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Abstract

In increasingly important sensor grid networks, multicast routing is widely used
in date aggregation and distributed query processing. It requires multicast trees
for efficient data transmissions. However, sensor nodes in such networks typi-
cally have limited resources and computing power. Efforts have been made to
consider the space, energy and data factors separately to optimize the network
performance. Considering these factors simultaneously, this paper presents a
game balance based multi-factor multicast routing approach for sensor grid net-
works. It integrates the three factors into a unified model through a linear
combination. The model is standardized and then solved theoretically by us-
ing the concept of game balance from game theory. The solution gives Nash
equilibrium, implying a well balanced result for all the three factors. The the-
oretic results are implemented in algorithms for cluster formation, cluster core
selection, cluster tree construction, and multicast routing. Extensive simula-
tion experiments show that the presented approach gives mostly better overall
performance than benchmark methods.

Keywords: Game balance, multicast, query, semantic cache, sensor grid
networks
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1. Introduction

With the rapid development of wireless communication technologies, sensor
grid networks are becoming more and more popular and increasingly impor-
tant. They gather, distribute, and act on, the information about the behaviour
of all participants, e.g., suppliers and consumers [1, 2]. They are widely used in
various applications. Among those applications are smart power grids, environ-
mental monitoring, smart transportation, and habitat monitoring [3].

A sensor grid network consists of hundreds of thousands of wireless sen-
sor nodes. In general, these sensor nodes have limited resources and computing
power. Thus, the computational tasks that are resource demanding and/or com-
putationally intensive have to be partially or mostly offloaded to somewhere else
from the sensor devices for prompt processing. Also, data gathered or generated
by the sensor devices need to be transmitted over the sensor grid network [4]. All
these requirements cause severe issues in wireless communications. Particularly,
a challenges in sensor grid networks is to support efficient multicast routing for
data aggregation and distributed query processing [5].

In sensor grid networks, efficient multicast routing typically use data aggre-
gation. For data aggregation, the technique of data aggregation tree is gener-
ally employed. More specifically, a base station or sink node gradually collects
data from distributed sensor nodes by using a reverse multicast tree [6]. Thus,
multicast becomes a key concept in data aggregation for traffic routing and
distributed query optimization.

While research on multicast has been extensive for data aggregation, existing
multicast schemes have mainly considered the shortest transmission distance
from the geographical factor perspective. When a hierarchical multicast tree
is constructed, the geographical center is often chosen as a core node at which
the data is aggregated. This reduces the transmission distance of the data [7].
However, in addition to the geographical space factor, energy consumption and
data generation volume are also significant factors in sensor grid networks [8].
For a longer lifetime of the network, sensor nodes with a higher energy residual
should be assigned more communication tasks. This requires to change the
core node dynamically in multicast routing. Also, the volume of data that each
sensor node generates or collects is quite different from each other. This has
a significant impact on the performance of the data communications through
data aggregation. While space, energy and data factors have been considered
separately in existing methods, simultaneous considerations of all these three
factors have not yet been reported except our preliminary work [9, 10]. This
motivates our research in this paper on efficient routing in sensor grid networks.

This paper presents a game-balanced multi-factor multicast routing ap-
proach for sensor grid networks. It makes three main contributions: 1) A uni-
fied model is established with simultaneous considerations of the three factors
of space, energy and data through a linear combination with unknown coeffi-
cients; 2) After standardization, the unified model is solved theoretically for all
unknown coeflicients by using the concept of game balance, giving Nash equilib-
rium with well-balanced result among the three factors; and 3) the theoretical
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results are implemented in five algorithms. The presented approach is evaluated
through simulation experiments against benchmark methods.

The remainder of this paper is organized as follows. Section 2 reviews the
related work and motivates our research. Section 3 describes the multi-factor
problem. The problem is solved theoretically in Section 4 through game balance
theory. The theoretical results are implemented in algorithms in Section 5. Sec-
tion 6 demonstrates the performance of the presented approach in comparison
with benchmark methods. Finally, Section 7 concludes the paper.

2. Background, Related Work and Motivations

Multicast routing in sensor grid networks relies on data aggregation and dis-
tributed query processing. This section reviews the related work of data aggre-
gation, distributed query processing, and multicast routing. Then, it discusses
the motivations of our research in this paper.

2.1. Data Aggregation

In sensor grid networks, data acquisition typically utilizes data aggregation
through a structure called “data aggregation tree”. More specifically, a base
station or sink node collects data from distributed sensor nodes by using a
reverse multicast tree. The collected data are aggregated and then sent out [6].

In the network layer, there are two categories of routing strategies through
data aggregation: address-centric (AC) and data-centric (DC). For AC routing,
each source node sends data along the shortest path in the intermediate nodes
to the sink node. In comparison, DC routing considers the content of the data
to be transmitted. During the data forwarding process, the intermediate sensor
nodes aggregate data from multiple data sources according to the content of the
data. They do not necessarily follow the shortest path for traffic routing.

Energy is one of the major issues in wireless and mobile sensor grid networks.
It has been considered in data aggregation design. Two popularly used methods
for data aggregation and traffic routing with consideration of energy are and
TEEN (Threshold sensitive Energy Efficient sensor Network protocol) [11] and
TDMA-based LEACH (Low-Energy Adaptive Clustering Hierarchy) [12]. While
LEACH is a good approximation of a proactive network protocol, with some
minor differences, TEEN is targeted at reactive networks.

Both LEACH and TEEN use periodic clustering. They experience two oper-
ational phases in each round: cluster establishment and data communications.
In clustering, adjacent nodes form a dynamic cluster and generate its core. To
achieve a balanced network energy consumption, each node in the cluster needs
to rotate the cluster core. Nodes that have been cluster cores cannot become
cluster cores again for a certain number of rounds. In data communications,
cluster nodes send data to the cluster core. Then, the cluster core aggregates
the data and sends the aggregated data to the sink nodes.
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2.2. Distributed Query Processing

Distributed query processing in sensor grid networks can use data aggrega-
tion for efficient data collection from multiple data sources. It also disseminates
queries from sink nodes to other sensor nodes over the network. Then, the
sensor data converge toward the sink nodes in a reverse multicast manner.

Existing studies on sensor databases, e.g., TinyDB, have limitations in dis-
tributed query processing. Firstly, they consider query processing as a basic
operation. However, queries from sensor nodes should be processed collabo-
ratively with other sensors nodes rather than exclusively by a central site for
sensor gird networks [13]. Secondly, in most existing methods, queries are usu-
ally processed in a static environment. But mobile sensor nodes and the network
environment are highly dynamic. While there exist considerations of dynamic
networks, a usual implicit assumption is instant query processing during which
the network topology and connections do not change.

Depending on how query answers are delivered, a sensor gird query system is
designed and implemented differently. One type of sensor grid systems delivers
query answers to a sink node that generates the queries. In another type of
sensor grid systems, queries originate from arbitrary peers, to which the answers
must be delivered back.

Query processing in sensor grid networks is usually a broadcast or multicast
process from one peer, e.g., the sink, to multiple peers. Periodically, query
processing sends out a query list via broadcast or multicast. Then, it keeps
communicating with multiple peers for query questions and answers. In this
way, it gradually attains global query distribution knowledge, which can be
utilized to predict queries using former query information [13].

