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Abstract: In order to share multimedia transmissions in mesh networks and optimize the utilization of network resources, this
paper presents a Two-stage Evolutionary Algorithm (TEA), i.e., unicast routing evolution and multicast path composition, for
dynamic multicast routing. The TEA uses a novel link-duplicate-degree encoding, which can encode a multicast path in the
link-duplicate-degree and decode the path as a link vector easily. A dynamic algorithm for adding nodes to or removing nodes from
a multicast group and a repairing algorithm are also covered in this paper. As the TEA is based on global evaluation, the quality of
the multicast path remains stabilized without degradation when multicast members change over time. Therefore, it is not necessary
to rearrange the multicast path during the life cycle of the multicast sessions. Simulation results show that the TEA is efficient and

convergent.
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INTRODUCTION

With the high development of network tech-
nology, multimedia applications have become domi-
nant in mesh networks. The multimedia communica-
tion is sensitive to the quality of service (QoS) along
transmission routes and occupies a mass of network
bandwidth, which in turn brings big challenges to
network resources and transmission approaches.
Multicast focuses on sharing the network transmis-
sion and enhancing the utilization of network re-
sources, and thus this is a key in minimizing the total
cost of network transmissions.

Shortest path tree (SPT) (Dalal and Metcalfe,
1978) is an original algorithm for multicast routing,
which minimizes the path cost from the source to each
multicast member with time complexity O(n°). As
shared paths are not considered, the network re-
sources cannot be utilized in an optimized way in the
SPT. The objective of the minimum Steiner tree is to
minimize the total cost of the multicast path. Kom-
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pella (1993) proposed a heuristic Steiner tree algo-
rithm which was improved by Erlangung (2003) with
time complexity O(mn’). SPT and Steiner tree algo-
rithms are suitable for static multicast, however,
multicast mechanism operates actually on dynamic
networks, and multicast members vary with time.
Waxman (1988) proposed a weighted greedy
algorithm for dynamic multicast for the first time,
which allows nodes joining in or off the multicast
group during a connection. Since the quality of the
multicast tree deteriorates over time when multicast
members change frequently, Raghavan et al.(1999)
proposed an algorithm with a quality factor (QF) to
measure the quality of the dynamic multicast tree.
When QF drops below a particular threshold, the
algorithm rearranges the multicast tree. Chen and Xu
(2006) proposed a balancing factor to measure and
trigger the multicast tree rearrangement. However,
rearrangement of the multicast tree may result in a
large service disruption which may not be tolerated,
especially by QoS multicast sessions. Therefore,
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having received a significant attention, the rear-
rangement needs further researches.

Wu et al.(2006) proposed a heuristic local op-
timum algorithm for QoS aware overlay multicast,
adopting self-organized, distributed and tree-first
strategies. Viswanath et a/.(2006) used flooding to
explore multicast routing for a mobile network. Zhou
et al.(2007) proposed a dynamic zone-based multicast
routing protocol. Wu, Viswanath and Zhou et al.
solved the dynamic multicast problems in a distrib-
uted way without rearrangement for the existing
multicast tree. However, since the algorithms are
based on the local optimization, the quality of the
multicast tree cannot be retained over time.

Genetic evolutionary algorithms were used in
multicast routing in recent years. Fu and Li (2005)
proposed a genetic algorithm (GA) for multicast
routing with cost-delay-jitter QoS constraints. Liu et
al.(2006) proposed a GA for multicast in wireless ad
hoc networks. Garrozi and Araujo (2006) proposed a

multi-objective optimization GA for multicast routing.

Yue et al.(2007) proposed a chaotic GA, adding cha-
otic perturbation in GA to inhibit the premature mul-
ticast routing. Most GAs are encoded in a compli-
cated tree style, e.g., Fu and Li (2005) and Vijay et
al.(2005) adopted tree-based encodings, and Liu et
al.(2006) used an indexed tree encoding. Garrozi and
Araujo (2006) proposed a novel M-L link encoding,
however, the proposed algorithm is not target for
dynamic multicast. Sun et a/.(2007) proposed a par-
allel quantum GA for QoS multicast routing, using
quantum bits to express genes, but they did not pro-
vide any specific routing expression in quantum genes.

