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Abstract is a kind of QOS routing in which all recipients must
receive data from the sender within a specified delay

In this paper we propose a delay-constrained bound.
distributed multicast routing algorithm based on token  Real-time multicast routing arises in many multimedia
passing. This algorithm is fully distributed and generates applications; e.g., videoconference, distance learning and
a multicast routing tree, which not only meets the real- SO on. In these applications we require that data must be
time requirement, but also has a sub-optimal network costsent to all destinations within certain time delay, otherwise
Simulations have been done and the results have showfe service quality will suffer greatly. — Multimedia
that the multicast routing tree generated by our algorithm applications often need sufficient network resources (i.e.

has better performance than previously known results. ~ bandwidth) for video/audio data transmission. A logical
or physical connection from the source to destination(s)

Keywords: multicast routing, distributed a|gorithm’ real- needs to be established before any data transmission can

time routing, constrained Steiner Tree. occur. During connection setup, sufficient network
resources (i.e. bandwidth or buffer) are reserved between
1. Introduction two nodes in the connection so that user required Quality

of Service (end-to-end delay, bandwidth, error rate, delay
er, etc.) can be guaranteed at data transmission time.
Resource reservation consists of admission control,
packet scheduling, and resource management and
assignment. Routing is an important part of resource
k?servation. A route satisfying the QOS requested by the
pplication is first determined, and then resources are
reserved hop by hop along the route by the resource

Due to prevalence of the Internet, the demand for 1
obtaining multimedia information from the network is
increasing. How to design algorithms that distribute the
information with guaranteed Quality of Service (QOS) in
real-time systems has been a cardinal issue addressed
researchers. Multicast routing, which refers to transmitting
data from a source to multiple destinations within a time .
constraint, thus is an important problem to consider. It is greservation _protocol. . . . .
generalization of the concepts of one-to-one unicast and Conventional non-r.eal time point-to-point transm|s§|on
one-to-all broadcast in a communication network. It cont_rol _protocols (le. TCP/IP) do not provide
usually uses a tree topology, callednalticast routing multlcas_tlng z_:md guaranteed_ Q.O S. They are not adequate
treg, for data transmission over a wide area network. Only]cor multimedia data transmlssmn. In recent years there
one copy of the data gets transmitted over a link betweerh"’““a been many st_uglles on best effort multicasting. .ln
two nodes in the routing tree. Real-time multicast routing these works, the minimum cost (or hop-count) route is
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computed by examining the network topology. Even a. The weighting functions for delay and cost are
though these schemes exhibit simplicity and excellent defined respectively on each link:

scalability, they are not adequate for real-time multicast de: E— zZ* T ClE—>Z *

route computation. b. The cost and delay f&(u, v) ande(v, u) may or may
Optimization techniques for multicasting can be not be the same depending on the network

categorized into two objectives, one is delay optimization architecture (logical link or physical link), and they

and the other is cost optimization. Different optimization are not related.

objectives can be used in multicast routing algorithms to
define what constitutes a good multicast routing tree. One  The problem of finding a real-time multicast routing
such objective is to provide the minimum delay from tree can be formulated as follows:
source to destinations along the tree, which is important . ) .
for delay-sensitive multimedia applications, such as real-2- Given is a networkG(V, E) with delay and cost
time teleconferencing. Another is to construct a minimum  functions on the set of linksl, c., the source nodg
cost spanning tree, which is important in managing @ Set M of destination nodes, and a real-time
network resources efficiently. The tree cost is defined as ~ constraint; for each destination im _
the total cost of the links of the tree. This objective is P- For each linie belonging toE(G), if P(s, m ) is the
referred to as utilization-driven in [21], because it  Pathfromsto m inthe multicast routing tree Then
optimizes the total utilization of links.

For real-time multicast routing, there are two Z de(e) < A
important factors that we have to consider. The most el p(s,mi)
important one is the end-to-end delay latency and the
second is the network cost of the multicast routing tree.c. Our goal is to find a real-time multicast routing tree T,
End-to-End delay latency is the latency from the source to  such that
each destination and includes physical propagation delay,
transmission delay and queuing delay at each node. Z ce € ) is minimized
Propagation delay reflects the physical distance from
source node to each destination node in the network,
transmission delay reflects the bandwidth available for  cantralized [2,6,8,9,11,14,15,20,21] and distributed

