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Abstract—IPTV live service has strict requirements of QoS. IP
Multicast is an effective technology, but the limited availability of
IP Multicast in the Internet motives researchers to apply
application-layer multicast to implement IPTV live service. In
application-layer multicast, applications arrange themselves as a
logical tree. The application-layer multicast for IPTV live service
can be modeled as the minimum diameter, degree-bounded
spanning tree (MDDBST) problem. However, application-layer
multicast is a Peer-to-Peer (P2P) style. Applications don’t have
information of the underlying network topology and select distant
peers, which generates much unnecessary traffic. Thus in the
application-layer multicast for IPTV live service application-layer
traffic optimization (ALTO) should be also considered. This paper
proposes a Topology-aware Ant Colony Optimization algorithm
based on Forest Growth (TACOF) which is mesh-first solution to
solve the MDDBST problem considering ALTO. The results of a
series of simulations show the effectiveness of the proposed
solution.

Keywords—QoS, Application-layer Multicast, Minimum Diameter,
Application-layer Traffic Optimization, Ant Colony Optimization

L

Internet Protocol Television (IPTV) live service is a
promising service that live television contents are delivered
across the Internet. Because of the popularity of the Internet,
more and more people enjoy watching TV through the Internet.

IPTV live service has strict requirements of Quality of
Service (QoS) such as bandwidth and delay. IP Multicast is an
effective technology which implements IPTV live service, but
the limited availability of IP Multicast in wide-area network has
motivated researchers to investigate solutions which implement
multicast in the application layer [1]. In the application-layer
multicast group members are organized into a logical tree. Data
are transferred along the edges of the logical tree using unicast.
Application-layer multicast doesn’t require the support of the
network layer and is easily deployed. Flow control, congestion
control, and reliable delivery services that are available for
unicast can be exploited. According to the established order of
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the control topology and the data topology, previous works on
application-layer multicast fall into two groups. The first group
of works like Application Level Multicast Infrastructure (ALMI)
[2] constructs a single tree used to transfer data directly. The
protocols are easily designed and implemented, but the failure
of a member can cause a partition of the tree. The second group
of works like Narada [3] firstly builds an overlay mesh.
Members maintain links in the overlay mesh. Then a tree based
on the mesh is constructed. Redundant edges result in extra
control traffic, but these greatly improve the reliability
especially in the case that members are unstable. Because users
usually switch channels or quit, the mesh-first solution is very
suitable for IPTV live service.

Application-layer multicast is a Peer-to-Peer (P2P) style.
P2P applications generally don’t have reliable information of
the underlying network topology and thus select distant peers,
which generates much unnecessary traffic. It naturally produces
a problem needed to solve: Application-Layer Traffic
Optimization (ALTO). For ALTO the Internet Engineering Task
Force (IETF) has set up a special workgroup and proposed
several RFCs [4] and Drafts [5]. Previous research works like
Global Network Positioning (GNP) [6] mostly use network
coordinate to evaluate the underlying network topology. These
works can roughly solve the ALTO problem. In order to reduce
traffic, the application-layer multicast tree should be topology-
aware.

This paper models application-layer multicast for IPTV live
service as minimum diameter, degree-bounded spanning tree
(MDDBST) problem considering ALTO. The MDDBST
problem has been proved to an NP-Complete problem [7]. This
paper proposes a Topology-aware Ant Colony Optimization
algorithm based on Forest Growth (TACOF) which is a mesh-
first solution. At first we combine the Delaunay triangulation
with the binning scheme to establish a topology-aware overlay
mesh. Then on the basis of this overlay mesh we use an Ant
Colony Optimization Algorithm based on Forest Growth
(ACOF) to construct a minimum diameter, degree-bounded
spanning tree. The rest of paper is organized as follow. The
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mathematical model of application-layer multicast is introduced
in section 2. Section 3 describes establishment of topology-
aware overlay mesh. Section 4 proposes an ACOF to construct a
minimum diameter, degree-bounded spanning tree. Simulation
and analysis of results are given in Section 5. Section 6
concludes the paper.