Generally, sensor nodes in sensor grid networks have limited resources, e.g.,
bandwidth, energy, memory, storage, and computing power. This will affect how
to build a multicast tree to propagate query messages. The factors of space,
energy and data have been considered separately in existing methods. However,
how to consider all these factors in an integrated model is still an open problem.
This will be addressed in this paper.

2.3. Fxisting Multicast Protocols

Efforts have been made to develop multicast protocols. NICE is an ex-
tendible multicast protocol. It is a hierarchical multicast tree technique. An-
other multicast protocol is Double-Channel XY Multicast Wormhole Routing
(DCXY). It uses an extension of the XY routing algorithm to set up the routing
scheme [14]. Dual-Path Multicast Routing (DPM) is a multicast protocol de-
veloped for 2-D MESH networks. For content-addressable networks (CANs) [7],
CAN-based Multicast Routing (CANM) is developed for communications [1].

Despite the progress mentioned above, existing multicast technologies con-
sidered only one factor or two that affect data transmission efficiency [15]. For
example, DCXY, DPM and AC routing considered the location (space) factor
only. LEACH and TEEN focused on the energy factor only. DC routing only
considered the data factor. Emphasizing a single factor only without considera-
tion of other factors largely limits the applications of existing multicast protocols
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in sensor grid networks. In large-scale sensor grid networks, a balanced consider-
ation of all these important factors is essential for improved overall performance
in dynamic environments.

2.4. Motivations and our Preliminary Work

Existing techniques for multicast routing, data aggregation and distributed
query processing have mainly addressed constraint factors separately. Tradi-
tionally, the geographical location is considered, leading to the shortest path
technique with fewest links. When a hierarchical multicast tree is constructed,
the geographical central node is chosen as the cluster core [16]. Later, the energy
factor is considered for energy-efficient multicast communications [17, 18]. But
the energy factor has not incorporated with the space factor. Furthermore, the
amounts of data from different sensor nodes differ significantly in sensor grid
networks. In general, more data require more data collection, processing, shar-
ing, and querying [19, 20]. This has been addressed in data-focused methods.

The requirement of improving the overall performance of a sensor grid net-
work in dynamic environment demands a unified approach that considers all
these factors simultaneously. However, such an approach has not been found in
the literature except our preliminary work [9, 10]. Among multiple factors, three
factors show particular significance: space, energy and data. To develop such
an approach with consideration of the three factors, one needs to integrate the
three factors into a unified model. Then, solve the model for cluster formation,
cluster core selection, determination of model parameters, and multicast rout-
ing. Furthermore, the model and its theoretical solution need to be extended
for the application scenarios [21]. All these requirements motivate our research
in the present paper. Particularly, the concept of game balance is adopted in
this paper for a balanced solution from multiple factors.

Our preliminary studies on this topic have addressed more than one factor [9,
10]. Our work in [9] considered two factors, space and data, in a unified model.
Our work in [10] moved one step further to consider the energy factor in addition
to the space and data factors. However, algorithm design was not given, and
limited experiments were conducted to demonstrate the approach.

The present paper extends our preliminary studies substantially in both
breadth and depth. Firstly, we have extended the two-factor model [9] to a
three-factor model. This extension is not straightforward, but requires new
mathematical treatment and also gives a new insight into the multicast routing
with consideration of multiple factors. The new insight directly leads to finite
M -factor scenarios. Secondly, we have refined the mathematical treatment of
the three-factor problem in our previous study [10]. Particularly, the math-
ematical treatment is clearly separated into several steps: linear combination
modelling, model standardization, factor weights at Nash equilibrium, and so-
lution at Nash equilibrium. Thus, the theoretic results become neat and more
compact. Moreover, we have designed detailed algorithms to implement the
theoretical results, and have conducted comprehensive experiments. Algorithm
design and comprehensive experiments are missing in our previous work [10].
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3. Description of the Multi-factor Problem

This section describes the problem of multicast routing for data aggregation
and distributed query processing. Three factors are considered for each cluster of
sensor nodes. Then, for each factor, a weight vector is defined for the cluster. It
is used for selecting the cluster core and building the multicast tree. After that,
a linear combination of the three weight vectors is designed to derive a general
weigh vector. All notations used in this paper are summarized in Table 1.

3.1. Multiple factors in the Multicast Problem
Consider a cluster of sensor nodes in a sensor grid network as shown in

Figure 1. A multicast group with [ members is denoted as: G = {Uy,--- ,U;, - - -,
Ue_1},i=0,---,1 — 1. Each multicast member is identified by m coordinates:
Ui= (4i0, - ;Ui j, - ,Uim—1), when 0 < j < m—1. For example, for member

Uy, its two-dimensional coordinates (ug o, uo,1) are (0,0).

=
*

BH]

.

5[40 50 (o4 7

D Cluster Member

Figure 1: A cluster of sensor nodes within a 2 — D sensor grids network. Thick square boxes
are cluster members. The spatial center node of the cluster should be in the area [1, 1] X [6, 6].

We define neighbour nodes as follows. Consider two sensor nodes U; =
(Wi,05 7+ 5 Ui gy - -l,ui7m_1), where % € 10,0 1], and Uy = (uy g - uy 4y o+,
Uy 1), where i € [0, — 1] and i # i. U; and Uy are neighbours if and only
if u; j = uy ; for all j, except that u,;  =u, » £ 1 along the 1-D j/. In an m-D
sensor grid network, a node may have m to 2m neighbors [14].

We further define Manhattan distance between two nodes. In a 2-D sen-
sor grid network, the static delay distance between (Xo,Yp) and (X1,Y7) is
| X1 — Xo|+|Y1 — Yo|. The sum of the static delay distances from all other nodes,

(X3, Y3) to (Xo,Yo), i =1, ,n—1,is f(Xo, Yo) = S0, (1Xs — Xo|+]Y; — Yo).



Table 1: Nomenclature.

Notation
AD

C

o~

Ci

Ci

Ci,a; Ci,b, Ci,c
d(s,u;)

F;

G

k,3k — 1)

N

333 E‘\h

’fL<j7 ’fL>j7 TL:j

S, S;
SPAN
TET

Uo, - U1
Us;

8 S

S =

5.3
I3

K)g ~,
B

g

[

Sk

Wj,i

wh @ e

1,7 7 1,77 1,7
(Xo,Y0), (X1,Y1)
| X1 — Xo| + [Y1 — Yo

[1’0, ZJO] X [1’1, yl]

g, 62'7 Vi
o g
91702793

Description

Average multicast delay

The strategies of Collaboration

Cluster core, C* = (i, ,C5, " yCi_1)

The cost for bringing object ¢ into the cache

New general core

Space, energy and data cores, respectively

Packet delay from source s to member u;

Frequency usage of the object 1

The set of the system

The object of a semantic cache item

Priority key in the GDSF semantic cache algorithm

The range of a random constant, k = 3 is used in NICE
A running age factor

The number of members of the system

The strategies of monopolization

The number of coordinates

Management node

The number of nodes in the cluster

The number of cluster members with the Jth coordinates >
(right nodes of Jth row), < (left nodes of Jth row), and = u;
(the nodes just on the Jth row), respectively

The cluster size, and the size of the object I, respectively
The Shortest-Path Area Nodes

Time_Energy_Threshold

[ members of system G

ith node identified by m coordinates, U; = (i 0, ,Ui,m—1)
Node also identified by m coordinates, Uy = (u, o, ,u; 1)
Finite strategy set, j =1,--- ,m

General weight vector

Space, energy and data weight vectors, respectively

Jth cluster: space, energy & data weight vectors, respectively
Jth cluster: space, energy & data weights of node i, respectively
General weights of the nodes

General weight vector of the Jth cluster

The general weight of the node ¢ within the J — th cluster
The first, I-th and m-th weight vectors, respectively

Two coordinates of two nodes

Delay distance of two nodes (Xo,Yo) and (X1, Y1)

Area of the shortest paths between (zo,y0) and (z1,y1)
Linear parameters

Linear modulus, agl), cee agm) >0, agl) + -+ aﬁ”” #0

Angles between W,7 W and W”7 respectively, and W
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For every cluster of sensor nodes, three weight vectors are used to character-
ize the three factors of space, energy and data, respectively. For the i-th cluster
with n nodes, they are defined as follows:

’

),i=0,--,n—1,
where w;J indicates the space weight of node ¢ within the ith cluster.