data transmission, and queuing delay reflects how|s 10 12 13,16,19] heuristic algorithms for the real time
congested each route is between the source and eachytcast routing problem or Constrained Steiner Tree
destination. Network cost is the sum of the costs on a”problem have bee proposed. In the centralized scheme,
links in the multicast routing tree. The link cost may be every node in the network has a full knowledge of the
hop counts or bandwidth required on the link and reflects gpiire network topology and its status. The source node

the network load between two adjacent nodes in the(yiso called the root node) is responsible for computing
routing tree. In this paper, we regard_each link cost as thehe entire routing tree. The computation is quite

total bandwidth r_eserved by a_II sessions on that I!nk. If straightforward in most centralized schemes. However, the
the resource available on the link is less, then the link costyernead to maintain the status of the entire network can
will be higher. Finding a minimal cost real time multicast |, very large. In the distributed scheme, on the contrary,
routing tree in a network is also called the Constrainedgach node in the network only has the information about
Steiner Tree problem, which is NP-Hard [3]. Many i neighboring nodes, i.e., a partial knowledge of the

heuristic algorithms have been proposed to find henyork topology. It exchanges messages with adjacent
approximate solutions to the Constrained Steiner Treepqges in the network. The distributed scheme is slow and

problem and they have different performance. complex, but it need not maintain the whole network in
In this paper, we propose a token-based distributedg,ch node.

real-time multicast routing algorithm that finds the real- Kompella et al. [9] proposed a centralized algorithm

time multicast routing tree in less time, using fewer fo; solving the Constrained Steiner Tree problem. This
messages and the tree cost is better than that reported e ristic algorithm is based on Prim’s Minimum Spanning

edT

[5]- Tree algorithm. A routing tree grows from sourcand
o selects node, which has the smallest weight and adds it
2. Problem definition and related work to the tree. Jia et al. [7] proposed a centralized algorithm,
which improves the performance of Kompella et al.'s
The network is modeled as a directed gr&{i, E), heuristic. When selecting a nodéo be added in the tree,
whereV is the set of nodes artflis the set of links such if the delay at node \Relay[V] > A, it backtracks the tree
that: formed so far and tries to find a tree structure which can
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link v to the tree and satisfipelayfv] < A. It then d. the next hop node on the least cost v, v;)

reconstructs a new tree to include ned&hu et al. [21] fromvito v, :id[Pc(vi, ¥)].
proposed another centralized algorithm called Bounded
Shortest Multicast Algorithm. BSMA starts with a The above least delay vectors and least cost vectors

Shortest Path Tree to all destinations. It then iterativelyare obtained by using a distributed Bellman-Ford
replaces super-edges in the tree with lower cost paths untidlgorithm-based Distance Vector Routing Protocol [1].
the total cost of the tree cannot be reduced any furtherFurthermore, we assume that the least cost vectors and the
Although BSMA has a near optimal tree cost, it is not least delay vectors at all nodes have been obtained, and
suitable for real networks due to its high computation cost.that their content including the link costs, and link delays
Kompella et al. [10] also proposed a Minimum do not change during the execution of the routing
Spanning Tree based distributed algorithm for solving the algorithm.
Constrained Steiner Tree problem. In the algorithm, a  To record the cost from the source to each relaying
FIND tree-broadcast message is first sent feodown to node, a routing-token is introduced. The token consists of
the tree, node by node, in order to determine the best outfour possible components, containing token state which
going edge from the multicast tree. Upon receiving the shows the state of the algorithiFofk State orSetupState
FIND message, each node in the tree will decide the besbr CompleteState), the delafp, which shows the delay
out-going edge and sendR&plymessage back ® Upon from source to nodel, d, the destination node whose
receiving all replies from all nodes in the treewill connection is to be set up, and a table T2D (tree to
choose a best out-going edge and sendoastruct destinations). The entries in the T2D table may change, as
message to add the edge into the tree. The algorithndestination nodes are included in the tree. Each entry in
continues to run until all destinations are included in the the T2D table has five fields: destination nodedDPthe
multicast routing tree. cost from the tree to nodg the relaying node on the tree
that is closest to tha, the delay constraim; and the type
of path, least cost path (LCP) or least delay path (LDP),

3. Algorithm Description from the relaying node td,

3.1 Routing Information

In this section, we discuss the routing information 3.:2TheAlgorithm
needed for the proposed algorithm to compute the real-
time multicast tree. Each node in the network should know
the delays and costs of all outgoing links and must
maintain the following information: a least delay vector
and a least cost vector. They are collectively referred to a;
LD table and LC table respectively. Entries in these
tables will be modified periodically as network states
change.

