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Abstract: This paper investigates the maximum lifetime data gathering problem theoretically. Specifically, (1) the
simplified static routing scheme where only one routing tree is used to gather data during the lifetime of network is
analyzed, (2) the actual dynamic routing scheme where a series of routing trees are used to gather data is analyzed,
(3) anear optimal maximum lifetime data gathering and aggregation algorithm MLDGA is proposed, which tries to
minimize the total energy consumption in each round and maximize the lifetime of a routing tree used in the round,
(4) the MLDGA algorithm is simulated in Java programming language. Comparing with the existing algorithms that
are only efficient in some specified conditions, the simulation results show that MLDGA performs well regardless
of base station location and initial battery energy levels of sensors.
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1 Introduction

A wireless sensor network is a special kind of ad-hoc network that consists of a large number of small,
inexpensive, battery-powered sensors. The sensors can be densely deployed to monitor the environment and collect
useful information on their surroundings. During the lifetime of network, the collected information is periodically
gathered and transmitted to a base station for further processing. Sensor networks can be used in a wide range of
applications from military to civil™*3.

One of the main constraints on sensor networks is the limited battery energy of sensors. To keep the size of
sensors small, a sensor can only be equipped with battery that stores at most 1 Joule of energy!®, and the battery is
irreplaceable. For this reason, energy conservation should be the primary concern in data gathering problem. Itsaim
is to prolong the network lifetime to gather more data. Chang and Tassiulas™® proposed routing algorithms to
maximize system lifetime by treating the data transmission process as a maximum flow problem which meets the
flow conservation principle. In another work, Bhardwaj et al.l”’ derived upper bounds on the lifetime of a sensor
network that collects data from a specified region.

Data aggregation has now emerged as a particularly useful paradigm for wireless routing in sensor networks to
reduce the energy consumption®®. The idea is to combine the data from different sensors enroute to eliminate
redundant transmission. This paradigm greatly reduces the amount of data transmitted and thus saves energy. It
shifts the focus from address-centric approaches (finding routes between pairs of end-nodes) to data-centric
approaches (finding routes from multiple sources to a destination that allows in-network consolidation of redundant
data)!*®™. Several protocols, such as LEACH!? and PEGASIS™, used the data-centric approaches to minimize
the energy consumed by sensors and increase the network lifetime accordingly. Further, Lindsey et a proposed
PEDAP-PA! | a tree based routing algorithm, which tries to improve the network lifetime. It achieves a good
performance comparing with LEACH and PEGASIS in terms of lifetime. However, most of these works lack formal
theoretical analysis and their algorithms are not well optimized.

In this paper, we investigate the maximum lifetime data gathering and aggregation problem theoretically. Tree
structure is used as the basic routing scheme for our analysis since it is the minimal graph structure supporting the
network connectivity. We analyze the static routing scheme first, where only one tree is used to gather data during
the lifetime of network. Then we go into the dynamic routing scheme, where a series of trees are used to gather
data. Based on the results of our analysis, we propose a new near optimal maximum lifetime data gathering and
aggregation algorithm MLDGA. MLDGA tries to construct a maximum lifetime routing tree for each data gathering
round while the tree is energy-efficient. The experimental results show that MLDGA succeeds in achieving longer
lifetime and better network utility than several other existing algorithmsin various conditions.

The rest of the paper is organized as follows. Section 2 reviews some related works. Section 3 presents the
maximum lifetime data gathering problem. Section 4 gives some basic definitions used in this paper. Section 5
investigates the problem with two different routing schemes: the static one and the dynamic one. A near optimal
algorithm MLDGA is also proposed. In Section 6, we conduct experiments to compare our algorithm with other
known algorithms. We conclude our work in Section 7.
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2 Related Work

Severa efficient data gathering routing algorithms have been proposed in recent years. We can divide them
into three categories approximately: cluster-based routing, chain-based routing, and tree-based routing.