. ’ ’ 7
e Space weight vector W, = (w; o, ,w; j, W, 4

" " 1"

e Energy weight vector WZ-N = (wm, S Wy gy ,wm_l), 1=0,---,n—1,
where w;/ ; indicates the data weight of node j within the ¢ — th cluster;

1" " "

e Data weight vector W, = (Wi 0y Wy gy Wy )y 1= 0,000 m— 1,
where w;”] indicates the data weight of the node j within the 7th cluster.

These three weight vectors need to be determined. Then, a general weight vector
is designed from these three vectors for the hole cluster.

8.2. The Space Weight Vector w’

The space weight of a node relates to its location at a specific time instant.
It characterizes the node’s degree of closeness to a location, typically a core
node. To determine the space weight of the node, we need to find the central
node of the cluster first. Then, derive the space weight from the shortest path
principle. The greater the space weight, the closer to the cluster core the node.
The node with the maximum weight is the space cluster core of the cluster [22].

As an example, the upper part of Table 2 shows space weight values for a
sensor grid network. In this cluster, the node at cell (2,2) has the maximum
weight w/(2)2) = 10.Thus, it is the cluster space core. Building a multicast tree
by considering the space weight only gives the result in Fig. 2(a). Using this
multicast tree, the system achieves the shortest communication distance.

(2.6)W:2 (3.6)W:1 P (2.6)W:2 (3.6)W:3

O (s.@v:o

(5.5)W:1 (5.5)W:0

03)w:l 0w L. 03)w:1
~~"" Energy Co:e\

(1,2W:2 (2.2) W:10 (1WA OB W (1L.DW4 22) W2
Space Core )} O ) O

@)W, (6,1)W:1 2,1)W:6 6,1)W:7 @1HW:10, (6,1)W:4

O ’ @b O ©h Data Core O
(3,00W:1 (B.OW:5 (3,00W:4
(a) (b) (c)

Figure 2: Multicast trees built from the weights shown in Table 3: (a) from space weights
only; (b) from energy weights only; and (c) from data weights only.
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Table 2: Weights of a sensor grid network. The upper, middle and lower parts are space,
energy and data weights, respectively. The boxed cells belong to the same cluster.

X=0 X=1 X=2 X=3 X=4 X=5 X=6
ly=6| o 0 0 0 0
Z1Y=5| 0 0 3 2 1 0
ClY=4| 0 0 2 1 1 0
g | Y=3 1 5 2 1 1 0
A lv=2| 1 42 20
Y=1| 0 0 1 0 0
Y=0| 0 0 1 0 0 0
| Y=6| 0 0 3 0 0
Sly=s| 0 1 1 41 0
Sly=4] 0 o0 6 5 1 0
5% | Y=3 1 3 4 3 3 0
2| y=2| 2 3 5 7 3
Y=1] 1 3 3 0 0
Y=0| 0 1 4 0 0 0
CJY=6| 0 0 3 0 0
Ely=5| 0 1 3 4 1 0
Ely=4| 0 0 6 5 1 0
2 | Y=3 1 3 4 3 3 0
Sly=2] 2 3 5 7 1
y=1| 1 3 10| 3 0 0
Y=0| 0 1 4 0 0 0

3.3. The Energy Weight Vector w"

In a cluster of sensor nodes, some nodes consume more energy and some
others consume less. The nodes with a higher power residual may be able to
transmit data at a higher transmission rate. To achieve a balanced energy
consumption among the cluster members, each node needs to rotate the cluster
core based on its energy status. A randomized rotation of cluster heads is
used in LEACH. Similar to LEACH, TEEN is also a routing protocol based
on clustering. However, in comparison with LEACH, it is more adaptive to a
reactive sensor network.

In our modelling of the energy weight vector, the traditional energy algo-
rithms LEACH and TEEN are adopted. The energy weight of a node is defined
according to the remaining lifetime of the node. The node with the maximum
value of energy weight is selected as the cluster core. As an example, the middle
part of Table 2 lists the energy weights for the same cluster of sensor nodes
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discussed previously. The cluster core is the node at cell (2,4) with energy
weight wé 5 = 10. After the cluster core is selected, a multicast tree can be
established from the energy weights only. It is shown in Fig. 2(b). With this
multicast tree, the system achieves the highest energy efficiency.

3.4. The Data Weight Vector w"

A sensor gird network generally transmits a huge amount of data. There-
fore, the cost of having, using or transmitting the data becomes an important
factor [23, 24]. A data weight can be defined to characterize the consumption of
network resources. For example, the average delay and the number of links used
for transmissions of the data are indicators of the cost of the data. To simplify
the problem, the data weight of a node is described according to the amount
of data on the node [25, 26]. This is based on the observation that more data
generally means more data processing and queries [5, 27].

In real network scenarios, the cost of data is a complicated variable. It may
be a function of multiple and dynamic parameters [28]. For instance, the query
hot degree, which means query frequency, is a good indicator of the data weight.
In a sensor grid database, different tables or data items have very different query
frequencies, sometimes at the ratio of 1:10:100, even for the same data quantity.
When a node with a highest query hot degree is chosen as the cluster core, the
query message propagation can be reduced and consequently the query efficiency
can be improved. This will naturally reduce fading and shadowing [29].

Furthermore, the semantic cache technique has been employed in smart sen-
sor databases [30]. It stores query results and query semantics in order to re-
spond to future queries. When a new query result must be stored in a saturated
cache, the most irrelevant queries must be evicted. When deciding which cached
queries are replaced, the cost and frequency of access to the cached objects need
to be considered in addition to the size constraint.

The Greedy Dual-Size Frequency (GDSF) semantic cache algorithm replaces
the object with the smallest key for a semantic cache value function [24]:

K, =F;xC;/S;+ L, (1)

where K is the priority key, F; is the frequency of using the object I, C; is the
cost associated with bringing the object ¢ into the cache, S; is the size of the
object I, and L is a running age factor. The semantic cache value of a node is
the sum of the values for different semantic cache items. The larger the semantic
cache value is, the greater the data communications, query and propagation are.

Once the data weights are calculated for all nodes in a cluster, the cluster
core is selected with the highest data weight among all cluster members. For
the example shown in the lower part of Table 2, the cluster core is the cell at
(2,1) which has the highest data weight w/(;l) = 10. Then, a multicast tree can

be established based on the data weights only, as shown in Fig. 2(c).

