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Abstract. We introduce a new network planning approach for manage-
ment of multicast communications in large data dissemination networks.
Our approach, addressing Channelization Problem, considers both the
common user interests and geographical dependencies while evaluating
multicast configurations. We first perform Global Similarity Classifica-
tion to partition users into virtual domains based on their characteris-
tics within the same geographical vicinity. Second, based on the resource
availability of a given network, Localized Multicast Update mechanism is
used to evaluate the benefits of forming a new multicast group and the
cost of the management overhead. We evaluate the performance of the
proposed approach using our simulation software. Preliminary results
show that, using two-stage planning, the performance of our approach is
at least 40% better than the existing greedy approaches.

Keywords: Multicast, network planning, channelization.

1 Introduction

Multicast is the most efficient mechanism for information delivery in large scale
data dissemination network (LSDDN) applications which require delivering a
large number of information flows to many users. In management of such net-
works, multicast planning prior to network deployment is of particular im-
portance. Moreover, properly planned multicast communications can assist in
network management itself by disseminating management information.

The nature of LSDDN applications, such as multi-player online games [4],
and distributed event notification systems [6], is such that individual users are
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not interested in all information flows. Instead, users in the same geographical
vicinity show common characteristics by having high similarity in their infor-
mation flow interests, while users not in the same neighborhood do not have
such characteristics. Each user receives all of the information flows mapped to
the multicast groups to which it subscribed [2]. Channelization problem in mul-
ticasting is defined as finding an optimal mapping of information flows to the
multicast groups, and an optimal subscription of users to the multicast groups so
as to minimize the total bandwidth consumed. Fig. [l shows the two components
of channelization problem.
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Flow-to-multicast group mapping  User-to-multicast group subscription

Fig. 1. Two components of channelization problem

Although it is desirable to use multicast for LSDDN to reduce the overall
bandwidth demand, introduction of multicast groups requires configuration and
management overhead [3] [I] (e.g., in terms of routing, determining the proper
multicast route for each multicast group will consume additional bandwidth).
Hence, there is a clear need for multicast group planning algorithms that pro-
vide a satisfactory balance between the unwanted traffic per user and multicast
group management overhead, resulting in a near-optimal total bandwidth con-
sumption. Specifically, the channelization problem addresses: (i) selection of the
number of multicast groups to minimize total bandwidth consumption, () up-
date of multicast group planning in accordance with the network topology which
dynamically changes due to user mobility, (i77) adaptation of the mapping algo-
rithms to the networks with different characteristics (e.g., end-user tolerance to
unwanted packets), and (iv) reduction of the computational complexity of the
mapping algorithms.

In this paper, we provide a formal definition of channelization problem with
respect to no false exclusion and minimum false inclusion requirements [IJ.
We consider the issues of homogeneous characteristics of the users within the
same geographical boundary, routing overhead, total bandwidth consumption,
and introduce a new multicast group planning approach which consists of two
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main components: Global Similarity Classification and Localized Multicast Group
Update. We provide simulation results for comparing our approach with existing
greedy algorithms with respect to the number of multicast groups and total
bandwidth consumption.

2 Background

Based on the channelization problem structure shown in Fig. [, a data dissem-
ination system is defined as a triple (F', G, U) where F = {Fy, Fs, ..., Fn} is
the set of information flows with each flow F; assigned a transmission rate A;,
G = {G1,Gs,...,Gg} is the set of multicast groups, and U = {U;,Us, ..., U}
is the set of users. In generalized channelization problem, the information flows
(or users) might be mapped to more than one multicast groups. The user-flow
interest matrix W, flow-to-multicast group mapping matrix X, and the subscrip-
tion matrix Y are defined as follows [I]:

W = (Wjm) s Where j € U, m e F, M=| U |, N=| F |,

S 1 user j is interested in information flow m
Jm 0 otherwise

X = (Tim) yy > Wherei € F,me G, N=| F |, K=| G |,

T 1 flow 7 is assigned to multicast group m
‘71 0 otherwise

Y = (Yjm) pyx x> Where je U, me G, M=|U |, K=| G |,

_J L user j subscribes to multicast group m
Y7m =1 0 otherwise

Finding an optimal solution to the generalized channelization problem is NP-
Complete [I]. However, some constrained polynomial-time instances can be con-
sidered since practical networking situations might not require the solution of
the generalized form of channelization problem.