LEACH is a cluster-based distributed routing protocol!*?. In LEACH, each node elects itself as cluster-heads
with some probability. The remaining nodes join a cluster that requires minimum communication energy. In the data
gathering process, each cluster-head collects data from sensorsin its cluster, fuses the data, and then sends the result
to the base station. LEACH utilizes the randomized rotation of cluster-heads to evenly distribute the energy load
among sensors in the network. Simulation results show that LEACH achieves as much as a factor of 8 reduction in
energy dissipation comparing with direct transmission!*?. As an improved version to LEACH, LEACH-C*¥ uses a
centralized clustering algorithm to produce better clusters, thus achieves better performance.

In PEGASIS*¥, sensors are formed by chain. Each sensor communicates only with a close neighbor, and takes
turns transmitting to the base station to prevent the failure of network. Only one node is designated to communicate
with the base station, consequently the energy dissipation is significantly reduced. PEGASIS achieves better
lifetime than LEACH about 100 to 200%™

Tan et al. proposed two tree based protocols PEDAP and PEDAP-PAM. They tried to compute a minimum
spanning tree over the sensor network. In PEDAP, the weights of tree edges are the transmission cost between two
connected sensors. In PEDAP-PA, the weight of tree edges is the ratio of the transmission cost between two
connected nodes to the remaining energy of the sending node. The basic idea is to minimize the total energy
expended in a round of communication while balance the energy consumption among sensors. PEDAP prolongs the
lifetime of the last node death while PEDAP-PA provides a good lifetime for the first node death. Simulation results
show that these two algorithms perform better than LEACH and PEGASIS both in systems that the base station is
far away from and inside the field™.

3 Problem Statement

We consider a wireless sensor network consisting of a group of sensors and a base station that are randomly
distributed over a region. The locations of sensors and the base station are fixed. The base station knows the
locations of all sensors apriori, which can be obtained by manually entering coordinates or by using GPS-equipped
sensors. A sensor can transmit data to any other sensor, and can communicate directly with the base station. The
sensors periodically monitor their vicinity and generate monitoring data. The data from sensors are gathered at each
time unit and sent to the base station for further processing. The time unit is called round. We assume that each
sensor has limited battery energy and the action of transmitting or receiving data will consume its battery energy.
Our problem is to find a routing scheme to deliver data from all sensors to the base station, which can maximize the
lifetime of the sensor network. In the process, data aggregation can be used to reduce the number of messages in the
network.

Two points should be pointed out here:

First, the energy model used in our work is based on the first order radio model™*?. In this model, the radio
dissipates Eqe=50nJ/bit to run the transmitter or receiver circuitry, and Eamp:loopJ/bit/m2 for the transmit
amplifier. Therefore, the energy expended to transit a k-bit message to adistance d is

Ep (K, d) = Egq x K+ Ep xkxd? @)
While the energy expended to receive this message is
Erc(K) = Eqee XK )

which is a constant for a fixed-size message.
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Secondly, we treat the time when the first node dies as the lifetime of the network. Tan et al.™ mentioned two
different definitions for lifetime: In applications that the cooperation of all sensors working together is important,
lifetime is defined as the time when the first node is drained of its energy; In applications that adjacent sensors
record identical data, lifetime is defined as the time when a specified percentage of the sensors die. In this paper, we
focus on the applications that need the cooperation of all sensors, and we adopt the first type of definition. Put it
another way, we try to maximize the time when the first node dies.

4 Definition

Before diving into the maximum lifetime data gathering problem, we give some fundamental definitions and
notations used throughout this paper.

We view a sensor network as a directed graph G(N, A), where N is a set of all sensors and the base station in
network. Each sensor is labeled with a node IDe{1,2,...,|N[}, the base station is labeled with ID 0; A is a set of
directed edges connecting two sensors, i.e. A={(i, j)}.

We denote the weight of edge (i, j) €A as wij (Wi=W;).

Definition 1. For a sensor network G(N, A), T=(N, A’) is a rooted directed spanning tree of G, where A’ is a
subset of A(i.e. A'cA) and T isrooted at the base station (i.e. root[T] = 0). We call T arouting tree for network G.

The tree structure can be used as a basic routing scheme for data gathering in sensor networks. A spanning tree
is the minimal graph structure supporting the network connectivity. For each sensor i, we can find a directed path
from i to the base station by using the tree structure, and the path does not contain a cycle. Therefore, we base our
discussion on the tree structure in the following paper. LEACH (a cluster-based routing scheme) and PEGASIS (a
chain-based routing scheme) described in section 2 can also be viewed as a special case of the tree structure based
routing scheme.