8.5. Integration of the Three Weight Vectors
Understandably, focusing on space, energy and data separately results in dif-
ferent multicast topology for data aggregation and traffic routing in a sensor grid
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network, as clearly demonstrated in the examples in Table 2 and Fig. 2. Each
of the three sets of results only shows the best interest in its own factor. Using
any of them will ignore the requirements and constraints from the other two.
This raises a question: how to consider all these three factors simultaneously in
a unified framework to construct a multicast tree?

To answer this question, a general weight vector is derived from the three
weight vectors. For the i-th cluster, the general weight vector is denoted by
Wij = (Wi0, -+, Wi, ~++5 Win—1), ¢ = 0,---,m — 1. This paper defines the

’

general weight vector as a weighted sum of the space weight vector W,

AR cnergy

weight vector W;J/ and data weight vector Wi,;-,:

1"

Wij = af Wi + BiWer + i Wer s af Bip 20, af + 85 +97 40, (2)

where o, 8] and v} are coeflicients to be determined.

Then, the problem of our research is how to derive the coefficients o], 5}
and ) to maximize the benefits for all three factors. This will be solved in the
next section from game balance theory.

4. Theoretic Results for Solving the Multi-factor Problem

In this paper, each of the three factors is considered as a game player. Three
factors as game players enter a game. Each player tries to achieve its best
interest. The concept of collaborative games has been shown to be useful for
constructing multicast trees for data communications [31, 32]. In the following,
the multi-factor problem is also investigated from game theory. The concept of
Nash equilibrium is introduced first. Then, the linear combination of the three
weight vectors shown in Eq. (2) is standardized. After that, the coefficients
of the standardized linear combination model are derived theoretically at Nash
equilibrium. Furthermore, some extensions are made for different scenarios.
Multicast trees will be established from the general weight vector.

4.1. Game Balance Analysis

Let us start with discussions of a complete information game of two players
(factors): space and energy weight vectors W' and W". In this game, each
player has two strategies: Monopolization (M) or Collaboration (C). If both
choose M strategy, both will get the minimal benefits. If one player choose
M while the other choose C, the player who has chosen M will maximize the
benefits while the other will get minimal benefits. This means when one player
knows the other one has already chosen M, it does not make sense for the player
to choose C. The only win-win strategy is C for both players.

In geometry, the gain for players 1 and 2 are cos#; and cos 63, respectively,
where 6 is the angles of the weight vector W’ and the general weight vector
W, and 6, is the angle of W' and W. The best result for both game players is
cos 1 = cos By, implying that 6; = 62, which is Nash equilibrium.
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In this paper, three weight Vectors are considered simultaneously, i.e., w’
for space, W' for energy and W for data. This three-player game achleves
the best results for all three players at Nash equilibrium

cosfy = cosbr = cosbs, (3)

where 601, 0> and 63 are the angles between W' and W, W and W, and w"
and W, respectively.

4.2. Standardization of the System Model

The system model in Eq. (2) for the general weight vector is a linear com-
bination of the three weight vectors. However, depending on the values of the
three coefficients «;, 8; and ~;, there would be infinite number of such linear
combinations. This complicates the problem solving. To simplify the problem
solving, the following Theorem gives a standard form for the system model.

Theorem 1. A linear combination of three vectors WZ-/, W, and Wl-m through

2
three non-negative coeﬁicients that are not all zero can be standardized as

W = azW +ﬁl +7iWi,J,',7 aiaﬁiu/yi S [07 1]7 (673 +ﬁl +’77, =1. (4)

Proof. Consider a linear combination of three weight vectors through any values
of three non-negative coeflicients o}, 5} and ;" that are not all zero. This gives
the system model in Eq. (2) It follows from Eq. (2) that

*
Wi i 1"

sy = e W + armgrer Was + aripe Wiy )
Define
W - o - B; - Vi
Wis = sapimr %= a0 = e %= s (O
Substituting Eq. (6) into Eq. (5) gives the results in Eq. (4). O

4.8. Nash Equilibrium of the Three Weight Vectors

After the system model is standardized, the game balance can be discussed
based on the standarized system model. We have the following theorem on Nash
equilibrium for the standardized system model.

Theorem 2. For the standardized model in Eq. (4), its Nash equilibrium is
w,w, W w W W
- HWZ-N - HW;N

(7)

Proof. The angles between the general weight vector W; and the three weight
vectors W, W, and W, are respectively given by

Wi - W Wi W, Wi - W,
— oSy = ————— coSbl3 = ————————
Wil - | Wil - [|w; Wl - || W

The Nash equ111br1um is the point that satisfies Eq. (3), i.e., costy = costy =
cosfs. From Eqs. (8) and (3), we have the results in Eq. (7). O

cost =

(8)
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4.4. Coefficients of the Linear Combination at Nash Equilibrium
With Theorem 2, we are now ready to derive the coefficients for the stan-
dardized linear combination given in Theorem 1 to achieve Nash equilibrium.

Theorem 3. Consider the general weight vector W; = (wio, -+ ,Wij, -+,
Wi.m—1) and the three weight vectors W', = (w'io, ---,w'ij, -+, Wim-1),

" __ 1 " " " __ " " "
W= w0, - w0 ime1), W= "0, -, 0", -, w"imo1).

When W; is derived from the linear combination of WZ-/, WZ-” and WZ-W through

Eq. (4), then Nash equilibrium is achieved for the three weight vectors when the
three coefficients a;, B; and y; are set as follows

VIl ST

1
& = 5 T, 2 2 2’
VIR, +¢2’" Ty
g = L. \/ +\/Z”w 9)
! 2 m—1 // 2 ///2
Zj:() wi,j + Zj: + Z
m—1 ;2 "
1 j=0 Wij +\/Z., Wi 5
Vi o= 5
2 m—1 o+ 2 m " 2 ///2
\/ijo w; 5t \/Ej: + \/Z
TV 4 BW 4 WY W
Proof. From Eq. (7) in Theorem 2, we have (Vi + 5 ||;/V_’:\FY )W =
(@W! + BiW! + W) W (W] + WY+ Wy Wi
7 = el . This gives
(Wi + B;W[ + W) - W - [[W]]| - W]
= (aiWil + BiWiﬂ +/7iWiI”) : Will : HWZ/” . HW11”||
= (W + BiW/" + W) - W] IIW{H Wl
WY,, 2 "
It follows that a; = ,’ L s D = s and vy =
s that 0 = EAERARR 8 = [ e 2
W, W,
H HJFH 7. From these relationships, we obtain Eq. (9). O
| LW

4.5. An Ezample of Using the Three Theorems

Consider the example shown in Table 2. The linear combination given in
Theorem 1 is employed to derive the general weight vector from the space,
energy and data weight vectors. Using the results in Theorem 3, we achieve
Nash equilibrium when setting «; = 0.385, 8; = 0.249, and ~; = 0.369. From
these settings, we further obtained general weights in Table 3, where the boxed
cells with asterisk (*) belong to the same cluster.

From Table 3, the node at (2,1) has the maximum general weight 5.89 and
thus is chosen as the cluster core. Then, a multicast tree with a balanced
consideration of all the three factors can be built for data aggregation and
traffic routing in the sensor grid network.
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Table 3: The general weight vector W derived from the three weight vectors at Nash equilib-
rium. The boxed cells with asterisk (*) belong to the same cluster.