Focusing on the dynamic multicast and the
quality of multicast paths, this paper presents a
Two-stage Evolutionary Algorithm (TEA). First, we
propose a simple link-based encoding method, link-
duplicate-degree encoding, which can encode a mul-
ticast path in the link-duplicate-degree and decode the
path as a link vector easily. Then based on the
link-based encoding we propose a two-stage algo-
rithm, including unicast routing evolution and mul-

ticast path composition, for multicast routing creation.

We present a dynamic multicast maintenance algo-
rithm for adding nodes to the multicast group or re-
moving nodes from the group, and a repairing algo-
rithm for the dynamic network. Finally, we study the
performance of the TEA in simulation experiments
and verify the efficiency of the algorithm.

Multicast routing model

Let graph G(V, E, ) represent an interconnected
network, and N and L denote the numbers of nodes
and edges in G, respectively; V={vy, v,, ..., vy} is a set
of nodes, denoting the routers; E={ey, e, ..., e.} is a
set of edges, denoting the links; w={wy, @y, ..., w.} is
the weight set of graph G which represents QoS con-
straints on nodes and links. Given a source node s
(se V) and a set of multicast destinations M (McV),
we call ‘multicast nodes’ are given, and the multicast
problem can be described as follows:

A multicast path 7 has to be found which origi-
nates from the source s, and covers every multicast
node m (meM), to minimize the total cost and satisfy
the QoS requirements of each multicast node. Let p
represent a unicast routing to the multicast node m,
meMcV, then the multicast routing problem can be
expressed as:

min{cost(T) = Z; WX, } s (1)
I, ee€T,

for w, ew, x,= )
0, otherwise,

delay(p) =Y nd(v)+ Y ld(e)<dl,,  (2)

vep eep

bandwidth(p) = min{bandwidth(e)} > bw,,  (3)
ecp

Jitter(p) = Zjitter(v) < Jjtys 4)

vep

loss(p) = Zloss(v) <ls,, (5)

vep

where nd and /d denote delay on nodes and on links,
respectively; dly, bwy, jty and Isy represent the con-
straint thresholds corresponding to delay, bandwidth,
jitter and loss rate, respectively; veV, ecE.

TWO-STAGE EVOLUTIONARY ALGORITHM

As the total cost of a multicast path is associated
with the unicast routings of multicast nodes, the TEA
decomposes the process of creating the multicast path
into two stages. First, the TEA creates the unicast
routing population, and then composes the multicast
path with unicast routings. Corresponding to the two
stages, the TEA adopts two kinds of encoding meth-
ods, i.e., string and link set encodings, and two kinds
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of evaluations, i.e., affinity and fitness evaluations.
The affinity evaluation is used for unicast routings to
get predominant routings in immune space and the
fitness evaluation is used for the optimization of the
multicast path.

Multicast encoding

The TEA encodes the unicast routing and the
multicast path separately.

Unicast routing encoded in string takes the node
identifiers as genes when the routing passes those
nodes and lines them in order. p[k:{nl, N, ..., Ny}
represents the routing to the ith multicast node in the
kth multicast path, where n; (=1, 2, ..., /) represent the
node IDs, and / is the number of nodes in the unicast
routing. An array of unicast routings in a multicast
group constructs a routing matrix.

Before describing the multicast path encoding,

we introduce the following definitions:
Definition 1 Linkage matrix expresses linkage rela-
tionship between pairs of nodes in a network. In the
linkage matrix, each row corresponds to a node and
associates with other nodes on columns. A linkage
matrix is shown below:

12 ... ..n

where m;=[cost bw delay] is a link vector between
nodes i and j. It can be ascertained by m;; whether a
linkage exists between nodes i and ;. If m;;.bw>0, then
the answer is yes; otherwise, no.

Definition 2 Link-duplicate-degree recodes the
number of unicast routings passing through a par-
ticular link in G(V, E, w). Let i denote the link ID, A,
the link-duplicate-degree of link i, Vi, 34,eNy, if the
ith link is passed by a routing j (=1, 2, ..., m), then
A=m; otherwise, 4;=0.