Definition 2. For a sensor network G, if the underlying routing structure does not change over time and only
one routing tree T is used to gather data during the lifetime of network, we say that G employs static routing
scheme. If the underlying routing structure of G changes over time and a series of routing trees are used to gather
data, we say that G employs dynamic routing scheme. The series of routing trees is denoted as { T(t)}, which means
that T(t) is used as the routing tree at round t.

Here, we also introduce some notations used in the following paper. For a sensor i in routing tree T, the
transmit power of i is denoted as E., (T), the number of sensors sending data to i is denoted as m(T). Then the
received power of sensor i is n;(T) x Eg, . The tree with minimum total energy consumption is denoted asT’,

N ¥
T° =argmin (Eq, (T)+n,(T)xEg,) ©)
T<G(N,A) j=1
The residual battery energy level of a sensor i at round t is denoted as R (t). If a network G employs dynamic
routing scheme, the residual battery energy level of a sensor i after t vrounds is

R =RO- X (Ex()+n(7)xEn).

Definition 3. We define the lifetime of a sensor i as the duration of the time when i is alive, and denote it as|;.
If a network G employs static routing scheme and the routing tree for G is T, the lifetime of asensor i in T is
_ R(©
~EL(T)+n (T)xEpg
and the number of sensors which send datatoi.
Definition 4. We define the lifetime of an edge (i, j) in tree T as the duration of the time when i and j are alive,
and denote it as|;;. For an edge (i, j) in tree T, we have l=min{l;,|;} .
If a network G employs static routing scheme and the routing tree for G is T, the lifetime of G is

. It is evident that the lifetime of a sensor i is related to the sensor which i sends data to
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L(G)=L(T)= miNn{Ii} = min {I }, where A'(T) isthe edge set induced by T. It means that the sensor that has

(i.)eA(T)
minimum lifetime, which in turn depends on the edge that has minimum lifetime, determines the lifetime of G.

5 Maximum Lifetime Data Gathering: Static Scheme and Dynamic Scheme

In this section, we investigate the maximum lifetime data gathering and aggregation problem in sensor
networks theoretically. We first examine the case when a sensor network employs static routing scheme, then we go
into the dynamic routing scheme. The dynamic scheme corresponds to the actual scenario of our problem. In the
dynamic scheme, we propose an algorithm MLDGA for the maximum lifetime data gathering problem. The
implementation details of MLDGA are also discussed.

5.1 Static scheme

We first explore the simpler case when a sensor network G employs static routing scheme. The task isto find a
routing tree (static tree) T for G that can maximize the network lifetime.

(a) A sub-routing-tree T (b) A new link (i, j) isbuilt between i and j
Fig.1 Anexample which shows difficulty of the problem

Definition 5. The optimum network lifetime L" of a sensor network G employing static routing scheme is
defined as:

U= max (LT} = max | min 0} @

TCG(N A)

It is evident that this problem can be viewed as a max-min bottleneck optimization problem!®. The bottleneck
edge is the one with the minimum lifetime in routing tree TcG(N, A), which in fact determines the lifetime of
network. Let the weight of edge be the lifetime of edge, i.e. w=l;;. The peculiarity of our problem is that the edge
weight w;; cannot be determined beforehand. Figure 1 shows an example. A sub-routing-tree T, for G has been built.
jisasensor in Ty, and i is a sensor not in To. Now, a new link is built between i and j. We cannot determine the
weight of edge (i, j) at thistime because the edge weight w;; should be

w; =min{l;,l;}

:“ﬁ R.(0) R;(0) } (5)

En(T)(K,dj) + 1, (T) x Eg () " EJ, (K, d )+ 1 (T) x Eg (K)
where T is the final routing tree for G. The final number of sensors sending datato i or j (i.e. ni(T) or nj(T)) cannot
be determined at this time. Therefore, we cannot get the lifetime of sensor i or j when the final tree T has not been
completely constructed, to say nothing of w;. It isjust this uncertainty makes the difficulty of our problem.
Here, we present a heuristic greedy strategy to solve this max-min bottleneck optimization problem. We
assume that Ty is a sub-routing-tree that has already been built for G, j isa sensor in Ty, and i is a sensor not in Ty If
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anew link will be built between i and j, we make