X=0 X=1 X=2 X=3 X=4 X=5  X=6
Y=6| o0 0 227%] [L71x] 3 0 0
Y=5| 0 1 3 4 1 [0.39* 0
Y=4| 0 0 6 5 1 0
vy=3 | [2.31* 1 3 4 3 3 0
vy=2| 2  [3238*] [5.10% 3 5 7 1
y=1| 1 3 5.89% 3 0 0 3.64%
Y=0| 0 1 4 [311¢] o0 0 0

4.6. Eztension for Arbitrary Linear Combination Coefficients

So far, the multi-factor multicast problem has been investigated through
a standardized system model given in Eq. (4) in Theorem 1. For a specific
application, one may expect to weigh a factor more heavily. Additional weights
a;r, B;r and W;F can be introduced to the space, energy and data factors, where
b,y > 0,0 + ;7 +9;7 #0. Thus, we have an extended model as

1"

W;,rj:af'a:r'wi,j‘i‘ﬂf'ﬂ;r'wi,j e Wiy
o‘rv :J;FY;JFE[ ’1]’3;’k+£3f+:)/;:1a (10)
oYy 20, af 97+ #0
Denote
Jr
W W5 o — af - a;"
Yoaieal 80 BTN T T el ol B BT T ()
B = ;B ;= V5
(2 ) T .
af af 8B+t ai o + 87 B

Then, the extended system model in Eq. (10) is reduced to the standard model
given in Eq. (4) in Theorem 1. Therefore, the theoretical results derived in
Theorems 1 to 3 can be applied to the extended system scenario.

4.7. Extension to More Than Three Dimensions

Foe M-dimensional factors, where M > 3, consider M weight vectors Wl. .- | Wi

1,7
An extended linear combination of these M weight vectors is defined as

W =alW) 4+ agl*)Wi(,%7> ot O‘z('m*)Wi(,?)’

i ;

sJ »
CY(- *)7 7a§l*)7"' 7a§m*) Z 07 Zzlzl a?{?* # 07

2

(12)

S P GO

are coefficients.

where o gm*)

7a'
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where «;

Similar to the results in Theorem 1, the following standardized system model

can be derived for the extended M-dimensional model in Eq. (12):

Wi —a(l)W(l) '+a§l)Wi(,lJ?+"'+ (m)W(m)

1,9 a; 1,5 13
O‘z('l)v o (l) ) l(_m) € [07 1]7 Z;cnzl ai’g = ( )
(1), e ,agm) are standardized coefficients. Its Nash equilibrium is
wiew ) wew o wew ™ (14)
fwl [

The corresponding weigh vector coefficients at Nash equilibrium are given by

m= (2)2 (m)
Z] 0 +ot Jj=0

m-1(1)2 m-1_ ()2 (2 ’
2(\/ j=0 Wi g +- +\/Z Wij +- +\/Z Wi, )

\/Zm 1 51)2”.\/ ;n:—olwg;1)2+\/ l(z+1)2 \/Zm 1 fm)
2 2 2 (15)
m—1_ (1) o) m1 ()
(\/ j=0 Wi g +”'+\/ j=0 wlj +- +\/ j=0 Wi )

m—1 (1)2 m—1 _(m—1)
a(m) - \/ j=0 wiyj +”'+\/ j=0 wiﬁj
@ o m—1 (1)2 m—1 _(1)2 m—1 _(m)2 '
2(\/ j=0 Wiy oot j=0 Wig Tt j=0 i

)

=

5. Algorithm Design

To implement the theoretical results derived above, five algorithms are de-

signed in this section: 1) cluster formation algorithm, 2) related weight vectors
generation algorithm, 3) least weighted path tree algorithm, 4) multicast routing
algorithm, and 5) general finite M-dimensional vectors algorithm.

5.1. Cluster Formation Algorithm

The cluster formation algorithm clusters the sensor nodes in terms of static

delay distance. It is shown in Algorithm 1.

Initially, the sensor nodes are split into several clusters through management

nodes (MN). The cluster size is usually configured as an integer S = (k, 3k —1).
The expression (k, 3k — 1) represents a random constant between k and 3k — 1,
and a typical value of k is & = 3 as in the NICE protocol [14]. After this
initial clustering process, the nodes that have not been assigned are marked as
unassigned. All unassigned nodes form the node set G, which is the input of
the Cluster Formation Algorithm.

In the cluster formation algorithm, as long as there are unassigned nodes

(Line 1), the algorithm keeps executing the cluster formation process. Each
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Algorithm 1: Cluster formation

Input: The RP and unassigned group member set: G = {Uy, --- ,U;—1}
Output: Cluster set: C;
1 while G is not empty do
2 while ClusterSize < 3k — 1 do
// circle for cluster to generate CS-Cluster-No:
C; = (Ci,o, Cily " 701'.,71) .
3 RP selects the left lowest end host U in G;
Add this host U to CS-Cluster-No and remove it from G;
5 for j=0tom—1do
// m is the # of dimensions
6 RP selects the unassigned closest member in the j-th
dimension;
Add this member to CS-Cluster-No and remove it from G;
fori=0toj—1do
MN selects the closest unassigned member in sub-grid

ki X kj;
10 Adds this member to CS-Cluster-No and remove it from G;
11 MN selects the closest unassigned member in grid k; x kj;
12 Adds this member to CS-Cluster-No and remove it from G;

13 | Increment CS-Cluster-No by 1;

cluster is filled with 3k — 1 sensor nodes (Line 2). In the clustering, the MN
initially selects the left lowest end node (say U) among all unassigned nodes
(Line 3). The left lowest node U is the node with the minimum coordinates
along m dimensions among all nodes in the unassigned node set G. It is added
to the cluster, and removed from the unassigned node set G (Line 4). Then,
the same operation is conducted in m dimensions (Lines 5-7). For each of the
dimension, also search a sub-grid, add the node to the cluster and marked it as
signed (Lines 9 and 10). After that, check the sub-grid including the boundary,
add the node to the cluster and remove it from set G (Lines 11 and 12)

After the sensor nodes are scattered into different clusters, a tree can be
built to connect cluster members with one another. Then, other factors are also
considered for optimization of the cluster tree. Different clusters are connected
by hooking the tree roots. For example, in Energy factor algorithms LEACH and
TEEN, each node needs to rotate the cluster core based on its energy situation.
This achieves a balance energy consumption for all nodes in the cluster. LEACH
and TEEN deploys a randomized rotation of cluster heads to evenly distribute
the energy load among all sensor nodes.

5.2. Related Weight Vectors Generation Algorithm

This algorithm generates the space, energy and data weight vectors W,7 w”
and W, respectively. It also generates the space, energy and data cores c; q,
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cip and ¢; ., respectively. The algorithm is illustrated in Algorithms 2 and 3. It
consists of six main steps, as described below in detail.

Step 1). Find the spatial center core C;, in every cluster C;. This
step is shown in Algorithm 2. Fach cluster will have a spatial center node as
the space core. If only the space factor is considered, the space core can be the
root of the multicast tree in the cluster. Consider selecting a spatial core in
each cluster such that the sum of the static delay distances to all other cluster
members is minimized. The following theorem gives a sufficient and necessary
condition for an optimal selection.

