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a b s t r a c t

We study the problem of data collection in Wireless Sensor Networks (WSN). A typical WSN

is composed of wireless sensor nodes that periodically sense data and forward it to the base

station in a multi-hop fashion. We are interested in designing an efficient data collection tree

routing, focusing on three optimization objectives: energy efficiency, transport capacity, and

hop-diameter (delay).

In this paper we develop single- and multi-hop data collection, which are based on the def-

inition of node centrality: centroid nodes. We provide theoretical performance analysis for our

approach, present its distributed implementation and discuss the different aspects of using it.

Most of our results are for two-dimensional WSNs, however we also show that the centroid-

based approach is asymptotically optimal in three-dimensional random node deployments.

In addition, we present new construction for arbitrary network deployment based on cen-

tral nodes selection. We also present extensive simulation results that support our theoretical

findings.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

A wireless sensor network (WSN) consists of small au-

tonomous low-cost low-power devices that carry out mon-

itoring tasks. Initially developed for military use, WSNs can

nowadays be found in many civil applications, such as en-

vironmental monitoring, biomedical research, seismic mon-

itoring, and precision agriculture [1]. The devices are called

sensor nodes and the monitored data is typically collected at

a base station, following a specific collection pattern of acti-

vated wireless links.

✩ A preliminary version of this paper has appeared in [31].
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As these networks have no hard-wired underlying topol-

ogy, one of the most fundamental issues when a WSN

is deployed is the formation of an efficient communica-

tion backbone, or in other words, answering the question

which links to use in order to collect the data from the sensor

nodes?

Efficiency can be defined in many ways, for example it can

be maximizing the rate at which data is collected [23,45,47]

from the sensor nodes, prolonging the network lifetime by

reducing the energy consumption [6,9,34,36,40], minimizing

the number of hops from the sensor nodes to the collecting

base station [16,22], and other optimization objectives. It is

apparent that the topological structure of the communication

backbone plays a vital role in its efficiency. However, it is also

important to note that a communication backbone which has

good performance in some of the criteria can have a bad one

in others. For example, using the minimum spanning tree

(MST) as the backbone provides an optimal network lifetime

performance for same initial battery charges [5], however it
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can have a very poor hop-diameter, which is critical for delay

minimization.1 Thus, the network designer has to take spe-

cial care when deciding which links to activate for the pur-

pose of data collection, as different optimization objectives

may be have a negative effect on each other.

The problem of data collection can be divided into two

major paradigms. Data collection with aggregation [25,43] al-

lows each sensor node to accumulate the messages of its

descendants and then pass only one fixed-size message to-

wards the base station. The second paradigm, is data gather-

ing without aggregation [29,30] which requires that all mes-

sages initiated by the sensors will eventually reach the base

station.

Our main objective in this paper is to construct efficient

communication backbones for single- and multi-hop data

collection with aggregation in WSNs for random sensor node

deployments, while measuring the efficiency based on the

next three metrics.

• The transport capacity metric represents the sum of rate-

distance products over all the active links. It is measured

in bit-meters and was first introduced by [20]. The idea

behind this measure is to capture both the notion of the

overall rate and distance that the information travels in a

network.

• Hop-diameter is another important metric which reflects

the depth of the data gathering tree, i.e., the maximum

number of hops from any of the sensor nodes to the base

station.

• Total energy consumption is probably one of the most im-

portant parameters of a WSN as the sensor nodes are of-

ten deployed in areas where battery replacement is infea-

sible [8]. Wireless communication is a major contributor

to the energy budget of a node. In this paper we focus

on minimize the total energy consumed by all nodes for

communication purposes.

We propose a novel approach for the construction of com-

munication backbones by identifying central locations in the

deployment area and routing all data through these regions.

The general idea is that these locations would serve as aggre-

gation points both on a local and global scale. In particular,

we use an interesting geometrical notion of centroids, which

is defined as the central geometrical position of a collection

of nodes, which are used as a guide for the construction of

hierarchical aggregation trees.