A multicast path is encoded in a link set with the
length which equals the number of links in a network.
Each gene takes the link-duplicate-degree which
corresponds to the link ID in sequence, the link set

Siink= {41, A2,
coded as a link vector [/y, [y, ...

..., A }. This encoding is easy to be de-
B Zn]n n<L‘

Multicast path creation

The process of multicast routing creation is di-
vided into two stages, i.e., creating unicast routing
populations and composing the multicast path.

1. Unicast routing population creation

The TEA creates a unicast routing population for
each multicast node and adopts GAs to promote the
diversity of populations (Zhu et al., 2007).

To further intensify the diversity, immune theory
is used in evolutionary processes to restrain the indi-
vidual similarity of populations in the Hamming
method. Let {n, ny, ..., n;} denote a routing, and then
the distance between the ith and jth routings is defined
as

N 1, n'=n,
D=3, &=1" ' (©6)
Sk ' 0, otherwise,

where n/" is the kth node gene of the ith routing.

The TEA drops those routings which do not meet
the QoS requirement, and creates a routing population
for each multicast node.

2. Multicast path composition

First, the TEA takes an initial node from the
multicast set M at random. From unicast routing
population of the initial node, the TEA chooses a
unicast routing with the minimal cost as an initial path
of the multicast group. Then, the TEA takes a second
node from M at random and composes the multicast
path with the initial multicast path and a unicast
routing in the population of the second node tenta-
tively. The TEA chooses the partial multicast path
with the best fitness, and then updates the Sj,. This
process is repeated until every multicast node has
been added to the multicast path. Finally, a population
of multicast paths is created and the path with the best
fitness on evaluation is chosen as the result of the
TEA. The composition algorithm can be described as
follows:

Take a multicast node ng, noeM;
Choose a unicast routing of 7y with min(cost) as r;
Partial-path P:=r;
For each node n;, n,e M, ni#ng
for each routing r; in a population of n;
partial-path p;=compose-path(P, n;, r;);



794 Zhu et al. / J Zhejiang Univ Sci A 2008 9(6):791-798

fitness;=pre_evaluation of pj;
end
partial-path P:=p; with min(fitness);
End
Path:=partial-path P;
Update the /ink-duplicate-degree in Sjyy.

An example of multicast path composition is
shown in Fig.1. The initial path for a multicast is
1—5—06, and the link-duplicate-degree for links 1—5
and 5—6 is 1. The second routing 1->5—>6—7 is
selected to be composed with the initial path, and the
composed result is still 1->5—6—7, but the /ink-
duplicate-degree for links 1—5 and 5—6 becomes 2.

(&)
,’—f-

link-duplicate-degree

Fig.1 An example of multicast path composition

Multicast evaluation

There are two criteria to evaluate the quality of
multicast paths. The first is the total cost of the mul-
ticast path, and the second is the cost of unicast rout-
ings to the last multicast node.

Let mFit represent the fitness of a multicast path,
and cost; the cost of the ith link, then the multicast
path evaluation is defined as

M L L
mFit(G,M)=M ZZafcosti + 1/ bost,, (7)
i=1

k=1 i=1

where

Ja—

, if the ith link € the kth routing,

a =
0,
, if the ith link € a new routing,

=
0,

a' indicates whether the kth unicast routing passes

otherwise,

—_—

otherwise,

through the ith link or not, Z;a,k cost, is the cost of

the kth unicast routing. Z;b,.cost,. is the cost of a
unicast routing to the last multicast node, and
1/ Z; b.cost, makes the cost of unicast routings as

small as possible when different multicast paths take
the equal total cost.

For the source-based multicast, we adopt Eq.(8)
to stabilize the multicast backbone with a single
source. For the core-based multicast, we design Eq.(9)
to distribute the multicast paths along the network to
balance the network loads.

mFit(G,M) =

M L L L L (8)
(M ZZafcost[ +1 Zbicost[j-Zci/Zd,,

k=1 i=1 i=1 i=1 i=1
mFit(G,M) =

M L L L L
(M ZZal."costi+l/ bicosti]‘(l—Zci Zdl),

i=1 i=1 i=1

9

2.
i=1 ¢

represents the number of backbone links, z;d . 1s

1, if 4 >3, 1, if 4, >1,
where ¢, = d =

0, otherwise, 0, otherwise,

the number of links, and 2;01- / Z; d, means the

backbone ratio of the multicast path.