Algorithm 2: Relative Weighted Vectors Generation - Step 1)

Input: Cluster Member C;
Output: The space, energy & data weight vectors W/, W" W',
The space, energy & data cores: C,Cy,Cr;

1 Step 1). Find the spatial center node (core) ¢; o in every cluster C;
2 begin
3 Initialize {a{Cj}minu ety 7a{Cj}maz} :{07 o, 0,0 70};
// ayc;yt records the # of cluster members whose j-th coordinate
equals to (C;)e, (Ci)min < (Cj)i < (Ci)maz and 0 < j <m —1.
fork=0ton —1do
if the j-th coordinate of Cy is equal to (C})iq then
| e 4 agepe + 15
fori=0ton —1do
8 for j=0tom—1do
. C'L,j (Cj)mam
) if (‘Zl:(ci)min ar — 3¢ at’ < a(cm)) then
10 | CrCipj—i+1;
11 else
12 | jem=1; i—i+]
13 L C:; = {CS,aa T 70;;17141};
Theorem 4. Let U be the cluster member that occupies the node (ug, - -, uj,

coo, Um—1) tn an m-D grid. Also let ns;, n<; and n—; be the numbers of cluster
members with the J-th coordinates greater than (right nodes of J-th row), less
than (left nodes of J-th row), and equal to u; (nodes just on the J-th row),
respectively. Then, U 1is the spatial center node if and only if the following
inequalities hold simultaneously:

Ine; —ns;| <n=j, j=0,1,---,m—1. (16)

Proof. Assume U = (ug,- -+ ,uj, - ,Um—1) is a spatial center node. Then, for
any member U’ in the sensor grid network, there exists static delay distance
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f(U) < f(U"). To achieve inequalities in (16), we firstly consider a node U’ =
(ug, -+, Wjy1, -+, Um—1) and its multicast static delay distance f(U"). Given
any member U; = (u;0, -+, Ui, -+, Uim—1) and u; < u; ;, the distance from
U; to the end host U is one unit longer than that from U; to the node U "

Similarly, it is seen that to any member U; = (u;0, ---, Ui j, =5 Uim—1)
and u;; < uj, the distance from U; to the end host U is one unit shorter than
the distance from U; to U'. There exist (n>uj + n:uj) members whose J-th
coordinates are larger than or equal to wuj, and n<,; cluster members whose
J-th coordinates are less than Uj.

Then, it is concluded that 0 < f(u') — f(u) = Y7_o(d(u',u;) — d(u, u;))
= nsy; + n=y; — n<y,;. This gives ncy, — n>y, < n=y,. By comparing
flug, -+ yuj_1,- - ,um—1) with f(U) in the same way as above, the inequalities
in (16) can be achieved. The condition in Theorem 4 is a sufficient condition.

It is easy to demonstrate that if inequalities in (16) are violated, then U
cannot be the spatial center nodes. Assume ns.; —n<y; > N—y;. Then, ns,,; >
N<u; + N=y,. Let us firstly consider node U = (wo, * 5 Ujg1, =y Um—1) and
its multicast static delay distance f(U/). Given any member U; = (uj0, -+,
Uigy s Uim—1) and u; < u, ;, the distance from U; to the end host U is one
unit longer than the distance from U; to U " Similarly, it is also seen that to
any member U; = (4i0, - ,Uij, - ,U,m—1) and u; ; < u;, the distance from
U, to the node U is/ one unit shorter than the distance from U; to U'. Thus,

flu) — fu') = S0 o(d(u,us) — d(u',u)) = ey, + Ny, — Nsy, > 0. This
means f(u) > f(u'). Therefore, the distance from U to those end nodes is
longer than to some other end nodes. However, this is a desired contradiction.
The condition in Theorem 4 is a necessary condition. o

The physical meaning of the theorem is shown in Fig. 3. For the sensor grid
in the figure, we process the nodes on X axis first. For example, N_o = 4,
indicating there are 4 nodes on the second column: (2,6), (2,4), (2,2), (2,1).
N<o = 2, implying that there are 2 nodes to the left of the second row: (0,3),
(1,2). Ns2 = 4, meaning that there are 4 nodes to the right of second row
(3,6), (3,0), (5,5), (6,1). It follows that |n<s — ns2| < n—s. The condition in
Theorem 4 is satisfied. Thus, N_5 is an optimal choice for the core on the X
axis. Similarly, the same process is applied to Y axis. Considering the results
from both the X and Y axes, we find that node (2,2) is the best central core.

It is worth mentioning that in Step 1) of Algorithm 2, Lines 4-6 can be
executed in time complexity O(n). Lines 7-12 can be improved by using a
binary search algorithm that yields O(In(n)) complexity. In our example, linear
search has been demonstrated for simplicity.

Step 2). Calculate the space weight vector W;J for every node
(Lines 1-10 in Algorithm 3). Initially, when considering the space factor only,
the system establishes a multicast tree to transmit data packets. The tree is
established according to the space weights of the sensor nodes. The root of the
tree is the space root. The tree should maximize the sharing of the utilization
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Figure 3: Shortest Path Area Nodes (SPAN) in a 2 — D sensor grid networks. For example:
the node (2; 4) is 4 node’s SPAN: (2; 6), (3; 6), (5; 5), (2; 4). The rectangle means shortest
path area, and the space core is (2; 2), so that the node (2; 4) is in the rectangles of 4 nodes
of the space core.

of the link within the clusters. Our algorithm uses the following concepts:

1) Shortest Path Area Nodes (SPANs): For any two nodes (zg, yo) and (x1,y1),
let Xpmin = min{xo, 1}, Xmaz = maz{xo, z1}, Yiin = min{yo,y1} and
Yinaz = maz{yo,y1}. They uniquely define a rectangle area [xq,yo] X
[z1,y1]. Each node (x,y) is in [xo, yo] X [z1,y1]. If the node is on one of
the shortest paths between (xo,y0) and (x1,y1), it is referred to as the
shortest path area node (SPAN) between (o, yo) and (x1,y1).

2) SPANs of a cluster: When a tree is built in the cluster of size n, all nodes
¢i(i,v:), (i € [0,n—1]) in the SPAN area [z, yo] X [x;, yi] covering the core
(i.e., the root of the tree) ¢*(z*,y*) are SPAN nodes of ¢;. For example, in
Fig. 3, if the core is the node (2,2), all nodes in the area [2,2] x [5, 5] are
the SPAN nodes of this cluster member (core). A node may be a SPAN
node of multiple cluster members.

3) The space weight of a node: If anode is a SPAN node of k cluster members,
it is assigned a weight k. The upper part of Table 3 lists the space weights
of all nodes in Fig. 2(a). As an example, in Fig. 3, the node (2,4) is in the
SPAN area of four nodes (2,6), (3,6), (5,5), (2,4). Thus, it is a SPAN
of those four nodes. The weight of this node (2,4) is 4, indicating that 4
cluster members may pass through node (2, 4) to the cluster core (2,2) by
the shortest paths. For node (2,2), its weight is 10.

