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Abstract— For dynamic QoS multicast routing, efficient
handling of node’s join and leave is an important problem.
This paper addresses the problem of optimally connecting
a new node to an existing multicast tree under source-
to-destination delay and inter-destination delay variation
constraints (MRDC-JOIN). We assume a QoS framework
where a delay dependent cost function is associated with
each network link. After showing that MRDC-JOIN is NP-
complete, we present centralized and distributed versions
of the algorithm MRDC-JOIN. By means of simulation,
we show that the algorithm is capable of handling join
requests efficiently in terms of success rate and tree cost
in comparison with a centralized static multicast routing
algorithm [1].

Index Terms— Multicast, QoS, source-to-destination de-
lay, inter-destination delay variation, mathematical pro-
gramming/optimization, simulations.

I. INTRODUCTION

QoS-based multicast routing has attracted a lot of
interest due to increasing demand in group-based real-
time applications that require stringent quality of service,
such as video conferencing and multi-player Internet
games. For applications involving group communication,
multicast is more efficient than unicasting as it allows for
the dissemination of a single copy of data to a group of
destinations instead of sending a separate copy to each
destination as in a unicast communication.

As far as real-time applications are concerned, delay is
one of the most important QoS parameters. Commonly,
the delay from a source to all destinations should be
bounded [2], [3]. In addition, the requirement for inter-
destination delay variation (the difference between de-
lays from the source to different destinations) also arises
for applications that require a certain level of synchro-
nization among various destinations [2], [3]. Further-
more, minimizing the cost of the multicast connection
is also an important issue.
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When a node wishes to join an existing multicast
session, a route from the existing multicast tree to the
node must be computed. This paper deals with the
problem of optimally connecting a node to an existing
source-based multicast tree such that end-to-end delay
and inter-destination delay variation constraints of the
overall tree are (still) satisfied (the existing tree currently
satisfies the constraints). We assume a QoS framework
where a delay dependent cost function is associated with
each network link and link delays are integer valued.

The rest of the paper is organized as follows. The
underlying problem MRDC-JOIN is formulated in Sec-
tion II. Section III reviews a number of related works.
Section IV shows that MRDC-JOIN is NP-complete.
Heuristics for the sub-problem of MRDC-JOIN and the
test results are described in Section V. The simulation
results show that our heuristics outperform one of the
currently best known existing heuristics (HMCOP [4]).
Section VI presents centralized and distributed versions
of a heuristic algorithm for the problem MRDC-JOIN,
and discusses simulation results using the algorithm.
Section VII concludes the paper.

II. PROBLEM FORMULATION

We represent a network as a connected directed graph������
.
�

and
�

are the set of� nodes and	 links
of the network respectively. The set of destinations is
denoted by
, which is a subset of

�
.

The source-based tree, that is rooted at a source node�
and spans
, is represented as a directed tree� ��
 ��
 �
where

�
 and
�
 represent the set of nodes and the set

of links in the tree. In the tree� , an unique path from
a node� to a node�, if one exists, is denoted by�
��.
A branch point of paths�
�� and�
��, denoted by�
��,
is the node where the two paths split.

We consider a QoS framework similar to those de-
scribed in [5]–[7] where it is possible to impose a
requirement,��, on link delay for a cost�� ����. We
assume that link cost functions are non-increasing and



delays are integer. We further assume that link delay
variation, ��, and the link propagation delay,��, are
constant. If the delay requirement imposed on link� is ��
then, at any time, link delay is guaranteed to be within��� � �� � ���.

Given a source-to-destination delay bound��, and
an inter-destination variation delay bound��, a feasible
delay partition 	

�
� 
 �������� is a set of delay
requirements imposed on the links of the multicast tree� such that:

����� � �� �� �
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����� � ������ � ����� � � ��
���� � 
� � �
 �� � 
 �
�� (2)

�� � �� � �� �� � �
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where,����� 
 ������� ��, and����� 
 ������� ��.
The constraints above have the following interpreta-

tion: (1) requires that maximum delay from the source to
a destination must not exceed the source-to-destination
delay bound, (2) ensures that the difference in delays
from the source to any pair of destinations will not be
greater than the inter-destination delay variation bound,
(3) simply requires that the delay requirement imposed
on a link is feasible.

Given the notation described above, the Multicast
Routing with Delay Constraints – JOIN (MRDC-JOIN)
problem can now be formally stated as follows:

Problem MRDC-JOIN: Given
������

,
��� ��� � �� �������, a source-to-destination delay bound
��, an inter-destination delay variation bound��, a
multicast tree� � �

rooted at a source node� � �
,

spanning a group
 � � � ���, a feasible partition
������
 , find an in-tree node � � and a route from 
to a given node�, � � � ! � " � �, and a set�������
such that���� �� ���� is minimized while the partition
��������#$ is feasible.

