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a b s t r a c t

Energy-constrained sensor networks have been widely deployed for environmental moni-
toring and security surveillance purposes. Since sensors are usually powered by energy-
limited batteries, in order to prolong the network lifetime, most existing research focuses
on constructing a load-balanced routing tree rooted at the base station for data gathering.
However, this may result in a long routing path from some sensors to the base station.
Motivated by the need of some mission-critical applications that require all sensed data
to be received by the base station with minimal delay, this paper aims to construct a rout-
ing tree such that the network lifetime is maximized while keeping the routing path from
each sensor to the base station minimized. This paper shows that finding such a tree is NP-
hard. Thus a novel heuristic called top-down algorithm is presented, which constructs the
routing tree layer by layer such that each layer is optimally extended, using a network flow
model. A distributed refinement algorithm is then devised that dramatically improves on
the load balance for the routing tree produced by the top-down algorithm. Finally, exten-
sive simulations are conducted. The experimental results show that the top-down algo-
rithm with balance-refinement delivers a shortest routing tree whose network lifetime
achieves around 85% of the optimum.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Recent advances in electronic and communication tech-
nologies make it possible to build a large scale Wireless
Sensor Network (WSN) with hundreds of thousands of sen-
sors. Due to its wide range of applications, from environ-
mental monitoring to mission-critical surveillance [19],
WSNs have received tremendous attentions and data gath-
ering as its fundamental function has been extensively
studied in the past several years. Sensors in most WSNs

are powered by energy-limited batteries, and sometimes
it is impossible to recharge or replace these batteries when
the network is deployed in harsh or human inaccessible
environments such as battlefields or nuclear polluted re-
gions. Therefore, energy conservation in this type of net-
work is of paramount importance in order to prolong the
network lifetime. Most existing research focused on maxi-
mizing the network lifetime by constructing a load-bal-
anced routing tree for data gathering. However, such a
tree may contain long routing paths from some sensors
to the base station. In order to meet the need of mission-
critical applications that require all sensed data sending
their data to the base station with minimal delay, this pa-
per aims to constructing a routing tree rooted at the base
station that guarantees to forward the sensed data from
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any sensor along a shortest path while maximizing net-
work lifetime. As we here deal with time-sensitive data
gathering, we expect to collect the detailed data from all
sensors without any aggregation during the data transfer.
We thus assume the energy consumption of each node
(sensor) is proportional to the number of descendants of
the node in the routing tree.

This optimization problem is also applicable for non-
mission-critical but large scale WSNs. This is because wire-
less communication (particularly multi-hop relay commu-
nication) is unreliable and long routing paths may cause
frequent and repeated re-transmissions that lead to net-
work failures. Therefore, a shorter routing path is highly
desirable.

1.1. Related work

Data gathering in a WSN means collecting sensed data
from every sensor and forwarding the data to the base sta-
tion. The most popular paradigm of data gathering is in-
network processing that constructs a routing spanning tree
rooted at the base station (also referred to as a sink).
Depending on different applications, two major models
are used in data relaying, namely the aggregated relay and
non-aggregated relay models. Most routing trees adopt
the aggregated relay model. Under this model, each relay
node aggregates all received data from its children and
its own into a fixed-size message. The aggregated data
are then transmitted to its parent. This type of data gather-
ing is applicable to applications such as database queries
AVG, MIN, MAX, COUNT, and so on. In the non-aggregated
relay model, the length of a message transmitted by a relay
node depends not only on the length of its own sensed data
but also on the lengths of the messages received from its
children. We refer to this latter one as the message-length
dependent data gathering [15].

An extensively studied data gathering problem under
both aggregated and non-aggregated models is to find a
routing tree that minimizes the total energy consumption
or minimizes the maximum energy consumption among
individual nodes. Heinzelman et al. [9] initiated this study
under the aggregation model and proposed the clustering
protocol LEACH that groups nodes into a number of clus-
ters in a self-organizing manner. Then, a cluster-head
serves as the local ‘base station’ to aggregate the messages
gathered from its members and forward the result to the
sink directly. Lindsey and Raghavendra [17] presented an
improved protocol called PEGASIS, in which all nodes in a
cluster form a chain and one of them is chosen as the head
responsible for reporting the aggregated result to the base
station. Kalpakis et al. [13] attacked this problem by for-
mulating it as an integer program and gave a heuristic
solution.

A number of research papers have been published
[2,3,7,13,15,22,23] that use various energy saving or bal-
ancing models. For example, Goel and Estrin [7] addressed
the problem of minimizing the total transmission energy
consumption, assuming that the aggregation cost at each
relay node is a concave, non-decreasing function. They pro-
posed a hierarchical matching algorithm that delivers an
approximate solution within a logarithmic factor of the

optimum. Cristescu et al. [3] studied the data correlation
problem with an objective of minimizing the total trans-
mission energy consumption. They assumed that each
node is cognizant of which nodes it should be merged with
so that the merged message has a minimal length. They
showed that the data correlation problem is NP-complete,
and provided an integer program solution, using the Sle-
pian-Wolf coding approach. Rickenbach and Wattenhofer
[21] studied the same problem and provided an improved
solution with an approximation ratio of 2ð1þ
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the shallow light tree concept [14]. Buragohain et al. [2]
studied the min–max model for the network lifetime max-
imization problem. Instead of minimizing the total energy
consumption, they focused on minimizing the maximum
energy consumption among the sensors. They showed that
finding an optimal routing tree under this model is NP-
complete, and proposed a heuristic solution. Liang and
Liu [15] also independently showed its NP-completeness
and devised several heuristics that trade off between dif-
ferent energy optimization metrics. Intanagonwiwat et al.
[12,11] studied the general data gathering issue by incor-
porating the semantics of an aggregation query into build-
ing an energy efficient routing tree that may not
necessarily be a spanning tree. For example, they proposed
a data dissemination scheme called directed diffusion with
opportunistic aggregation [11], where data is opportunisti-
cally aggregated at relaying nodes on a low-latency tree.
They also explored a greedy aggregation by a novel ap-
proach [12] that adjusts aggregation points to increase
path sharing and thereby reducing the energy
consumption.

With different objectives, a number of algorithms have
been proposed to produce different routing (spanning)
trees. For example, a Breadth-first search tree in Tiny
AGgregation service (TAG) [18] aims at minimizing the
transmission delay from each sensor to the root, while a
degree-constrained spanning tree [2,25,24] focuses on
minimizing the maximum energy consumption by any
node. Another kind of spanning tree [21] makes a trade
off between the energy cost of a minimum spanning tree
and the energy cost of a shortest path tree. It seeks a fair
balance between the total energy consumption and the
maximum energy consumption among the sensors within
each data gathering session. Wu et al. [25] considered
the network lifetime maximization problem with the same
assumption used in [2] that the size of forwarded data from
each relay node is identical and the energy consumption at
each node is proportional to the number of its children. They
generalized the original algorithm for degree-constrained
spanning trees [5] to an algorithm for routing trees in
sensor networks by incorporating the residual energy into
the design. Wu et al. [24] later further extended their re-
sults to a routing forest instead of a routing tree.

In addition to the above mentioned tree construction
algorithms, special efforts have also been made by
researchers for constructing (energy) load-balanced rout-
ing trees. For example, Hsiao et al. [10] introduced the dy-
namic load-balanced tree for a grid-topology of wireless
access networks and developed a distributed algorithm.
Dai and Han [4] introduced a hierarchy-balanced tree and
made use of the Chebyshev sum as a measuring criterion
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