The existing solutions for channelization problem are either approximations
using greedy approaches, such as User Based Merge (UBM) and Flow Based
Merge (FBM) [1], or centralized control mechanisms such as Optimization-Based
Congestion Control [3]. Since greedy approaches are based on a fixed number
of multicast groups, they may not be appropriate for mobile networks. Also,
such greedy approaches can be computationally inefficient since the flow-to-
multicast group mapping and user-to-multicast group subscription have to be
recalculated even for small amount of changes in network topology. On the other
hand, centralized control mechanisms can be tuned to provide an acceptable level
of total bandwidth consumption. However, they have to process feedback from
all users leading to an unscalable multicast protocol overhead.

In general, the existing solutions need two improvements: (i) the benefits to
the algorithms must be evaluated due to possible common interests of users
residing in the same vicinity (compared to the users in different geographical
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locations), (ii) a more efficient solution may emerge if the number of multicast
groups is a result of diversity of user flow interests as opposed to a fixed number.

The first direction mentioned above can reduce the hardness of the chan-
nelization problem to a polynomial solution since the similarity consideration.
Similarly, the second improvement will remedy the typical cases where the
tolerance to routing overhead in the network is limited.

3 Owur Approach

In channelization problem, the flow-to-multicast group and user-to-multicast
group mappings must be such that: (i) all data needed by a user is mapped to
one or more multicast groups to which the user either subscribes or is designated
as the data recipient (no false exclusion), (#) the amount of unneeded data
received by users belonging to various multicast groups carrying the needed
data is minimized (minimum false inclusion).

Additionally, the total bandwidth consumption should be taken into consider-
ation while determining the mappings. Furthermore, any increase in the number
of multicast groups requires additional routing overhead to determine the proper
multicast routes. Since multicast groups is a limited resource, the number of mul-
ticast groups should be determined based on a design tradeoff involving all of
the issues just described (i.e., minimum false inclusion, no false exclusion, total
bandwidth consumed, and routing overhead).

3.1 Global Similarity Classification

Although both constrained and generalized channelization problems are NP-
Complete, in real LSDDN applications (e.g., hierarchical army networks, large
wireless ad-hoc networks [B], online soccer games [4]), if the users can be parti-
tioned into virtual domains at the planning stage based on their common charac-
teristics and the geographical vicinity, the problems’ computational complexity
can be reduced to polynomial-time as described below.

Partitioning the users into virtual domains has three key benefits:

— It reduces the network layer protocol overhead. In most routing protocols,
for example, the aggregate route update overhead grows as O(n?), where n is
the number of routers in a routing domain [5]. Therefore, using the concept
of virtual domains instead of considering all users as one single group reduces
overall maintenance complexity for routing.

— If the virtual domains are well chosen, homogeneous characteristics among
the users in the same domain will make channelization problem much easier.
For example, in the context of Optimal Configuration Approach [I], when
the number of virtual domains equals to the expected number of multicast
groups, the partitioned result will independently work as a near-optimal
configuration without any further consideration.

— Virtual user domain concept can fit to mobile networks characterized by
highly dynamic arrival and departure of users.
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Typically, the users in the same vicinity have common information flow interests
with a higher probability than the ones in different geographical regions. For
global similarity classification, we propose an interest-aware algorithm inspired
by overlap matriz technique [2] to partition the users into virtual domains based
on their common interests and geographical dependencies.