III. R ELATED WORK

In a later section, we shall show that the sub-problem
of MRDC-JOIN is, in essence, a combined delay par-
tition and (unicast) routing problem with a single addi-
tional constraint on the total delay variation of the route.

The optimal delay partition and routing problem for
convex cost functions was investigated in [5] and a
pseudo-polynomial algorithm was proposed. Reference
[6] extended that problem to general cost functions and
developed a number of pseudo-polynomial algorithms
and fully polynomial approximation versions of those

algorithms. Similar and related problems were also ad-
dressed in [8], [9] and reference therein.

Ours is different from previous work because not only
propagation delay and delay variation are taken into
account but there is also an additional constraint on the
total delay variation of the route. It is this constraint that
makes MRDC-JOIN NP-complete as explained in the
next section.

A number of papers (e.g., [2], [3]) considered multi-
cast routing with end-to-end delay and inter-destination
delay variation constraints but all assumed fix link delays
and/or fix link costs. Compared to the assumptions made
by previous work, our assumptions are more realistic,
hence, our solution will more likely find application in
real-life problems.

IV. MRDC-JOIN IS NP-COMPLETE

We transform Restricted Shortest Path problem (RSP),
which is known to be NP-complete [8], to MRDC-JOIN.
Let us consider an arbitrary instance of RSP: given a
graph

������
, each edge% is associated with a weight&� and length��, find a shortest path from node� to �

such that total path weight is no greater' . We construct
a network

�( �� ( ��(�
that consists of

������
and a new

edge
����� (see Figure 1). Let�� 
 ����

&�, �� 
 ' .
Let the current multicast tree compose of edge

����� and
�)�*�+ 
 ,, �)�*�+ 
 ,, and�� 
 ��. For all % � �

, set
�� 
 ,, �� 
 &�, ����� 
 ��.

We are going to show that the optimal solution to this
problem instance of MRDC-JOIN is also the optimal
solution to RSP and vice versa. First, assume the optimal
solution of MRDC-JOIN is a path� and a partition
�������. Then, we must have:

-
���

�� � �� (4)

-
���

�� � �� � -
���

�� ��� (5)

Because link cost is constant and the constraint (5)
becomes less strict as���� �� increases, path� and
a delay partition having total of�� must also be an
optimal solution. In other words,� is the least-cost path
among all paths having���� �� � ��. Since�� 
 '
and �� 
 &�, � is also the optimal solution to RSP.

Conversely, suppose� is the optimal path of RSP
problem, it is easy to see that partitioning�� over �
will give a feasible solution to MRDC-JOIN. Let assume
that� is not the optimal solution for MRDC-JOIN, there
must exist a lower cost path� ( which is different from�
(remember that delay partitiondoes not affect the path
cost). However, according to previous result,� ( must
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Fig. 1. Problem transformation: adding an edge to������,
assigning link delays, and setting constraints.

also be the optimal solution to RSP, which contradicts
assumption that� ( has lower cost than�.

Since the transformation is obviously polynomial and
MRDC-JOIN is in NP, MRDC-JOIN is NP-complete.�

V. OPTIMAL UNICAST ROUTING AND DELAY

PARTITIONING WITH DELAY VARIATION CONSTRAINT

We first solve the (NP-complete) problem of opti-
mal delay partition and routing with a delay variation
constraint that is a sub-problem of MRDC-JOIN. By
thinking of each link as a set of links of different delays
and costs, the problem can be considered as a multi-
constrained optimal path (MCOP) problem [4], hence,
it can be solved by heuristics such as HMCOP [4].
The computational complexities of HMCOP and the k-
shortest path version of HMCOP are��� �	
 ��	��
and��� �	
 ���	� �	
 �������
�	��

, respectively.
As will be seen from Section V-C, the performance of

H MCOP for this kind of problem is very poor, which
motivates us to find better heuristics. For the integer
cost function case, we develop a heuristic that is based
on OPQR [6], and for the convex cost function case,
we derive from Dynamic-OP-MP [5] a heuristic that is
capable of obtaining better results in less time.

A. Integer Cost Functions

In order to accommodate total delay variation require-
ment ��, our heuristic algorithm OPQRwVC employs
a double-pass approach (see Figure 2). First, in the
reverse pass, a Reverse-Dijkstra algorithm is invoked to
compute the minimum total delay variation,����, from
all other nodes� to node � starting from � (line 1).
This information is then used in the forward pass to
determine if the heuristic should consider a node, i.e.
only a node with foreseen total delay variation that meets
the requirement will be considered (line 13). Lines 14-19
update���� ��, which is the minimum total delay at a
node� for a given cost

�
, and the corresponding total

forward delay variation. OPQRwVC also ensures that the

OPQRwVC(�� ������ � �� ������� ����� � ��!)