LI ©)
Exc (k. dy)
as an estimation of the lifetime of i, make
R (0
’ J( ) (7)

! = —

b ELTo)(k dy) + (N (To) + D) x En (K)

as an estimation of the lifetime of j, where ny(To) is the current number of sensors sending data to j, and make
L =min{l/,17} asthe estimation of w;. We select the edge (io, jo) that has the maximum weight in all (i, j) pairs

and add the edge into To. The process continues until all sensors have been added to Ty, then the static routing tree
for G is constructed.

5.2 Dynamic scheme
In this subsection, we investigate the case when a sensor network G employs dynamic routing scheme. The
task is to find a series of routing trees (dynamic trees) { T(t)} for G which can maximize the network lifetime.

Definition 6. For a sensor network G employing dynamic routing scheme, let the series of routing trees used
by G be'={T(t)}. Then the network lifetime of G is

L) = LT @), T(2),T(3),...) = min{l;} (8)
li
where |; is the maximum value which satisfies Z(E}X(T(r))+r\(T(r))x ERX)S R(0). The optimum network
lifetime L° of Gisdefined as
L° = max{ L(I")} ©)

where I is the set of all possible routing tree series for G.

We have following theorem for the optimum network lifetime L°.
Theorem 1. For a sensor network G employing dynamic routing scheme, its optimal network lifetime L° is

IN|
“R(O
upper bounded by LY = 2RO e L0<Ly.

IN]

L (End(T°) + 1, (T°) x Eg)

Proof. We cannot spend more energy than the total energy of G, which is Z

INI
i=1

R (0). In every round, at least

Z!Tl(EiTX(I'O) +n;(T°)x Eg,) amount of energy should be spent no matter what kind of tree we use. Therefore, the

network lifetime cannot exceed LJ .

Based on Theorem 1 and the static scheme discussed in Section 5.1, we present two strategies to deal with the
maximum lifetime data gathering problem when G employs dynamic routing scheme. (1) Try to minimize the total
energy consumption of arouting tree in each round. From Theorem 1, we know that if the total energy consumed in
around is minimized, we will have more energy to be used in the following data gathering process, thus the lifetime
of the network can be increased. (2) Try to maximize the lifetime of a routing tree constructed in a round. The
dynamic trees can be viewed as a series of static trees (a static tree in a round). By maximizing the lifetime of a
routing tree used in around, we will have a cumulative effect to improve the lifetime of the network.

Integrating the two strategies discussed above, we propose a new maximum lifetime data gathering and
aggregation algorithm MLDGA. In each round, MLDGA constructs a routing tree for this round. The tree
construction procedure is described as follows:

(1) Initialize variables. The procedure maintains a tree structure T, that represents the sub-routing-tree that has
been built for G at around. Ty is initialized with one element, the base station. The procedure also maintains two
sets: the selected sensors set S which contains the sensors that have already been selected as part of T, (includes the
base station), and the unselected sensors set U which contains the sensors that have not been inserted into Ty
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(U=N-9). Sisinitialized to the base station, and U is initialized to all the sensors.
(2) Estimate the edge weight. For each node i in U and each node j in S, we make the estimation of edge weight
wj; at round t as

T Enlkady)
(10)
_ R (t) R ()
E':'x(kvdij) E'Il'x(kfdij) , E‘le(TO)+(nj(T)+l)X Er
If only one element (the base station) in Ty, we treat the lifetime of the base station as infinite, then
w = minfli(®),} _ 1 RO (12)

' En(kidy)  En(kidy)  Ep(kidy)

(3) Add the edge with maximum weight to Ty. Set Sand U are changed correspondingly.

(4) Repeat (2) and (3) until all sensorsin U have been added to S. The routing tree T for G in current round is
constructed (To=T).

From the definition of edge weight, we can get following two points that fit our strategies about the maximum
lifetime data gathering problem:

® |f the transmission cost between the sending sensor i and the receiving sensor j is low, the edge weight w;;

tends to be high. Thus the sensor i has high possibility to be added to Ty and connects to j. It meets the
strategy to minimize the total energy consumption in each round;

® [f the lifetime of edge (i,j) is high, the edge weight w;; tends to be high. Then edge (i,j) has high

possibility to be added to T,. It meets the strategy to maximize the lifetime of a routing tree constructed
in around.