II.

According to requirements of QoS for IPTV live service, we
first formulate the application-layer multicast problem to
minimize the end-to-end delay of a multicast tree while
satisfying each end host’s access bandwidth constraint. The
diameter is defined as the maximum end-to-end delay of a tree
from source to all other group members. Each link in multicast
tree is assumed to require some specific amount of bandwidth b,
so if an end host has maximum access bandwidth b,,,, it has at
most b,,./b edges. Thus access bandwidth constraint can be
replaced by degree constraint. This leads to the following
problem formulation.

An application-layer network is viewed as an undirected
graph G=(V,E) comprising a set of nodes V={v;,v,,...,v,} and a
set of edges E={(v;v))|v,v;€V}. Each node v,€V is associate with
two values: a degree d(v;) and a degree bound d,.(v;). Each
edge (v,v))EE is associated with a value d(v;v;) representing a
delay. The object is to find a spanning tree 7=(V,E,) comprising
a set of nodes V={v;,v,,...,v,} and a set of edges E,SF such that
for each node v,€V, d(v;)<d,..(v;) and the diameter dia(G,) is
minimized.

The problem above is called the minimum diameter, degree-
bounded spanning tree (MDDBST) problem. S. Y. Shi, J. S.
Turner, and M. Waldvogel firstly proposed the MDDBST
problem [7]. They have proved the MDDBST problem to be a
NP-Complete problem and developed a heuristic algorithm
called Compact Tree (CT), which is a greedy algorithm similar
to Prim’s algorithm. The optimal tree can be found in O(n’).
Other previous works mostly mend the CT algorithm and have
little improvement in performance.

Except for the MDDBST problem, the ALTO problem must
be considered. A topology-aware tree can reduce traffic. The
application-layer multicast for IPTV live service becomes the
MDDBST problem considering ALTO aiming at enabling the
diameter of multicast tree to reach its minimal on the basis of
satisfying degree constraint and generating less traffic. All
previous works on the MDDBST problem don’t take the ALTO
problem into account. This paper proposes a mesh-first solution
for the MDDBST problem considering ALTO. Detailed
descriptions are in Section 3 and Section 4.

MATHEMATICAL MODEL AND RELATED WORK

III. ESTABLISHMENT OF TOPOLOGY-AWARE OVERLAY

MESH

In this section we combine the Delaunay triangulation with
the binning scheme to establish a topology-aware overlay mesh.
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A tree constructed on it is also topology-aware and roughly
solve the ALTO problem.

A. Delaunay triangulation

In the two-dimensional space there is a set of vertices 4. A
Delaunay triangulation for 4 is a triangulation graph with the
property that for each circumscribing circle of a triangle formed
by three vertices in 4, no vertex of 4 is in the interior of the
circle. In Figure 1, a Delaunay triangulation with the property
above is shown. In computational geometry the Delaunay
triangulation has been studied extensively and applied in many
areas.

Figure 1. A Delaunay triangulation

All nodes in V are placed in the two-dimensional geographic
space. Each node in V has a (x,y) coordinate respecting the
geographic location. The coordinates can be obtained via some
external mechanisms such as GPS. In this paper we use Lawson
algorithm to generate a Delaunay triangulation for V. Lawson
algorithm is a classic and easily implemented algorithm. A
description of Lawson algorithm is showed in [8].

The Delaunay triangulation has several attractive properties
to establish an overlay mesh for application-layer multicast.
First, the average degree of each node is less than 6. It’s small.
The maximum number of edges is generally small. Applications
only maintain less links, and then reduce control traffic. Second,
the Delaunay triangulation can be established and maintained in
a distributed fashion. Finally and most importantly, the
geographic distance of the two nodes that each edge in the
Delaunay triangulation for V is adjacent to is small. Geographic
location is a very important factor in the construction of the
underlying network. Geographic distance can be used to
evaluate the underlying network topology. Let E, represent the
set of edges in the Delaunay triangulation for V. Then the two
nodes that each edge in E, is adjacent to are likely topology-
close.