1: �"#$%�$�& ' Reverse-Dijkstra��� ������� ���
2: for all ( ) * + ��� do
3:  �(�,� ' -,

".$ ' -
4:  ���,� ' ,, ".. ' ,
5: for / 0 1�2� 333�! do
6: for all ( ) * do
7:  �(�/� '  �(�/ + 1�, "�(�/� ' "�(�/ + 1�
8: for all 4 ) ��(5�(�6�(5 �(� ) 7� do
9: for 8 0 1�2� 333� / do

10:
�� �8 � ' 9:;��6�� ��� < 8�

11: if
�� �8 � = �� >�� then

12:
�� �8 � ' �� >��

13: if
".$? >�$?$ >"#$% <  � then

14: if  �(�/� @ �� �8 � > �(5� / +8� then
15:  �(�/� ' �� �8 � > �(5� / +8�
16:

".$ ' ".$? >�$?$
17: else
18: if  �(�/� 0 �� �8 � > �(5� / +8� then
19:

".$ ' 9:;�".$�".$? >�$?$�
20: if  ���/� <  then
21: add + ���/� to delay partition of the outgoing

link of �
22: return the corresponding route and partition.
23: return FAIL

Fig. 2. The heuristic algorithm for the case of integer link cost
functions

link delay is feasible (see lines 11-12). Once the delay
requirement is met (line 20), line 21 makes sure that�
has been fully partitioned and returns the route and the
corresponding delay partition (line 22).

In comparison with OPQR, OPQRwVC requires an
additional Reverse-Dijkstra run at the beginning and a
simple check in each iteration, therefore, its complexity
is ��� �	
� �	 �	A �A � �	
���

.

B. Convex Cost Functions

The optimal delay partition and routing problem could
be solved exactly and efficiently when cost functions are
convex by a dynamic algorithm DYNAMIC-OP-MP [5].
In fact, its computational complexity is��	� �	
��

.
The reasons for this efficiency and a detailed description
of the algorithm are given in [5].

Using DYNAMIC-OP-MP as a basis, we develop
a heuristic algorithm OPQRwVC-CC with the same
approach used in OPQRwVC. Like DYNAMIC-OP-MP,
OPQRwVC-CC has one main function and 3 sub-
routines, i.e., INIT, UPDATE, and GET, our sub-routines
are almost the same as the original ones except that
information regarding the “forward” total delay variation
at each node for each total delay is also maintained and



updated along withbase information. In the main func-
tion, the foreseen total delay variation is checked before
best route information is updated at each node. Overall,
the complexity of OPQRwVC-CC is��� �	
 � � 	 �	� �	
��

.

C. Performance Evaluation

We compare the performance of HMCOP
�� 
 
����,

OPQRwVC, and OPQRwVC-CC using thesuccess rate
(SR), which refers to the fraction of route requests for
which feasible routes are found by a given algorithm,
andaverage route cost (Avg. Cost).

In our simulation, a 50-node network is generated
based on Waxman’s model [10]. Each link in the network
is assigned two random values representing propagation
delay and delay variation. Link cost function of a link is
randomly picked from a pool of 3 convex cost functions.
The cost functions are chosen to be convex on purpose,
as that allows for direct comparison of all algorithms.
Any two nodes and � in the network that are at least
4 hops away from each other will be included in the
simulation. Selection of delay constraints is carefully and
systematically conducted to ensure that the constraints
are sufficiently tight. Table I shows the SRs and average
route costs obtained by the algorithms.

TABLE I

SUCCESSRATES AND AVERAGE ROUTE COST OFH MCOP,

OPQRWVC, AND OPQRWVC-CC

Algorithm Success Rate(%) Average Cost

H MCOP (� � �) 25.22 11.9455

H MCOP (� � �) 45.35 11.9336

H MCOP (� � �) 52.52 11.8156

OPQRwVC 100 14.9349

OPQRwVC-CC 100 11.7200

As can be seen from Table I, the success rates of
both OPQRwVC and OPQRwVC-CC are 100% while
those of HMCOP are only 25.22% for

� 
 
 and up to
52.52% for

� 
 �
. The average cost reduction obtained

by OPQRwVC-CC is 27.4% and 2% in comparison
with OPQRwVC and HMCOP respectively. The 2%
cost reduction of OPQRwVC-CC compared to HMCOP
does not seem to be significant, however, we need to
remember the fact that HMCOP doesnot often find
feasible solutions in this experiment.