DYNAMIC MULTICAST ALGORITHM

Multicast path changes with dynamic member-
ships. We propose dynamic algorithms to add nodes to
or remove nodes from the multicast group.

Algorithm for adding nodes to the multicast group

The algorithm for adding nodes to the multicast
group performs in an incremental way. When a join
request is received from a node, the algorithm gets the
unicast routing population of this node first and
composes new multicast paths with the routings,
evaluates the fitness of the composed paths, and then
takes the path with the best fitness. At last, the algo-
rithm updates Sy of the multicast group.

Suppose that node & requests to join a multicast
group. Then the algorithm is as follows:
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Pj:=create a routing population of node ny;

For each routing 7; in P;
Path p;:=compose-path(path, ny, r;);
fitness;=pre_evaluation of pj;

End

Multicast _Path:=Path with min(fitness);

Increase 1 to the related link-duplicate-degree in Sy

Add unicast-routing(k) to the routing matrix of the path.

Algorithm for removing nodes from the multicast
group

Algorithm for removing nodes from the multi-
cast group only needs to decrease 1 from the related
link-duplicate-degree in Sjy, and delete the unicast
routing from the routing matrix.

Let node k& leave a multicast group. Then the
algorithm is described as:

Get unicast-routing(k) from the path routing matrix;
Transform unicast-routing(k) to the link vector;

Decrease 1 from the related link-duplicate-degree in Sy
Delete unicast-routing(k) from the routing matrix.

Repairing algorithm for the dynamic network
Node and link failures may happen in a network
incidentally and the multicast path may break. On
messages transferred by routing protocols, such as the
link state protocol, the repairing algorithm can correct
the multicast path and performs in the following way:

Get failure links;
Update the linkage matrix related with the failure links;
For each failure link
get A; from Sy, i<L;
if 4,0
no repair is needed;
else
scan the unicast routing matrix;
find node m affected by failure links, meM,
remove node m from the multicast group;
add node m to the multicast group again;
End

SIMULATION EXPERIMENTS

The simulation experiments run in Matlab 7.1 on
a personal computer with 1.6 GHz Intel Pentium CPU
and 512 M memory. We take four kinds of network
topologies created by the BRITE network topology
generator (Medina et al., 2001) in the Waxman model,
with the parameters listed in Table 1. The multicast

nodes are less than 18% of the total nodes in the
network. As for the GA parameters, the mutation
probability p,=0.1, and the crossover probability
p=0.9. If there is no additional note, we take the
population size popsize as N/2, N/3, N/4 correspond-
ing to the network with 33, 66, 100 nodes respectively,
and we take the memory size ¢y, value in the same way.
For convenient comparison, we set the cost value of
each link as 1 except for the first network, and take
the first node as the multicast source. Each experi-
ment was repeated more than 30 times.

Table 1 Parameters for the multicast network topologies

Nodes Directed links Multicast nodes a B
8 24 2 - -
33 132 6 0.9 0.7
66 264 12 0.9 0.7
100 400 18 0.9 0.7

a, pare parameters of edge density in the range (0, 1). Larger values
of « cause higher edge densities, while small values of fincrease the
density of short edges relative to longer ones

First, we test the multicast cost and CPU time
and make comparison among the TEA, the SPT and
Garrozi algorithms. The experimental results are
shown in Figs.2 and 3.

In Fig.2a, the total cost of the TEA is lower than
those of the SPT and Garrozi algorithms. Enlarging
the network scale, the total cost of the TEA grows
slowly, while the total cost of the SPT goes up quickly.
This result shows that the TEA makes the multicast
path more efficient.

Fig.2b illustrates an experimental comparison of
CPU time between the TEA and Garrozi’s. There is no
rapid increase in CPU time taken by the TEA with the
increase of the network nodes.