Let us first define similarity indicator 6;(j1, j2) of users U;, and Uj, as:

o 1if wy, s ®wj, s =0
(5, , — . J1,2 J2,?
z(]l J2) {Olf Wy, i B wjyi = 1
where wj, ;, wj, ; represent the flow interests of the users U;, and U}, regarding
information flow F;, respectively. We maintain an M x M (M=|U|) similar-
ity table to store the similarity rates. Each entry kj, ;, of the similarity table
represents the similarity rate for the user pair of (Uj;,,Uj,):

> 6, d2)

icF
J1.d2 = Cji,ja 1
(Z(l_éi(jlan))) W

ieF

k

where ¢;, j, is a proximity dependent coefficient (0 < ¢;, j, < 1) where ¢j, ;, =0

if the users are far from each other, c;, j, = 1 if they are in the same vicinity,

and between 0 and 1 depending on their distance. When Z(l —6:(j1,42)) =0,
i€l

we set kj, j, as 0o, which indicates the highest value.

We introduce Algorithm 1 as shown in Fig. 2l which uses global similarity
classification to find a set of virtual domains based on the similarity rates in
similarity table. In the for loop in Fig. Bl (lines 1 through 10), the exclusive-or
operator shown as @ in line 3 checks if the users Uj;, and U;, have common
interest on information flow F; (& operator results in 0 if w;, ; and w;,; are
the same, and 1 otherwise). The counter called overlap is incremented if there
is a common interest (line 5), otherwise, the counter non-overlap is incremented
(line 7). In each iteration of the while loop (lines 11 through 13), the user (or
group) pair of (ji,j2) with the highest similarity rate kj, j, is selected among
the unselected pairs. If neither of the users Uj;, and Uj, belongs to any virtual
domains created before, a new virtual domain is created for them. If one of the
users Uj, or Uj, is already a member of a virtual domain, the user currently not
in this domain will be added to the domain.

As can be seen in Fig. 2l global similarity classification reduces the computa-
tional complexity of the channelization problem. Moreover, if used after network
deployment, Algorithm 1 does not have to run for all user pairs each time a user
arrives in the network since the only decision to make in Algorithm 1 is either
to assign a new virtual domain to the new user or include it in one of the exist-
ing domains, while greedy approaches such as FBM may require a computation
with O(N?M + (N — K)?M) running time to recover from such changes in the
network topology.
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Algorithm 1. Global Similarity Classification

Input : U (set of users in the network), F (set of information flows), W (user-flow
interest matrix), and C (boundary dependent coefficients)
Output : Partitioned virtual user domains

PARTITION (W, F,U,C)
1 for all possible user pairs (Uj,,Uj,)

2 do for m — 1to N /*N is the number of flows™/
3 if (w]j m D wje’m) =0
4 then
5 overlap < overlap +1
6 else
7 non-overlap «— non-overlap +1
8
9 ki, js < ¢j1.jo (0verlap < non-overlap)
10
11 while there is any user not partitioned to a virtual domain
12 do select the maximum similarity rate k;, ;, and put
13 corresponding (Uj,, Uj,) into the same virtual domain.

Fig. 2. Algorithm for global similarity classification

Virtual domains can be represented as an undirected graph G y=(V, E) named
User Neighborhood Graph, where V is the set of vertices (i.e., network users),
and F is the set of edges among the vertices. There is an edge between any
user pair (U;, Uj) as long as the users U; and U; are in the same neighborhood.
Since each user can belong to only one neighborhood, Gy=(V, E) is naturally
disconnected, and consists of complete subgraphs. Hence:

V={u : u is a network user}
E={(u,v) : u and v are in the same neighborhood}

GN:(V,E){

Fig. Bh depicts an example network in which black vertices represent infor-
mation flows while gray vertices are for network users, and lines between ver-
tices represent the communication links. Vertices in the same neighborhood are
connected to each other with solid edges whereas dotted edges connect ver-
tices in different neighborhoods. Fig. Bb shows G for the example network in

Fig. Bh.

