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Abstract
Wireless sensor networks, consisting of sensors equipped with limited energy
batteries, have been receiving significant attention and are increasingly being
deployed for environmental monitoring and surveillance purpose. In order
to meet various requirements from difTerent users, d a t a collected by sensors
needs to be further extracted and processed.

Due to the serious energy

constraint on sensor networks, energy efficiency of the network operation is
of paramount importance. Since aggregate queries are fundamental queries
on such networks, it is a great challenge to evaluate these queries efficiently
against severe energy constraint. In this thesis, we consider energy-efficient
aggregate query evaluation in a wireless sensor network database with an
o b j e c t i v e to prolong the network lifetime.
We first devise two centralized algorithms to construct a routing tree for
an aggregate query evaluation, where global information of network topology at each node is assumed.

We then present two distributed heuristics

for the problem of concern, since in practice, global information may not be
available and each node only knows its neighbors instead. T o ensure sensing coverage and network connectivity, we also explore the criterion of safe
transmission range of sensors in a distributed implementation.

We

finally

conduct experiments by simulations to evaluate the performance of the proposed centralized and distributed algorithms respectively. T h e experimental
results show that the proposed algorithms outperform existing ones in terms
of network lifetime and energy consumption.
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Chapter 1

Introduction
In the recent years, inevitable research tendency has been moving towards
wireless sensor networks, which consist of a large number of low-cost, lowpower-supplied miniature sensor devices spread across a geographical area
for the powerful data collection and monitoring systems. This new class
of sensors are differentiated from the other wireless devices in that their
autonomous, tether-less nature makes users free from the concerns like configuration of network routes, recharging of batteries and tuning of parameters [34]. Due to the commercial maturation on both hardware and operating
systems, this smart-sensor technology will soon be widely used for various
purposes.

1.1 Applications
Recent advances in microelectronical technologies empower sensor devices
to monitor information at previously unobtainable resolutions [13]. Using
these sensor devices, biologists are able to obtain the ambient conditions
for endangered plants and animals every few seconds. Security guards can
detect the subtle temperature variation in storage warehouses to avoid fire.
Medicine manufacturers can maintain the strict requirements on the environmental parameters during product manufacturing.
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Researchers are trying to adopt sensor network technology to the problems needing little or no human intervention and supporting the long-lasting
requests.

The possible applications for wireless sensors will be an enor-

mously long list.

First of all, sensors can conduct excellent missions in

abominable environments.

Excessive heat, radiation or inaccessible areas

for human being will not affect the sensor performance. This can be utilized when it comes to the rescue missions during the natural disasters like
earthquakes, cyclones, floodings, volcano eruptions and so on.

Moreover,

integrating wireless sensors into buildings, bridges and other constructions
will lower the cost of monitoring with the improved quality of maintenance,
so is becoming another ubiquitous application. More examples include: Vehicle tracking wireless system; Wireless parking lot network to search for
the vacant spots; Even the wireless alarm system to the potential terrorist
threats [45]. These inexpensive sensor devices gracefully exhibit their blatant monitoring superiority, specially where the macro sensing counterparts
are not suitable to be deployed.
Prospective application will arise in a more dynamic manner. Instead
of being physically-fixed, future sensor devices are capable of locating each
other and routing data in ignorance of the network topology, thereby allowing the network topology to change as sensors move [32].

1.2
1.2.1

Sensor and Sensor Query Overview
Sensor Motes

Sensor networks typically consist of tens or hundreds of active sensor devices.
Each sensor device can be viewed as a battery-powered wireless computer.
Over the last few years many versions of sensor motes have been designed
and built using different communication methods by various companies and
institutions. The size of these motes varies from roughly the size of a matchbox to the size of a pen tip. However, the architecture of the sensor hardware
can generally be divided into five components: sensing hardware, microprocessor, memory, radio transceiver and power supply.

1.2. SENSOR

AND SENSOR

QUERY

(a) The Top Side

OVERVIEW

(b) The Bottom Side

Figure 1.1: Intel Mote 2

An example of such small sensor devices is the Intel mote 2 based on
the modular design of the original Berkeley motes (see Fig. 1.1), which runs
TinyOS

operating system [18] and consists of an ARM!