In the least delay vector, each noglé | V consists of
[V] - 1 entries, one entry for every other node. The entry
for nodey, VA Vi# Vi) contains the following items:

a. the destination node 10d[v];
b. the end-to-end delay of the least delay @it v))

Every node in the system executes the same algorithm.
It is initially in an idle state waiting for connection setup.
When a node receives a request for opening a multicast
Sconnection with parameterlsl and A, it becomes the
sources of the multicast connection and the routing-token
is initiated. According to the results of table lookup in LC
or LD table, the source nodemay fill the cost for each
destinationd; [_| M in the T2D table. The routing tree RT
consists of the source s initially. The destinatidm
closest to a nodelv|RT, whose delay satisfiesgE Agn,
is selected and marked. Then the routing-token is created
and the token state is set to be 8etupState. Then the

from v; to v;: Delay[Pg(vi, v)I; tﬁken is s_ent to the neigh_boring nodef v, referred to as
c. the cost of the least delay paQ(vi, v) from vito v; the relaying node, on either the least delay path or the

. least cost path fromto dn.
COS(ij(Vi, VJ)], Wh . . .
en the setup routing-token arrives at a relaying

node, say nodel. D, is extracted from the token and
recorded at this node. For each destinatiamt already
in the tree, the following condition is checked:

d. the next hop node on the least delay v, v
fromvitoy; @ id[Pg(vi, V)]

The least cost vector at nodd_]V also consists ov|

- 1 entries, one entry for every other node. The entry for(Du+ LC_Table[ud].d = A) AND (LC_Table[u,d].c <
nodev; [V (vj#v) contains the following items: T2D[d].0). B - ' (1)
a. the destination node Id[vi]; where LC_Table[ug].d and LC_Table[ugl].c denote the
b. the end-to-end cost of the least cost iy, v) delay and the cost of LCP from node wtorespectively.

from v; to v;: Cos{Pie(vi, W)I; If inquality (1) is satisfied, entry T2@] is updated as
c. the delay of the least cost pd(vi, vj) fromv;to v;: follows:

Delay[Pic(Vi, )];
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When the request arrives at a leaf node, the leaf node
T2D[d].c: = LC_Table[ud].c; T2D[d;].node :=u sends a reply token including the cost and tree-node
information back to its parent node. This parent will
If inequality (1) is not satisfied, the following is compare the cost from all of its child nodes’ replies with
checked: its own cost, choose the best solution and send a reply
token to its parent. Once the source node has decided
(Dy+ LD_Table[u,d].d = A;)) AND (LD_Table[u,d].c < which destination node to include first, it will broadcast
T2D[d].c). (2) the information along with the tree node responsible for
the connection to all the nodes. The tree node will receive
If inequality (2) is satisfied; entry T2@] is updated a Setuptoken and the algorithm enters into the state of

as follows: establishing a connection setup from the tree node to the
T2D[d].c: = LD_Table[ud].c; T2D[d].node :=u new destination. This process terminates until all the
requests have been fulfilled.
Otherwise, T2D table is unchanged. When a destination node requests to leave a multicast

When the connection eBup token reaches the group, it is “disconnected” from the connection. If the
designated destination node, the next destination node dxlestination is a leaf node of the routing tree, it just sends a
in T2D table whose T2D[dx].c is minimum is selected as leaftoken (a token dfafstate) to its parent node that will
the next one to be included in the routing tree. The tokenterminate its connection to the leaf node. This parent node,
state is changed fro8etupstate toFork state, and the  which may now become a leaf node, will repeat this
token is sent to the corresponding nedeepresented in  process. If the node is not a leaf node, it simply changes
T2D[dx].node. Upon the receipt of tik@rk token, node its status from destination node to relaying node.

w changes th€&ork stateto Setupstate and the connection
setup from nodev to destination dx repeats. 3.3 Complexitiesand Correctness of our Algorithm

The above operation repeats until all destinations areWe summarize the results below with the proofs omitted.
included in the tree. When the last destination is added taTheorem.1The message complexity and time complexity
the tree, a tokenf Completestate is sent to the sourse  of our proposed algorithm are OfVwhere |V| is the
by changing token state @ompletestate. number of nodes in the network.