3.2 Constrained Channelization Problem

The cost Csyp of user-to-multicast group subscription of channelization problem
is computed based on X and Y matrices, as defined in Section II, as follows:

Csub - ZZ Z -Timyiji (2)

IEFjEUMEG
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Fig. 3. Example of global similarity classification

where i, Yjm are the members of X and Y matrices, I, U, G are the sets
of information flows, multicast groups, and users, respectively, and \; is the
transmission rate of the corresponding information flow F;. The cost Ci,qp of
flow-to-multicast group mapping is computed based on X matrix as follows:

Crap = Z Z TimAi (3)

i€eFmeG

Hence, the total cost C, of channelization problem is the sum of Egs. () and (@3):

Cc = Csub + Cmap = wlzz Z (Eimyiji + MQZ Z (Eim)\i (4)

i€EFjeUmeG i€EFmeG

where w; and ws are introduced to provide relative weights to the costs of sub-
scription and mapping, respectively. Considering the costs of both channelization
problem C. and routing management C, (i.e., setting up and maintaining the
multicast routes), the total cost Ciyy of multicasting is defined as follows :

Otot - Cc + Or - wlzz Z ximyjm/\i + w2z Z xzm>\z + wSOr (5)

i€EFjeUmeG 1€ FmeG

where w3 is the corresponding relative weight for C).. For simplicity, without loss
of generality, we evaluate Cy,; with the following approximations: (i) the cost of
routing management increases linearly with the number of multicast groups, (i)
w1 = we = ws so that they can be ignored in the computation, (ii7) one user
subscribes to only one multicast group. Now, C},; becomes:

Crot = ZZ Z TimYjmAi + Z Z TimAi + Z Ym (6)

ieFjeUmeG i€FmeG meaG
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where 7, represents routing overhead for the multicast group G,,. We now
consider cost of merging two multicast groups G, and Gj1. Let the total cost
function C},, after merging be:

ot = DD > Tt i+ DD T At Y Y (7)
i€ jeU' meG’ i€EF'meG’ meG’

where F'=F, U'=U, |G'|=|G|—1. Under the constrained subscription framework,
we define the cost changes in both flow-to-multicast group mapping C,,qp and
user-to-multicast group subscription Cl,;, after the multicast group merging as
ACmap and ACgyy, respectively. Thus, the difference AC,; of Cyor and Cf,, is:

AChot = Crot = Choy = MDD D Tim¥im — D D D ThonYhn)+

ieFjeUmeG i€ jeU meG’
M S = 2 #4) + (o X0 70 = Aoy + Ao + AC,
iceFmeG i€EF'meG’ meG meG’

(3)
where AC),qp is determined based on three different cases: (i) if the flow is
not sent to any multicast groups which have been merged, AC,qp = 0, (i) if
the flow is sent to only one of the multicast groups which have been merged,
ACmap = 0 (1ii) if the flow is sent to both multicast groups which have been
merged, ACmap226i)\i7 where 6; = 1 if wj; x wj; # 0, and 0 otherwise. In the

icF
same way, ACj,, is determined as: (4)if the user is not subscribed to any mul-
ticast groups which have been merged, AC,;, = 0, (i) if the user is subscribed

to only one of the multicast groups which have been merged, AC;,;, = —Zég)\i

icF
where 6] = 1 if wj; ® wj; = 1, and 0 otherwise. Therefore, the total difference
of cost functions before and after merging is:

ACior = (Y _8M =Y 8A) + (D vm— Y i) (9)
i€F ieF meG meG’