B. Binning scheme

Some topology-close nodes are distant in the geographic
space. In the Delaunay triangulation there aren’t edges between
these nodes. Thus some additional scheme should be used to
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establish some extra edges. A distributed binning scheme [9] is
also a way of evaluating the underlying network topology. The
binning scheme is described as follows.

A set of well known machines acted as landmarks are placed
on the Internet. Each landmark has a unique number. In [10]
placement strategies for landmarks have been studied. In our
works, we make minimal assumptions that the required numbers
of landmarks are placed at random with one condition that the
landmarks be separated from each other by a certain numbers of
hops. In our experiment we use a separation distance of four
hops. A node measures round-trip-time (RTT) to each of these
landmarks and orders the landmarks in order of increasing RTT.
Thus, each node has a ordering of landmarks. The ordering
represents the “bin” that nodes belong to. The rationale behind
the binning scheme is that topology-close nodes are likely to
have the same ordering and hence belong to the same bin. The
binning scheme is distributed, simple and scalable.

Using the binning scheme we randomly establish and
maintain some edges in the same bin with probability P. The
number of landmarks and the probability P affect the number of
established edges and thus the degree of nodes. Let E), represent
the set of edges established using the binning scheme. Then the
two nodes that each edge in E, is adjacent to are likely
topology-close.

Combining the Delaunay triangulation with the binning
scheme, a topology-aware overlay mesh G,=(V,E,) comprising
a set of nodes V={v,v,,...,v,} and a set of edges FE,CF is
established. F,, is equal to E,UE}. In E,, there are three kinds of
edges: the edges in E,, the edges in £}, and the edges in E,NE).
The third edges established twice are most likely topology-close
and should have higher probability of being selected as edges in
multicast tree.

IV. CONSTRUCTION OF APPLICATION-LAYER MULTICAST
TREE

Ant Colony optimization (ACO) is an optimization method
based on ant behaviors. Ants communicate with each other by a
chemical substance called pheromone, and then find the shortest
path to the food source. During ants move, ants deposit
pheromones on a passed path and move toward the direction
with high pheromone by perceiving the density of the
pheromones deposited by other ants. Therefore, the behaviors of
the ant colony indicate the positive feedback effect of the
pheromones: a path passed by more ants has a higher possibility
to be selected. By means of communication above, ants can find
the shortest path to the food source. In [11] basic ACO
algorithm is described. This section proposes an algorithm
called Ant Colony Optimization algorithm based on Forest
growth (ACOF) to construct a minimum diameter, degree-
bounded spanning tree 7 based on the topology-aware overlay
mesh G,, described in Section 3. The topology-aware overlay
mesh G,, with three kinds of edges provides important basis for
initializations of the pheromones in ACOF.
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A. Main idea

Each edge in G,, has a value representing the pheromone.
The forest is the set of one or more trees in the overlay mesh.
The behaviors of each ant in the ant colony form a forest. Initial
forest is empty. Each step of the ant is to select an edge in the
overlay mesh by perceiving the densities of the pheromones and
makes the current forest grow further. The final aim is that the
forest becomes a tree with all nodes in the overlay mesh. After
all ants establish trees, ants update the pheromones of the edges
according to a locally optimal tree and a globally optimal tree.
The above steps are repeated until the algorithm converges. The
unique principle abided by is the positive feedback mechanism
of the ACO algorithm.

B. Basic operations

The ACOF algorithm consists of two basic operations: the

growth of the forest and updating pheromones.
1) Growth of the forest

First, a forest F'=(V,E)) is established. £ represents the set of
edges in the forest. Initially E, is empty. Let E” respect the
candidate set with initial value E,,.

Then the ant K selects an edge from £’ in accordance with
the following formula:

(=] [4] ,

LUV e eE

Rl TTT

0

where e; represents the edge (v;,v;) and 7;represents the density
of the pheromone of e;. 4; is a heuristic function on e;. In the
experiment of this paper 4,;=1/d(v;,v;) where d(v;,v;) represent the
delay of e;. a and S are parameters adjusting effects of the
pheromone and the heuristic function.