Fig.3a shows the relationship between the mul-
ticast path cost and the number of multicast nodes.
When the number of multicast nodes increases, the
total cost in the TEA grows slower than that of the
SPT, which shows a better adaptability of the TEA to
the number of multicast nodes.

Fig.3b shows the relationship between CPU time
and the number of multicast nodes for different
population sizes in the TEA. If the total cost is kept in
a minimal level, enlarging the population size does
not speed up the algorithm, but on the contrary, slows
down the performance. This result shows that a
proper small population size is recommended.
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To test the quality of dynamic multicast in ex- removal event. To stabilize the number of multicast
periments, we used probability P; to determine when = members, we took P,=0.5. We conducted experiments
an addition or removal event occurs. We create a  on three network scales. For each scale, we create 100
random number every time, if the random number is  random events and repeat the experiments 10 times
less than P, an addition event occurs; otherwise a  over. The average results are shown in Fig.4a.
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8 33 66 100
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Fig.2 Comparison of multicast cost (a) and CPU time (b) with the increase of network nodes among the
TEA, SPT and Garrozi algorithms

80 25
70 - - TEA (popsize: 33)
- i 50 k. ~% TEA (popsize: 17) ...
§ 60 —*— TEA (popsize: 8) .- g
E 50 =L 2 Z
é - ) 15 °
= 40 X i £ .
§ 30 g @ D 10 (4 : /. ........
= | g % . -
£ - / 5 . _
s 20 l’//'/ 5 et - |l
10 Ce :;’./‘__—-./‘
| o
O 1 i 1 1 O 1 L 1 1
6 12 18 24 30 6 12 18 24 30
Multicast nodes Multicast nodes
() (b)

Fig.3 (a) Multicast cost vs. the number of multicast nodes for SPT and TEA; (b) CPU time vs. the number of
multicast nodes in TEA for different popsize (a total of 33 nodes)
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Fig.4 (a) Cost of multicast path changes with dynamic events (add nodes or remove nodes), P,=0.5; (b) Ratio
(&) of the multicast cost to the optimal cost (I'), &cost/I”
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In each set of experiments there are random
fluctuations of the multicast cost along with dynamic
multicast events, but the trend remains horizontal in
general, which shows that the quality of multicast
paths does not worsen with the dynamic multicast
events.

Fig.4b shows a situation where each TEA mul-
ticast cost departs from the optimal one. Let & rep-
resent the ratio of the multicast cost to the optimal
cost, and then &=cost/I, I"is the optimal cost. We see
that the rate is 1 or close to 1 for all the three network
scales.

At last, we test the convergence of the algorithm.
Fig.5 shows the relationship between the number of
unicast routings created and evolutionary generations
for different multicast groups. The numbers of rout-
ings drop down quickly along with the evolutionary
generations. Most routings are created in the first 10
generations and the trend is descending along with
evolutionary generations.

60

—a—18-node multicast group
—#— ]2-node multicast group
...................... —¢ - 6-node multicast group ...

W
(=]

IS
(=]

(5]
(=]
-
S

Counts for unicast
routings created

20
O\

1 5 9 13 17 21 25
Generations

Fig.5 Relationship between the number of unicast
routings created and evolutionary generation for dif-
ferent multicast groups (a total of 33 nodes)

CONCLUSION

This paper presents an evolutionary algorithm
for dynamic multicast routing. This algorithm en-
codes or decodes the multicast path in link-dupli-
cate-degree, and is simple and efficient both in
multicast path creation and in dynamic group
maintenance. Simulation experiments show that the
algorithm has less multicast cost than SPT and Gar-
rozi algorithms, and achieves better efficiency than
Garrozi’s. Based on global evaluation, the algorithm

keeps the quality of dynamic multicast stabilized
when multicast members change over time, which
was verified by simulation experiments. Unlike the
other algorithms of dynamic multicast, the rear-
rangement for the multicast paths is not necessary in
the TEA, and thus the disturbance in the ongoing
sessions is turned away. Experimental results show
that the algorithm is convergent.

The algorithm is suitable for source- or cen-
ter-based multicast and provides QoS guarantee. The
next improvements for this algorithm will be to adapt
the algorithm for hierarchical networks and to paral-
lelize the algorithm.
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