Here, we compare MLDGA algorithm with other existing algorithms through analysis. In LEACH? | each
sensor sends data to the nearest cluster head, then the cluster heads send the fused data to the base station. If the
cluster heads are far from the base station, it will cost a lot of energy since there are several cluster heads that
should send data to the base station. PEGA SIS notices this point. In PEGASIS™*®, each sensor sends data to a close
neighbor, and only one sensor sends the fused data to the base station. PEGASIS saves great energy compared with
LEACH since only one sensor sends data to the base station. However, if the base station is inside the field, both
LEACH and PEGASIS perform poor. The reason is that both of them do not take the exact cost of sending data to
base station and the total energy consumed per-round into account!*¥. In PEDAP-PAl¥, the authors used Prim's
algorithm to construct a minimal spanning tree. The edge weight in PEDAP-PA relates to the transmission cost and
the remaining energy of sending node. However, PEDAP-PA only considers the effect of the sending node, and the
edge weight keeps unchanged during the construction of routing tree at around. In MLDGA, we tries to construct a
maximum lifetime routing tree for each data gathering round. Our definition of edge weight comes from the analysis
of a network employing static routing scheme. It considers not only the transmission cost of sending node, but also
the combined effect of sending node and receiving node, which can be got from the definition of edge lifetime
(li=min{l;, I;}). We think our definition of the edge weight better reflects the essence of the maximum lifetime data
gathering problem, and can achieve a longer lifetime comparing with other existing algorithms, which is confirmed
by experiments.

5.3 Implementation

The implementation of MLDGA algorithm is similar to LEACH™? and PEDAP-PAI where each round
begins with a set-up phase, then followed by a steady-state phase.
The set-up phase constructs a routing tree for data gathering in the steady-state phase. We assume that the
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location and initial energy of all sensors is known by the base station apriori. The base station can compute a
maximum lifetime routing tree according to the location and initial energy of all sensors by using MLDGA
algorithm. At the same time, it can also estimate the remaining energy of all sensors since it knows how much
energy a sensor expends in a round, which will be used in the computation of next round. After the computation, the
base station compares the tree constructed in this round with the tree constructed in previous round. If these two
trees are different, the base station broadcasts the necessary information for the sensors in the network. For each
sensor i, the information contains the parent sensor of i in the tree, the time slot when the sensor sends its data to its
parent, and the time slot when the sensor receives its children’s data etc.

In the steady-state phase, sensors transfer their collected data to the base station along the routing tree
constructed in the set-up phase. Beginning from the leaf nodes, each node sends its fused data to its parent. To
prevent the collision of messages from children with the same parent, the parent node applies TDMA multiple
access scheme among its children. To prevent the collision of messages from children belonging to several different
parents, each parent node uses different CDMA codes and the children of a parent send their messages with its
parent CDMA code. The process continues until the base station is arrived, then the data gathering process in this
round is over.

6 Experiments

In this section, we present the performance analysis of MLDGA by using simulation programs written in Java
programming language. We compared MLDGA with seven other different data gathering algorithms: Direct, MTE,
LEACH, LEACH-C, PEGASIS, PEDAP and PEDAP-PA. In Direct™, each sensor sends its data directly to the base
station. In MTE, data traverses along the minimum energy consumption path to the base station.

To measure the performance of these algorithms, we consider three metrics. (1) The round when the first node
dies (RFND). We consider it in the first place because it meets our definition of network lifetime. (2) The round
when the last node dies (RLND). Besides trying to maximize the time when the first node dies, we also expect to
prolong the time when the last node dies. (3) The ratio of the round when the first node dies to the round when the
last node dies. We call the ratio as network utility. If the network utility is high, it means that the network is fully
utilitized at most of itsliving time.