An example exhibiting flow-to-multicast group mapping and user-to-multicast
group subscription before and after multicast group merging is shown in Fig. [k
and Fig. @b, respectively. Both users U; and U, are interested in the informa-
tion flows F; and Fjy1. The user Ujy is interested in the information flows Fj
and F;1o. In Fig. @k, which shows the multicast group configuration before merg-
ing, information flow F;;1 is sent to both multicast groups MGy and M Gj1,
which makes the cost Ci,qp of the flow-to-multicast group mapping equal to
235 and the cost Cgyp of the user-to-multicast group subscription equal to 360.
In Fig. @b, the two multicast groups are merged into the new multicast group
M Grew- The benefit after the merging is that F;11 need to be sent only to one
multicast group now which makes the cost C’;nap of the flow-to-multicast group
mapping reduce to 160. On the other hand, the cost C?, of the user-to-multicast
group subscription increases to 480 due to the unwanted traffic generated since
all of the three users are the members of a single multicast group now.
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(b)

Fig. 4. An example for multicast group merging

3.3 Localized Multicast Group Update

In resource-rich networks (e.g., multi-player online games) are defined as net-
works whose users assign a greater weight to the cost of flow delivery than mul-
ticast routing overhead. In resource-rich networks, the users may tolerate very
small amount of unwanted traffic, which requires the assignment of a separate
multicast group for each user group even if it may not be a good choice for routing
management. In some other networks, called resource-constrained networks,
users may quickly recover from large amounts of unwanted traffic while they
wait for a long time for the multicast tree maintenance. In resource-constrained
networks, groups should be merged to reduce routing management as much as
possible. In resource-constrained networks, if the pairwise merging cost AC},;
for any possible virtual domain pair (V;, V;) is positive, we may need to further
reduce the number of multicast groups by merging this virtual domain pair in
our localized multicast group update.

In resource-rich networks, starting with M multicast groups, we create one
multicast group for each user, and apply our localized multicast group update
inside of each virtual domain simultaneously. The user pairs with minimium
merging costs inside of each virtual domain will be merged during each iteration
of update until the amount of end-user unwanted traffic for one user is over the
expected value. Fig. [f] shows the localized multicast group update algorithm,
which first the merges the multicast group pairs that have the least merging cost.
It is applied among all virtual user domains for resource-constrained networks,
and inside each virtual domain for resource-rich networks. The output of the
algorithm is the final multicast group configuration which is both suitable to user
groups’ homogeneous characteristics and to each end user’s unique characteristic.

An example for user-flow-interest matrix is shown in Table [l Without loss
of generality, we set the transmission rate \; for F; as one of two values 1 and
10. To show the implementation of ACy,; from Eq. ([@) into a user-flow-interest
matrix, we define Aq, as:

AC’C(Ui,Uj) = ACmap(Ui,Uj) +ACsub(Ui,Uj) (10)

Because Ac,(Uy,Usz) and Ac, (Us,Uy) have the same maximum positive cost
changes among all user pairs, we decide to merge the user pairs of (Uy, Us)
and (Us, Uy), as shown in Table 2l Similarly, we will merge user pairs (U2, Us)
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Localized multicast group update

Input : W (user-flow interest matrix) and V (set of virtual user domains)
Output : Multicast group configuration

RESOURCE-CONSTRAINED NETWORK (W, V)

1 for all possible virtual user domain pairs (V;, V;)
2 do for h — 1to N /*N is the number of flows*/
3 if Wip, X Wjh, = 1
4 then
5 overlap <— overlap +\p
6 else if wy ®wy =1
7 non-overlap < non-overlap +Ap,
8
9 Ac, (Vi, V) < overlap — non-overlap
10

11 AtOt(‘/h‘/J') HAC((‘[L7‘/J)+ACU(‘/’H‘/J)
12 Create multicast groups by merging the virtual user domains
v; and v; with the maximum Ay (V, V;) value into the same group

RESOURCE-RICH NETWORK (W, V')

1 for all possible user pairs (Ui, U;) in each virtual domain V4
2 dofor h—1to N
3 if Wip, X Wjn, = 1
4 then
5 overlap <— overlap +\p
6 else if wy, ®wjy, =1
7 non-overlap < non-overlap +\p,
8
9 AC.(U;, Uy) «— overlap — non-overlap
10