The rest of this paper is organized as follows. In Section 2

we present our system settings and state our objective. Re-

lated works are surveyed in Section 3. Sections 4 and 5 are

the technical sections of the paper and show the construc-

tion of data collection communication backbones for three

scenarios, single-hop general network and multiple-hop ran-

dom network. We present additional construction for arbi-

trary network deployment based on central nodes selection

in Section 6. Simulation results for various types of networks

are presented in Section 7 and compared to the results of

similar spirit obtained in [14]. Finally, we conclude and dis-

cuss future work in Section 8.

1 Imagine n sensor nodes located on a straight horizontal segment, with

the base station being to the right of the right-most sensor. It is easy to show

that the hop-diameter of MST in this case is n.

2. System settings

A WSN consists of n wireless sensor nodes, S =
{s1, . . . , sn}, distributed in some area A. These nodes perform

monitoring tasks and periodically report to a base station r

which is located somewhere within the area A (we consider

different locations throughout the paper). During the report

phase, the sensor nodes propagate a message to the base sta-

tion through a data collection tree, TS = (S ∪ {r}, ES), rooted

at r. We consider data collection with aggregation, where ev-

ery node s ∈ S forwards a single unit size report message

to its parent. The message holds an accumulated informa-

tion collected from a subtree of TS rooted at s. An exam-

ple of this scenario can be found in temperature monitor-

ing systems for fire prevention, intrusion detection, seismic

readings, etc.

We assume the use of frame-based MAC protocols

(see [10]) which divide the time into frames, containing a

fixed number of slots. The main difference from the classic

TDMA is that instead of having one access point which con-

trols transmission slot assignments, there is a localized dis-

tributed protocol mimicking the behavior of TDMA. The ad-

vantage of a frame-based (TDMA-like) approach compared to

the traditional IEEE 802.11 (CSMA/CA) protocol for a Wireless

LAN is that collisions do not occur, and that idle listening and

overhearing can be drastically reduced. When scheduling

communication links, that is, specifying the sender–receiver

pair per slot, nodes only need to listen to those slots in which

they are the intended receiver – eliminating all overhearing.

When scheduling senders only, nodes must listen in to all oc-

cupied slots, but can still avoid most overhearing by shut-

ting down the radio after the MAC (slot) header has been re-

ceived. In both variants (link and sender-based scheduling)

idle listening can be reduced to a simple check if the slot is

used or not. Several MAC protocols were developed to adapt

classical TDMA solutions which use access points to ad-hoc

settings that have no infrastructure; these protocols employ

a distributed slot-selection mechanism that self-organizes a

multi-hop network into a conflict-free schedule (see [35,46]).

Let d(u, v) be the Euclidean distance between two sen-

sor nodes u, v ∈ S. It is customary to estimate that the energy

required to transmit from u to v is proportional to d(u, v)α,

where α is the path-loss coefficient. In perfect conditions α =
2, however in more realistic settings (in presence of obstruc-

tions or noisy environment) it can have a value between 2

and 4 (see [33]). In this paper we assume α = 2 for simplicity.

However, it is possible to extend our results for other values

of α which are greater than 2.

Let E(TS) be the energy requirement to execute a sin-

gle report phase. Note that every sensor performs a single

transmission, during which it sends a single message to its

parent in TS. Thus, the energy requirement is proportional

to the sum of squares of lengths of the edges E(TS). The fo-

cus of this paper is to study the asymptotic performance of

data collection trees, thus we can express E(TS) as follows,

E(TS) = ∑
(u,v)∈ES

d(u, v)2.

Minimizing the energy requirement is one of the pri-

mary optimization objectives when deploying a WSN due to

the very low battery reserves at the sensor nodes and the

high costs that are associated with replacing these batteries

(if at all possible).
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