Table 1 summarizes the parameters used in our experiments. 100 sensors were randomly distributed over a
region of 50mx50m (Fig.2) and 100mx100m. Each sensor had an initial energy level of 0.5J or uniform distribution
between 0.2J and 0.8J. The base station was located far away from the field (at point (0, —100)) or in the center of
the field (at point (25,25)). In each round, a sensor sent a 2000-bit message to the base station. The base station
computed a routing scheme to deliver data in the set-up phase of each round. The energy model is based on the first

Tablel Parameters and their values jg ot L
o o S
Parameter Value 35 ° S, . . Lo
Number of sensors 100 0 . O" ° i ) ° . o %,
Network size 50mx50m, 100mx100m © 25 . T °
Initial energy level 05J,0.2-0.8] g 00 cor o o o9 "0
Theloc;ntalici)gnof base (0,-100), (25, 25) § 115(-,) . ° . Ooo o .
Message size 2000-bit G S L T
Energy model First order radio model O0 050 10 ‘15 ‘20 ‘25 éO :‘%5 20 ‘45 -
Eelec 50nJ/bit X-coordinate
Eamp 100pJ/bit/m? Fig.2 100-Node random sensor network
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order radio model (Ege=50nJ/bit and EampzloopJ/bit/mZ).
6.1 Effect of base station location

We investigate the effect of base station location first. The authors of PEDAP-PAI mentioned that
PEDAP-PA performs well both in systems that the base station is far away from the field and the base station isin
the center of the field, while LEACH and PEGASIS perform poor when the base station is inside the field since they
do not take the cost of sending data to base station into account. Following this observation, we examined the effect
of base station location on our algorithm first.

Figure 3(a) presents the situation that the base station was located far away from the field and all sensors had
equal initial energy levels (F-EE). It can be observed from Fig.3(a) that both MLDGA and PEDAP-PA achieve a
good RFND comparing with other algorithms. The lifetime of Direct and MTE is far from optimal. PEDAP provides
agood RLND but has a bad RFND, since it constructs a minimum energy consuming routing tree for each round of
communication but pays no attention to balance the load among sensors. LEACH-C uses a centralized cluster
formation algorithm to minimize the total energy spent by the non-cluster-head nodes. It achieves a better RLND
comparing with LEACH. PEGASIS provides both a good RFND and a good RLND. However, MLDGA and
PEDAP-PA further improves the RFND about 60% comparing with PEGASIS, and about 100% comparing with
LEACH.

0= ‘ 5000
3000 |- 25 4500
patinsg 4000
2500 [ ] 3500 |
2000 FF 7 L ] 3000
A 2500 f
1500 e g 2000 |
e 3 o
(%] e ==— e 2 -
S 1000f S 1500
S A © 1000
['4 [
500 oy 500 |
e DUDBIEEESS S SS SO e
0 L
1 2 4 7 1
i S Number of node deaths
Number of node deaths
(a) F-EE (b) C-EE
00T | 8000
3000 f| = e /A ~000l
e s
2500 | = 1 6000
2000 e 5000
vadll |
1500t /// o e 4000
ed et 3000 [
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4 = € 2000
S 500[ 2
g ‘ : - 100057
o
Number of node deaths Number of node deaths
() F-UE (d) C-UE

Fig.3 Timings of node deathsin 4 situations
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Figure 3(b) presents the situation that the base station was located in the center of the field and the sensors had
equal initial energy levels (C-EE). It can be seen from Fig.3(b) that MLDGA also achieves a good RFND. The
RFNDs of MLDGA, PEDAP-PA, PEDAP, LEACH and PEGASIS are 2698, 2375, 1603, 1782 and 1909
respectively. MLDGA is the best one which achieves the longest RFND in all 8 algorithms. It improves the RFND
about 40% comparing with PEGASIS, and about 50% comparing with LEACH.

From Fig.3(a) and (b), we can conclude that MLDGA has a good RFND (i.e. lifetime) regardless of the base
station location. It distributes the load evenly among sensors and tries to minimize the total energy consumed in a
round, so it achieves a good RFND and a RLND near to RFND.

6.2 Effect of initial energy level

To check the ability of balancing the load among sensors further, we investigate the situations when the sensors
have unequal initial energy levels. We distributed the initial energy levels of all sensors between 0.2J and 0.8J
uniformly. The average energy level of asensor is 0.5J, which is the same as energy level in Fig.3(a) and (b).