Assuming that the edge (v,v,) is selected, two following
conditions are determined: (a)whether d(v;) is more than d,,,,.(v;)
and d(v;) is more than d,,.(v)); (b)whether there is a loop in E If
the conditions above are established, (v;,v)) is deleted from E’
and joins in E. At the same time d(v;) and d(v)) respectively add
1. Otherwise, (v;,)) is only deleted from £

The procedure above is executed again and again until the
forest becomes a tree with all other nodes.

2) Updating pheromones

After an iteration a locally optimal tree can be found.
Compared with the locally optimal tree the global optimal tree
can also be updated. Ants need to update pheromones to form a
positive feedback mechanism. The updating formula is as
follows:

(1)

others

Tgf:(l_p)'ry'+p'Asz ()
where 0<p<l is a parameter representing the pheromone
evaporation rate andATl.j represents the pheromone increment

of the edge (v;,v) in this iteration, which can be obtained by
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consolidating the locally optimal tree and the globally optimal
tree. Using this updating method the ACOF can guarantee
convergence and randomness to find trees.

C. Steps of ACOF

The ACOF inputs a topology-aware overlay mesh G, and
outputs a minimum diameter, degree-bounded spanning tree 7.
Steps are described as follows:

Stepl. Set the number of ants in the ant colony and the number

of iterations as ANTNUM and MAXNUM.

Initialize the densities of the pheromones of three kinds

of edges in E,, as three values: D PHERO, B PHERO

and PHERO (PHERO>D PHERO, PHORE>

B PHERO). Initialize the counter of the number of

iterations i as 0. Establish a globally optimal tree

T~(V,E,). Initialize E, to be empty.

Initialize the counter of the number of ants j as 0.

Establish a locally optimal tree 7/=(V,E)). Initialize E, to

be empty.

Establish a forest F'=(V,E)). Initialize E,to be empty.

Establish a candidate set £’ with initial value E,,,.

According to formula (2), select an edge (v;,v;) from E’.

If in the conditions of joining (v;,v) in E; d(v;)<duu(v2),

d(v))<d.(v;)) and there isn’t a loop in F, delete (v;,v))

from E’ and join it in Ex d(v)=d(v)+1. d(v)= d(v)+1.

Otherwise, only delete (v;, v;) from E’.

If there exist multiple trees in F, turn to Step5 until F

becomes a tree.

Compute the diameter dia(F) of F. Update the locally

optimal tree 7}. j=j+1.

If j<ANTNUM, turn to Step 4.

Update the globally optimal tree 7, and pheromones as

formula (2). i=i+1.

Step10.If the ACOF converges or i<MAXNUM, end and
output the globally optimal tree 7,. Otherwise, turn to
Step 3.

When joining edge in F, traversing all edges is necessary.
Thus the time complexity of the grow of the forest is
O(|E,|X|V]). When updating pheromones, traversing all edges in
adjacency matrix storing pheromones is necessary. Thus the
time complexity of updating pheromones is O(|E,|). There are

Step2.

Step3.

Step4.

Step5.

Step6.
Step7.

Step8.
Step9.

ANTNUM ants to find trees and the ACOF ends after i iterations.

Thus the time complexity of the ACOF s

O(iXANTNUMX |E,,|X|V)).
V.

We have implemented the solution in this paper in C++ and
executed it on a Pentium 4 system with 2GB RAM running at
3.0 GHz under Windows XP. Recent research showed that the
underlying network topology followed certain power rule. The
underlying network topology in our experiment was generated
via network topology generator Inet3.0, which adopted PLRG
(Power-Law Random Graphs) algorithm and priority attachment
to realize power rule [12].

1) Confirmation of parameters

SIMULATION AND ANALYSIS OF RESULTS
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In our experiment the value of the degree bound d,,,(v;) of
each node v;€V was set as a random number from 6 to 10. The
value of the delay d(v;,v;) was set as the sum of delays of links
in the shortest path from v; to v; in the underlying network.