In general, the greater the space weight is, the nearer the node is to the
core. If the space weight of a node is k, then there are k nodes that must pass

19



Algorithm 3: Relative Weighted Vectors Generation - Steps 2) to 6)

Step 2). Calculate the space weight vector W; for every node
begin

N =

3 Initialize T < {}; For any node C; = (¢;0,¢i1," " »Ciym—1) With
(C)min < (C))t < (C})mas, initialize its weight W', ; + 0;

4 forj:Oton,—ldo

5 fori=0ton —1do

6 if Ol is a SPAN node Of Cj = (Oj.,Oij,lv ce ,Oj_’mfl) then

7 L | W, « W, +1;

8 W' ={W' = (woo0,wo1, -, wom-1), ",

9 W' = (w/z‘,o,w/m,"' ;w/i,mfl)a"' ,

0 | W= (wn’fl,mw/n,fl,l’”' ’w/n’fl,mfl)}’ i=0,,n -1

11 Step 8). Find the energy weight Wl”] for every node in cluster c;

12 begin

13 In all members C' = {Oo = (Coyo, 0071, ce ,Oo_’mfl), trty,

Ci =(Ci0,Ciny -+, Cim—), -+, Cpr 1 =(Crr 1 6, Cr 1 1,
-, C

W 1m_1)} 1 =0, ,n —1, search the energy weight vector

’
W; foe every node;

"o_ "o (on " "
14 W" ={W"q = (w00, w" 0,1, ;W 0m-1), "+,
"o (o " 1
W' = (w"s0,w"s1, - w0 imo1), -,
" ) " " s ! .
w n,fl_(w n—-1,0W n 11 W n,fl,mfl)}5l_oa"' ,n —1;

15 Step 4). Find the max energy node in WZ-/:]- in each core C;p of every
cluster

16 Find the maximal energy node in Wil:j, Cy = (o s Cru1)i

17 Step 5). Find the data weight Wi,:;- for every node in cluster C;

18 begin

19 In all members C = {Oo = (Coyo, 0071, s ,Oo_’mfl), tety

Ci = (Ci0,Cins s Cim1), -, )

Co1 = (On’71,07cn’71,1’ T ’On’fl,mfl)h i=0,---,n —1],

search the data weight vector of every node W;,

20 W/// — {W///O — ( ///0.’0, w///071; L. ;w///07m71)7 e
WN/'L — (w///i70; ,LU///,L_.J7 .. ;w”/i_’mfl); cee
21 W= (w”/n/—l,mwmn/—l,l? T ’wnn/—l,m—l)}v L=
0,---,n —1;

22 Step 6). Find the node with the mazimal data weight Wl”; as the data
core C; ¢ in every cluster
23 Find the maximal data node in Wl”;, Cr=(Cher " 1 Ci1.6)i
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through this node to the space core for data transmissions. Thus, the weight of
the node represents the degree of the closeness of the node to the core.

Step 3). Find the energy weight w" for every node in cluster C;
(Lines 11-14 in Algorithm 3). After the space weight vector WZ/ ; 1s determined,
the system periodically checks the energy status of every node. Then, it gener-
ates the energy weight accordingly. An example of energy weights is shown in
the middle part of Table 3.

Step 4). Find the node with the maximal energy weight in Wl-,:j
as the energy core ¢;; in every cluster (Lines 15 and 16 in Algorithm 3).
From the energy weights in the middle part of Table 3, node B(2,4) has the
maximal energy weight 10. It is chosen as the energy core.

Step 5). Find the data weight w" for every node in cluster C;
(Lines 17 to 21 in Algorithm 3). The system generates data weights in a similar
way to that for energy weight generation in Step 3). The resulting data weights
are shown in the lower part of Table 3.

Step 6). Find the node with the maximal data weight in WZ-/:; as the
data core ¢; . in every cluster (Lines 22 and 23 in Algorithm 3). According
to the data weights in the lower part of Table 3, node B(2,1) has the maximal
value data weight 10. Therefore, it is selected as the data core.

5.3. Least weighted path tree generation algorithm

From Algorithms 2 and 3, the related weighted vectors W', W and W
have been generated. The space, energy, and data cores ¢; o, ¢;p and ¢; . have
also been found. Then, the least weighted path tree generation algorithm inte-
grates W/, W' and W to form a single weight vector W = f(W' ,W" ,W"").
As discussed in Section 4, a linear combination of the three weight vectors is
used in our work, i.e., W = aW' +8W" —l—”yWW, as described in the standardized
system model in Eq. (4) in Theorem 1. Three linear combination coefficients
a, B, and ~y are determined at Nash equilibrium according to Theorems 2 and
3. Finally, the algorithm presents the least weighted path tree as a hierarchical
multicast tree. The whole process of the least weighted path tree generation
algorithm is described in Algorithm 4, which is self-explained.

5.4. Multicast Routing algorithm

Following the determination of the general weight vector and its coeflicients
in Algorithm 4, the multicast routing algorithm is activated. Shown in Algo-
rithm 5, the multicast routing algorithm builds a multicast tree for each cluster
to connect the cluster members. After that, the algorithm connects different
clusters by hooking the roots of the trees.

5.5. General Finite M -dimensional Vector Algorithm

Extending the three-factor scenario to finite M-dimensional factors, the the-
oretical results developed in Section 4.7 are also implemented. The implemen-
tation is described in a General Finite M-dimensional Vector Algorithm, as
shown in Algorithm 6, which is self-explained. For every cluster, the algorithm
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Algorithm 4: Least Weighted Path Tree Generation

Input: The space, energy and data weight vectors W,, W”, WW;
The space, energy and data cores: Cy, Cy, Cr;

Output: Tree T{}

1 begin

2 Tree T + {}, node weight W « 0; /* Initialization */

3 fori=0ton—1do

4 Calculate «y, 8; and v; from Eq. (9);

5 L Calculate W; = ozl-WZ-/ + ﬂiWiﬁ + %—WZ-W;

6 Choose the node with the maximal weight in W; in every cluster;
7 Set this node as cluster core C* = (¢f, -+, ¢ _1);
8 fori=0ton—1do

9 L Select the shortest path P =< (C§, -, (*m_l)), oy (Clgy e

f(m_l)) > with the maximum weight; add this path to tree T;

Algorithm 5: Multicast Routing

1 Source node s sends its multicast messages to its cluster core cy;

2 The cluster core ¢y sends the messages to all other cores c¢;;

3 ¢p routes the messages to its own cluster members along the cluster tree;

4 Upon receiving the multicast messages, all cluster cores ¢; transmit them
along the cluster trees to all cluster members m; within the clusters.

Algorithm 6: General Finite M-Dimensional Vectors

1 Divide the group members into clusters in terms of static delay distance;

2 Calculate the finite M-dimensional weight vector Wi(_;), e ’Wi(-,?l);

3 Build a game balance relationship equation, resolve linear parameters,
make out a new weight vector according to the algebraic sum of the
M-dimensional known vectors, and generate the least weighted path
tree: ozz(-l), e Em);

4 Dispatch the multicast packets in the group on the basis of the tree.

calculates the finite M-dimensional weight vectors. Then, for each cluster, it
generates the least weighted path tree. The trees for all clusters are connected
to form a complete tree for dispatching multicast packets.

6. Performance Evaluation

This section evaluates the performance of our game balance based approach.
It starts with descriptions of evaluation criteria and benchmark methods [33].
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Then, experimental configurations, settings and scenarios are discussed. After
that, experimental results are presented under various scenarios.

6.1. Fvaluation Criteria and Benchmark Methods

Three performance metrics are used to quantify the performance of data
aggregation and multicast routing. They are average multicast delay, average
number of used links, and average packet arrival rate. The delay performance
characterizes the timeliness of the communications. The number of used links
for message multicast to all group members marks the amount of used resources.
The packet arrival rate implies the reliability of data transmissions.

Our game balance based approach will be compared with some benchmark
methods. The popularly used DCXYP, which considers the space factor only,
is chosen as the SPACE-based benchmark method. The well adopted LEACH
and TEEN methods, which consider the energy factor only, are selected as
ENERGY-based benchmark methods. The DATA-based benchmark method is
designed to consider the data factor only with involvement of data quantity,
query hot degree and semantic cache value.