11 Atot(Ui,Uj) — ACC(U-L,UJ‘)+ACT(U¢,U]‘)
12 Create multicast groups by merging the user pair with the maximum
Aot (Us, Uj) value into the same group inside of virtual domain Vj,

Fig. 5. Algorithm for multicast group update

Table 1. Example for 5 users and 5 flows user-flow-interest matrix

Iy s I3 Fy Fs
(M =1) (A2 =1) (A3 =10) (\s = 10) (A5 = 10)
U 1 0 0 10 10
Us 0 1 0 10 10
Us 1 0 10 0 10
Us 0 1 10 0 10
Us 1 1 0 0 10

Ac, (U, Uz) =10+10—1—1=18
Ac,(Us,Us) =10+10—1—1=18
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Table 2. User-flow-interest Matrix after merging the user pairs (U1, Uz2) and (Us, Us)

Fy Fy Fs Fy Fs

(M =1) M2 =1) (As = 10) (A4 = 10) (A5 = 10)
Ura 1 1 0 10 10
Usa 1 1 10 0 10
Us 1 1 0 0 10

Ac,(U12,Us) =12—-10=2
Ac,(Usa,Us) =12—-10=2
Ac, (Ui,2,5,Us4) = 12 — 30 — 20 = —38

based on Ac, (Ui 2,Us). Further, if A¢, is greater than pairwise merging cost
Ac,(U1,2,5,Us 4), we may merge Uy o 5 and Us 4 in next iteration to reduce Coy.

4 Simulation Results

To study the effectiveness of our approach, we implemented Algorithms 1 and 2
in Figs. @l and [ respectively, in C++. The simulation parameters are set as
follows: (i) each information flow F;, once created, is assigned a transmission
rate \;, which takes one of the following values A\,=100, \;=10, with the equal
probability; (i) F; is either popular or unpopular for users in its vicinity, with
the probabilities of p, and fu,, respectively; (iii) each user, once created, is
assigned to one of the user groups with equal probability; (iv) resource-rich
networks with more multicast groups are available to reduce unwanted traffic,
and resource-constrained networks where more unwanted traffic is tolerated to
reduce the expense for multicast group routing and management overhead.

<ic* Performance compazison

Ml Resource-constrained network —e-Proposed Approach
[ JResource-rich network UBM
ol + FBM

Numbe of multicast, groups
Total cost, Ctot,
+

2 0 &0 140 160 180 E;

@ 100 120 El &
Number of users : 0] Number of users - [0]

Fig. 6. (a) Effect of number of multicast groups for different networks for |F| = 100,
|U|=100, A\,=100, \;=10, pp=0.9, pup=0.05) (b) Cio¢ for our algorithm, FBM, and
UBM
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Our approach yields 10.3 and 5.6 as the average number of multicast groups
for resource-rich networks and the resource-constrained networks, respectively
(Fig.[E(a)). This result implies that our approach is flexible enough to handle
different network conditions for multicast group assignments as demonstrated
by the smaller number of average multicast groups for constrained networks
compared to the resource-rich networks. We also evaluated the cost of Cj,; for
different approaches when number of multicast groups k is pre-determined for
the network of Fig. [Bl(a) (except for the different (un)popularity rates of ju,,, =
0.1, up = 0.85). Fig. Bl (b) shows that our proposed approach achieves at least
40% better performance than UBM and FBM in spite of the fact that a k is
available (which is supposed to enhance the performance of UBM and FBM).

5 Conclusions

[We introduced a new multicast group planning approach for channelization
problem in management of large data dissemination networks. First, we pro-
pose a classification algorithm, which forms virtual user domains by consider-
ing both common interests and geographical dependency characteristics among
users. Then we apply a greedy merging algorithm to reduce total consumed band-
width, unwanted traffic and multicast group management overhead depending
on the availability of network resources. Simulation experiments have validated
that the performance of our algorithm is better than existing algorithms.
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