VI. PROPOSEDALGORITHM FOR MRDC-JOIN

The general idea behind our join algorithm is to
determine the optimal (feasible) route from each of the

MRDC-JOIN��� ������ � �� �3����� � � � � �	 � ������
 ���

1: if � ) 	 then
2: if delay variation constraint is satisfiedthen
3: return OK
4: else
5: return FAIL
6: for all � ) 	 do
7: Compute � ��!
8: � ' � � 	 � ���
9: ROUTE(�� ������ � �� ������� ����� � ��!)

10: � ' � � 	 � ���
11: if route foundthen
12: return the best route found and its corresponding attach-

ment node� and delay partition.
13: else
14: return FAIL

Fig. 3. The heuristic algorithm for the MRDC-JOIN problem

nodes in the current multicast tree (a.k.a,attachment
candidate) to the new node and simply pick the least cost
one. This section will describe the algorithm and discuss
the simulation results in the following subsections.

A. 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
of the current multicast tree. The current treeexcept the
attachment candidate currently under consideration must
be temporarily “removed” from the network (line 8) to
ensure that the new route will not form a loop with the
existing tree. After route computation for a candidate
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.

Computational complexity of this version is roughly
�
 
�
times the computational complexity of ROUTE,

which is quite expensive. However, this complexity can
be reduced by performing MRDC-JOIN in a distributed
fashion.

In the distributed version, a node that wishes to join
a multicast session first checks if it is already in the
multicast tree. If that is the case, it will join the multicast
group only if delay variation constraint is met. If the
node is not currently on the tree, it unicasts ajoin-
request message to the source. The source and any in-tree
node that receives the request will forward the request
message to its downstream nodes along the multicast
tree. In the end, all in-tree nodes will receive this request.



Upon reception of the join-request, every in-tree node
computes the delay constraints based on its knowledge
of the downstream nodes and delay information piggy-
backed on the forwarded join-request, computes the best
route toward the new node, and if it finds a feasible route,
it unicasts abid to the new node. The new node collects
all the bids, selects the best one and requests the node
that sends the selected bid to connect the new node to
the current tree via ajoin message.

The computational complexity of this distributed ver-
sion is the same as that of ROUTE, although there will
be more control overhead associated with the exchanging
of messages.

B. Performance Evaluation

We generate 3 networks of 50 nodes, 100 nodes
and 200 nodes using the same method described in
Section V-C. A source node and a set of nodes are
randomly selected from among the network nodes. The
sequence in which the selected nodes are going to join
the multicast session is randomized. The number of
successful joins and total tree cost are recorded. The
process is repeated 100 times for each test network. In
order to account for the impact of SRs on route cost,
tree cost in each run is scaled by���. The success rates
and the scaled costs are averaged over 100 runs.

We compare the average success rates and average
tree costs obtained by algorithm MRDC-JOIN with those
computed by a centralized algorithm MRDC-GA [1].
Simulation results are shown in Table II.

TABLE II

COMPARISON OFSUCCESSRATES AND AVERAGE TREE COST OF

MRDC-JOINAND MRDC-GA

Test MRDC-JOIN MRDC-GA

Network Avg. SR(%) Avg. Cost SR(%) Cost

50 nodes 87.27 76.21 100 52.1836

100 nodes 90 113.77 100 96.4997

200 nodes 88.87 276.39 100 208.217

The results show that MRDC-JOIN is capable of
constructing a multicast tree quite efficiently. The costs
given by MRDC-JOIN are less than 1.5 times the tree
costs provided by MRDC-GA in all cases. In terms of
success rates, MRDC-JOIN also performs very well as,
on average, more than 87% join requests are successfully
handled. The performance of MRDC-JOIN seems to get
better when the network size increases.

VII. C ONCLUSIONS

In this paper, we have formulated the fundamental
problem of delay constrained multicast routing which is
connecting a new node to an existing tree under source-
to-destination and inter-destination delay variation con-
straints (MRDC-JOIN). We subsequently showed that
MRDC-JOIN is NP-complete.

In simulation, our heuristics OPQRwVC and
OPQRwVC-CC outperformed HMCOP

�� 
 
�����,
i.e., 100% success rate compared to 52.52% of HMCOP�� 
 ��

and the average route costs were also better.
We presented centralized and distributed versions of

algorithm MRDC-JOIN. The complexity of the dis-
tributed algorithm is the same as the heuristic employed
in the algorithm. By means of simulation, we showed
that the algorithm is capable of handling join requests
efficiently in providing high success rates and good tree
costs in all test networks.

For future work, we shall investigate the problem of
handling more than one join request at a time and the
possibility of incorporating the distributed version of
MRDC-JOIN into a multicast routing protocol.
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