Following [7], the number of landmarks was fixed at 4. Thus
there were 4!=24 bins. The value of P can be obtained by the
following formula:

— d,

d V|/24-1
where |V]/24 represents the average number of nodes in the
same bin and d, represents the expected degree of nodes using
the binning scheme. In our experiment the value of d, was fixed
at 4. Thus the average degree of nodes in the overly mesh
combining the Delaunay Triangulation with the binning scheme
was less than 10.

Following [13], the values of @and £ in formula (1) were
setas: @=0.9, =3.0. The value of pin formula (2) was set as:
p=0.4. A proper ant number ANTNUM enables the algorithm
obtain less traffic and diameter. We did a lot of experiments to
find it. In the underlying network, we selected randomly 40
group members and executed the TACOF. We got the relation
curves between the ant number and the traffic and between the
ant number and the diameter. In this paper the traffic of the
multicast tree is defined as the sum of the number of underlying
links along the multicast tree from source to all other members.
The results are shown in Fig.2 and Fig.3. It can be seen from
Fig.2 and Fig.3 that the traffic and the diameter of multicast tree
decrease with the increase of the number of ants. In Fig.2 when
the number of ants reached 4 the algorithm obtained the close to
best solution. In Fig.3 when the number of ants reached 6 the
algorithm obtained the close to best solution. Thus the best
number of ants is 6.

€)

200 [ ]

195

Traffic

190+

Number of Ants

Figure 2. Traffic of multicast tree with different ant number
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Figure 3. Diameter of multicast tree with different ant number

Then we simulated with different numbers of group member
nodes and obtained the best numbers of ants. The results are
shown in Fig.4, which shows the best number of ants increases
with the increase of group member nodes.

20

Best Number of Ants
i

0 20 40 60 80 100
Number of Nodes

Figure 4. The best ant number with different numbers of group member nodes

2) Verification of the performance
To verify the performance of TACOF, we compared it to
other three solutions: the CT algorithm [7] based on the random
overlay mesh (CTR), the CT algorithm based on the Delaunay
Triangulation overlay mesh (CTD) and the CT algorithm based
on the overlay mesh combining the Delaunay Triangulation
with binning scheme (CTDB).

ISBN 978-89-968650-0-1
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Figure 5. Comparison of traffic with different numbers of group member
nodes

Fig.2 shows the comparison of traffic with different numbers
of group members. It can be seen that traffic increase with the
increase of the number of group member nodes. Using the same
algorithm constructing a tree CTDB generates less traffic than
CTR and CTD. Thus the overlay mesh combining the Delaunay
Triangulation with binning scheme is more related to the
underlying network than other two overlay mesh. Based on the
overlay mesh combining the Delaunay Triangulation with
binning scheme the ACOF algorithm generates less traffic than
the CT algorithm.

—A—CTDB
TACOF|

3000

Diameter

2000

T T T T T
0 20 40 60 80 100

Number of Nodes

Figure 6. Comparison of diameter with different numbers of group member
nodes

Fig.3 shows the comparison of diameter between CTDB and
TACOF. It can be seen that the diameter increase with the
increase of the number of group member nodes. The diameter of
the tree constructed by TACOF is less than that by CTDB.
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Based on the above experiment results, we can conclude that
TACOF is a more effective algorithm for the MDDBST
problem considering ALTO.

VI. CONCLUSIONS

In this paper we propose a Topology-aware Ant Colony
Optimization algorithm based on Forest Growth (TACOF) for
the MDDBST problem considering ALTO. At first we combine
the Delaunay triangulation and the binning scheme to establish a
topology-aware overlay mesh. Then on the basis of this overlay
mesh we use an ACOF algorithm to construct a minimum
diameter, degree-bounded spanning tree. Simulation results
show TACOF generates less traffic and smaller diameter than
other solutions. In the future, we will research the relationship
between the parameters and group scale to improve the
performance of the algorithm in different group scales.
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