However, loops may occur in our algorithm when Theorem 2 Our proposed algorithm always finds a tree
constructing a path to a new destination. A loop can bethat satisfies the delay (or real-time) constraint, if it exists.
easily detected by checking whether the next hop-node has
an existing routing table for the current multicast session.4, Simulation model and results
If a tree noder is detected to be in a loop, then nedeill
send a PRUNE message to its parent nggdeUpon 4.1 Simulation mode
receiving a PRUNE message, noge@emoves its link to

relaying node. If nodsg, is neither_a destination node nor described in [14] for the performance evaluation of our
a relaying node, then nodg continues to send PRUNE proposed algorithm.

message to its parent node. Otherwise the process stops.
. _ 4.2 Simulation results

Our algorithm also supports dynamic change of
multicast participants. In many multimedia applications, The overall network performance is evaluated with two
such as distance learning and teleconferencing, multicasparameters: multicast group siaed real-time constraint.
parnmpants are free tp leave or join a multicast tree |y gur simulation, we generate a random graph with 100
dynamically. Our algorithm ensures that any change of nodes, with multicast group sizes ranging from 5 nodes to
multicast participants will not affect the traffic of the 40 nodes and real-time constraints from 75 ms to 250 ms.
current connection and the tree cost remains sub-optimalz; each simulation point (group-size vs. real-time
after the change. o o . constraint), we ran the simulation 300 times using 95%

Whenm nodes want to join an existing multicast group, conference interval. Each time the source neded the
each of them sends a request message to the source of thstination nodes are randomly selected from the graph.
group. The sources may then send a tokeof tree- The simulation result is the mean value of the results

broadcaststate to all nodes in the tree. When a node inproduced by these 300 runs. Table-1 shows our simulation
the tree receives tftese-broadcastoken, it computes the  resyits. In the table the first row indicates real-time

best destination node by looking up its LC and LD tables.
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constraints ranging from 75 ms to 250 ms and the first
column denotes the group sizes ranging from 5 nodes to
40 nodes. The numbers in Table-1 are the percentages of
improvement over the results found in [5]. Form this table;
we see that our proposed algorithm has a significant
improvement in sparse networks, approximately 20%

superior. Figure.1 and Figure.2 show the same result but
in a different way. The percentage of our improvement in

Figure.1 is computed as follows:

——75(m$

—=— 100 (ms)
——125(m9
—— 150 (ms)
—*— 175 (m9
—o— 200 (ms)
—+—225(m9
—=— 250 (ms)

Improvement %

H —  CostComparedAlgorithm) -Cost (Our Algorithm)
Improvemetp/o - Co$€omaparedAlgorithm)

Figure.2 is the percentage of our improvement versus real-
time delay constraint when the multicast group size is
fixed and ranging from 5 nodes to 40 nodes. From this 0
figure, we can see that our algorithm has a better
performance than the compared paper [5], especially in
sparse mode. Figure 2. Improvement % versus Group-Size

3 10 15 20 25 30 35 40

Group-Size

75 100 125 150 175 200 225 25
5 | 19.013 [ 19.013 | 19.013 | 10.043 | 19.043 | 19.043 | 19.013 | 19.013
10 | 14302 | 14.374 | 14.374 | 14.374 | 14.374 | 14.374 | 14.374 | 14.374
15 | 9628 | 0701 | o701 | 9701 | 9701 | 9701 | 9701 | o.701
20 | 9229 | 0629 | 9.620 | 9.629 | 9.629 | 9.629 | 9.629 | 9.629
25 | 8328 | 8310 | 8319 | 8310 | 8310 | 8310 | 8319 | 8.319
30 | 5962 | 6197 | 6.203 | 6.203 | 6.203 | 6.203 | 6.203 | 6.208 .
35 | 5670 | 5884 | 5863 | 5863 | 5863 | 5.863 | 5.863 | 5863 5. Conclusions
40 | 4821 | 5541 | 5563 | 5563 | 5563 | 5563 | 5563 | 5.563

Table-1. Tree cost improvement (%) relative to those in [5]

In this paper, we have proposed a token-passing based
distributed real-time multicast routing algorithm for WAN.
Simulation results have shown that our algorithm is
superior to that proposed in [5]. The algorithm is shown to
run in time quadratic in the number of nodes and its

0 message complexity is also quadratic. Furthermore the
oI algorithm allows for the multicast participants to join or
17t leave the multicast group dynamically without affecting
S the connection quality of the existing multicast tree.
5 —3 . e
¢ —a—a—a—a—a—a—a || Whether or not the time and message complexities can be
=4 Y [ P further reduced remains to be seen.
:;j ——20
2 —%—15
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