6.2. Experimental Configurations, Setting and Scenarios

Our experiments consider a 2D sensor grid network in an office building
environment. There are 360 mobile phones in the network. Each cluster includes
eight mobile phones. The network system will build a multicast tree to link all
these mobile phones for query message transmission.

Other network configurations and settings are given below. The system runs
on a group of 40 IBM four-core PCs. The dataset is transferred to a 2D grid
configuration of 1 km by 1 km. The number of mobile devices varies from 0 to
200, and the locations of those mobile devices are randomly generated. The data
(weight) for each of the nodes is also randomly generated in the range from 1 to
10 units by following the Poisson distribution model. Similarly, energy weight
for each node is randomly generated as well, and it decays over time based
on the operation of the node. The underlying routing protocol is AODV. The
bandwidth of the wireless communications is 10 Mbps for each link. During the
simulation, 100 and 10,000 multicast packets are randomly generated for light
and heavy traffic load, respectively. The average size of the packets is 2,400
bytes. From the packet generation, the average delay for transmitting a packet
on a defined link is about 1 sec. As the system is highly dynamic, a periodic
calculation of the multicast tree is necessary with the period being defined as 60
sec. Furthermore, the Time_energy_unite, which means the operating duration
rate that an energy unit can support, is set to be 10.

To investigate the energy factor, we use a variable, Energy_degree, to quan-
tify the level of energy in each node. In the experiments, Energy_degree is de-

signed to have 10 levels from 1 to 10. The system sets a model Time_Energy_Threshold

TET = Energy_degree™V ei9ht-cnerays Time _energy_unite, where Weight_energy
is the value of energy the node attaining. Once t > T ET is reached, the node
is withdrawn from the system.
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Another variable, Proportion_degree, is also introduced to represent the de-
gree of difference of the proportions of multiple factors. It is characterized by 10
levels from 1 to 10. In this paper, only the following three levels are presented:
1) Proportion_level 1: 45% of space, 10% of energy, 45% of data;

2) Proportionlevel 3: 33% of space, 33% of energy, 33% of data; and
3) Proportion_level 5: 25% of space, 50% of energy, 25% of data.
Proportion_level 3 gives an equal weight for all three factors.

6.3. Ezperimental Results under Different Proportion_degree Values

The first set of experiments is carried out under a fixed Energy_degree of
3. The Proportion_degree takes the values of 1, 3 and 5, as specified above.
Light and heavy traffic scenarios are considered in evaluating the five types of
methods: SPACE, ENERGY, DATA, our Previous work [9], and Our work
in this paper. The results are shown in Figs. 4 through to 9.

Figs. 4 and 5 show Average Multicast Delay for the five types of methods.
It is seen from these figures that our approach in this paper displays mostly
smaller multicast delays on average in both light and heavy traffic scenarios.

The results of Average Number of Used Links and Average Packet Arrival
Rate are depicted in Figs. 6 and 7, and Figs. 8 and 9, respectively, in light and
heavy traffic conditions. These figures show that our approach in this paper
clearly outperforms the others types of methods in the sense that it uses fewer
links and also achieves high packet arrival rate performance.

6.4. Experimental Results under Different Energy_degree Levels

The second set of experiments is conducted under a fixed Proportion_degree=
3 (an equal weight for all three factors). The Energy_degree takes values of 3,
5 and 7. Five different types of methods are compared: SPACE, ENERGY
DAT A, Previous work [9] and Our work in this paper. The results are shown in
Figs. 10 through to 12 for heavy traffic conditions. Simulation results for light
traffic conditions are omitted here because the the conclusions drawn from the
results are mostly similar to those drawn from heavy traffic scenarios.

Among these five methods, the DAT A approach is much poorer than the
other four methods. DAT A usually suits the scenarios in which data quantity
is much more concentrated in a few important nodes. For better observation of
the experiment results, we have omitted DAT A in the figures.

Fig. 10 presenta the results of average multicast delay under light and heavy
traffic load scenarios, respectively. It is seen from these two figures that our
approach mostly outperforms the other types of methods in terms of the Average
Multicast Delay performance.

The results of Average Number of Used Links are depicted in Fig. 11. They
shows that in both light and heavy traffic load conditions, our approach mostly
uses fewer links on average than the other methods do.

Fig. 12 demonstrate the results of Average Packet Arrival Rate. It is ob-
served from the figures that in both light and heavy traffic load environments,
our approach is mostly superior to the other methods in the sense that it achieves
higher average packet arrival rates over the time.
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Figure 4: Average Multicast Delay performance in light traffic condition for five types of
methods: SPACE, ENERGY, DATA, our Previous work [9] and our work in this paper
(from top to bottom: Proportion_degree=1, 3 and 5, respectively).

7. Conclusion

An effective and efficient multicast routing approach has been presented in
this paper. A significant feature of the approach is the simultaneous consid-
eration of three factors of space, energy and data. This makes the approach
multi-factor aware. Integrating all the three factors into a unified model, the
approach has also derived a theoretical solution to the multicast problem from
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Figure 5: Average Multicast Delay performance in heavy traffic condition for four types of
methods: SPACE, ENERGY, our Previous work [9] and our work in this paper (from top
to bottom: Proportion_degree=1, 3 and 5, respectively).

the game balance perspective, particularly at Nash Equilibrium. This ensures
a fair treatment of all the three factors without a bias to a specific factor.
Moreover, the approach can be easily extended to simpler or more complicated
scenarios, such as two factors, more than three factors, and a heavier weight to
a specific factor. All these features make the presented approach distinct from
existing methods.

The theoretic results and algorithms of the resented approach have been

26



609

610

611

612

613

614

Proportion_degree=1

1800000 - e=@==Q0ur Work == Previous Work =~ SPACE *ENERGY
1600000 - == DATA

1400000 -
1200000
1000000
800000
600000
400000
200000
0

Avg Num of Used Links

20 60 100 140 180 220 260 300 340 380 420 460 500
Run Time (sec)

Proportion_degree=3

==g==0ur Work == Previous Work SPACE =¥=—ENERGY

s ! ; ‘ j@,;\ === DATA
[\ A

800000
700000
600000
500000
400000
300000
200000
100000

,

o=

-t
-3

PR T W
3
>

Avg Num of Used Links

0 7T L[ S S s S S s S it st S s M i i e e e

20 60 100 140 180 220 260 300 340 380 420 460 500
Run Time (sec)

Proportion_degree=5

900000 ==&=Qur Work == Previous Work = SPACE === ENERGY
800000 - R 5\ —¥#—DATA

700000
600000
500000 -
400000
300000
200000
100000

0 7T L[ S S s S S s S it st S s M i i e e e

20 60 100 140 180 220 260 300 340 380 420 460 500
Run Time (sec)

A

2 I

L

Avg Num of Used Links

L

Figure 6: Average Number of Used Links in light traffic load for five types of methods:
SPACE, ENERGY, DATA, our Previous work [9] and our work in this paper (from top to
bottom: Proportion_degree=1, 3 and 5, respectively).

evaluated comprehensively. Three criteria have been used to characterize the
performance of our approach and benchmark methods. In some extreme con-
ditions, existing methods designed exclusively for such conditions show advan-
tages. However, in practical applications, network environments, energy level
and traffic load change over time. Considering all these dynamic changes, the
approach presented in this paper has demonstrated mostly better performance
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than existing methods under various conditions. It is a promising tool for data
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