Figure 3(c) presents the situation that the base station was located far away from the field and the sensors had
unequal initial energy levels (F-UE). Comparing with Fig.3(a), we see from Figures 3(c) that the RFNDs of all
algorithms decrease significantly except MLDGA. It means that MLDGA is robust to balance the energy
consumption among sensors even the initial energy levels of all sensors are different greatly. MLDGA improves the
RFND about 35% comparing with PEDAP-PA, about 200% comparing with PEGASIS, and about 290% comparing
with LEACH.

Figure 3(d) presents the situation that the base station was located in the center of the field and the sensors had
unequal initial energy levels (C-UE). Again, MLDGA is the best one which achieves the longest RFND in all
algorithms. It improves the RFND about 70% comparing with PEDAP-PA, and about 100% comparing with
PEGASIS, and about 140% comparing with LEACH.

From Figure 3(c) and 3(d), we can conclude that MLDGA has a good RFND (i.e. lifetime) regardless of the
initial energy levels of all sensors. It achieves the longest RFND comparing with other existing algorithms. Its
abilities to distribute the load evenly among sensors and to minimize the total energy consumed in a round are
further confirmed since it achieves a good RFND and a RLND near to RFND even when all sensors have unequal
initial energy levels.

6.3 Network utility performance

Figure 4 shows the network utility of all these 8 algorithms in 4 different situations. The network utility of
MLDGA is the highest in al 4 situations (except a little lower than PEDAP-PA in F-EE). It reaches 90% in F-EE,
C-EE and F-UE, and near 70% in C-UE. It means that the network is fully utilized at most of its living time by
using MLDGA. This feature is important for applications that need the cooperation of all sensors working together,
since the quality of the system will decrease dramatically after the first node dies. From another aspect, the values
of network utility imply MLDGA distributes the load evenly among sensors (The energy levels of al sensors are
near to zero when the first node dies).

Table 2 summarizes the results for 4 situations (F-EE, C-EE, F-UE and C-UE) when the network size is
100mx100m (where NU represents network utility). Compared with the setting that the network size is 50mx50m,
the distance between two sensors tends to be longer. RLND and RLND usually decrease as a result of the increase
in cost of sending data. We can still find that MLDGA performs well in all four situations, which is consistent with
the results getting from the setting that the network size is 50mx50m. The outstanding performance of MLDGA in
C-UE especially shows its abilities to balance the load evenly among sensors since all sensors have unequal initial
energy levels and the sensors are close to base station.
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Algorithms

Fig.4 Network utility

Table2 Performance of algorithmsin 4 situations when network size is 100mx100m

F-EE C-EE F-UE C-UE
Protocol
RFND RLND NU | renp RLIND NU | RenD RLND NU | RenD RLND NU
(%) (%) (%) (%)
Direct 55 231 24 470 4647 10 26 272 10 229 6258 4
MTE 2 352 1 52 1607 3 2 337 1 56 1690 3

LEACH 558 946 59 861 1655 52 293 1108 26 438 2685 16
LEACHC 472 956 50 710 2062 34 337 1022 33 452 3248 14
PEGASIS 583 2067 28 1007 2589 39 183 2456 8 954 3412 28

7 Conclusions

In this paper, we investigated the maximum lifetime data gathering and aggregation problem in wireless sensor
networks. Two types of routing scheme were discussed: the static routing scheme and the dynamic routing scheme.
In the static routing scheme, only one tree is used to gather data during the lifetime of the network, which can be
viewed as a max-min bottleneck optimization problem. We presented a heuristic greedy strategy to deal with this
problem. The strategy makes an estimation of the weight edge and selects the maximum weight edge in each
iteration to construct a routing tree for network. In the dynamic routing scheme, a series of trees are used to gather
data. We proposed a near optimal algorithm MLDGA to construct the series of routing trees. In MLDGA, the edge
weight is estimated as the ratio of the edge lifetime to the remaining energy of sending node, which meets the
requirement to construct an energy-efficient maximum lifetime routing tree for each data gathering round. We
conducted experiments to evaluate the performance of MLDGA. The experimental results show that MLDGA
achieves a good lifetime performance and a good network utility performance regardless of the base station |ocation
and theinitial battery levels of sensors.
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