialize T2D;

/I choose the first destination to go
choosed; € D: (T2D(d;).tag = no ) and
T2D(d;).c is the smallest);

T2D(d;).tag = yes;
reg-out.type = sctup;
req-out. 12D = T2D;

fork =T2D(d;).trenode;
send(fork, req-out);

end setup;

fork()
12D = req-in.T2D;

choosed; € D: T2D(d;).tag = no and
T2D(d;).c is the smallest;

T2D(d;).tag = yes;
req-out.type = setup;
req-out. 12D = T2D;
req-out.dest = d;;

n = Routab(d;).n;
reg-out.D = D 4+ Routab[n].d;
sendg, req-out);

end fork.

ACKNOWLEDGMENT

The author wishes to thank the anonymous referees for their
very valuable comments and constructive suggestions which
helped improve the quality of the paper.

req-out.dest = d;;

n = Routab(d;).n;
reg-out.D = D 4+ Routab[n].d,
send@, req — out);

end open;

T21= regn.T2D;
dest = reg-in.dest,;
D =req-in.D ;

I/l update information iff’2D
for eachd;, € D and T2D(dy).tag = no do
if (D + Routab(dy).d < A) and
(Routab(dy).c < T2D(dy,).c) then
T2D(dy).c = Routab(dy).c;
T2D(dy).trenode = local;

if local # dest then

/I passsetupreq to the next neighbor
req-out.type = setup;
req-out. 12D = T2D;
req-out.dest = dest;
n = Routab(dest).n;
reg-out.D = D + Routab[n].d,
sendn, reg-out);

elseifVdy, € D: T2D(dy).tag = yes then

I/l in the case all destinations are in the tree
req-out.type = completion;
sends, reg-out);

else

/I select the next destination to go
choosed; € D: (T2D(d;).tag = no) and

(T2D(d;).c is the smallest);
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