Bluetooth
various I/O

radio, RAM,

FLASH

core processor, a

memory, a small battery pack, as well as

options. Such motes are small in physical size and can also be

connected to PCs, PDAs,

the WWW,

and existing wired networks, given

the gateway and interface products.

1.2.2

Sensor D a t a and Query Language

To meet various monitoring requirements, a large number of sensor devices
are distributed to monitor the physical phenomenon.

Each sensor node

operates as an autonomous data source. Data from different nodes has the
same data schema and collectively forms a distributed relational table, so the
interested data from the table can be extracted or aggregated for the user
requirements. Therefore, a sensor network can be treated as a distributed
database system, where sensor data generated by each sensor node can be
viewed as a horizontal fragment of a relational table, as shown in Figure 2.
Here we assume that during each time interval a sensor node only produces
a tuple (a row in Fig. 1.2). An attribute (a column in Fig. 1.2) of a tuple is
either the information about the sensor node itself (e.g., its id or location),
or the data detected by the node (e.g., the temperature in its vicinity).
Note that in some complicated sensor network systems, more than one type
of sensor devices need to be used for extensive information collection. For
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Temperature

255

103

2

302

26.3

255

103

2

302

26.5

255

103

2

302

27.2

255

103

2

302

28.6

Figure 1.2: A fragment of a relational table produced by Sensor no. 255

example, there are three kinds of sensors employed to monitor temperature,
light and humidity respectively. Such a complicated sensor network can still
be viewed as a database which has several different relational schemas and
consists of multiple tables from different types of sensors. For simplicity, in
this thesis we only consider the sensor network database with one relational
schema.
Being aware of the similarity between the sensor networks and the traditional distributed heterogeneous database system, it is natural to adopt
existing technologies from the database system to the sensor network environment.
declarative

To interact with a sensor network, a preferred way is to use
queries.

Instead of inventing a new language to express such

queries, a SQL-style query is introduced. That is, users simply specify the
data that they are interested in and pose various SQL-like queries over the
sensor network as follows.
SELECT

{attributes, aggregates}

FROM

sensors

WHERE

condition-of-attributes

GROUP BY

{attributes}

HAVING
DURATION

condition-of-aggregates
time interval

As the interface between the users and the sensor network, a special sensor
node called the base station

is distinguished with unlimited energy supply.

It is used to broadcast the user queries throughout the entire network and
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collect the query results back to the users. The semantics of the above query
template are similar to those in SQL, except that the DURATION clause
specifies the interval between two consecutive query results and thus supports the long running, periodic queries. Such a declarative query model,
as a level of abstraction, spares the users from the concerns of relevant sensors locating, detailed data processing and results gathering, thus becomes
a prevalent interaction approach between users and sensor network.

1.2.3

In-Netv^ork Aggregation

To respond to a user aggregate query, the network can process in either
centralized or in-network manner.

In the centralized processing, all the

messages generated by the sensor nodes are transmitted to the base station
directly, and the required information will then be extracted and computed
centrally at the base station. However, this centralized processing is very
expensive due to the tremendous energy consumption on the message transmission. By virtue of the autonomous, full-fledged computation ability of
sensor nodes, it is possible to filter or combine messages locally. Since the
energy consumption in sensor networks is dominated by the wireless communication, the application will benefit in the energy efficiency by aggregating
the data inside the network rather than simply transmitting them to the base
station. Such an in-network

aggregation manner can dramatically decrease

the number of the massage transmissions by pushing the partial computation tasks from the base station into the intermediate nodes, so it has been
used as a prevalent approach for the energy savings in sensor networks.
To process an aggregate query, the in-network aggregation will be divided in two phases: the distribution phase, which broadcasts the aggregate
query down into the network; and the collection phase, in which the sensor
messages are collected and aggregated at each relay node and then continually routed up to its parent [32]. In the distribution phase, a tree rooted
at the base station and spanning all the sensor nodes is constructed for the
given aggregate query. The construction of the routing tree is initiated from
the base station (the root) and pursues along with the propagation of the
query. In the collection phase, each relay node (except the leaf nodes) is

6
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allowed to perform data aggregation locally before transmitting the result
to its parent. Ultimately, the aggregate result will be relayed to the base
station.
There are two main techniques for data aggregation in the collection
phase:

packet merging and' partial aggregation.

In packet merging, one

larger packet is sent instead of multiple smaller packets for the lower transmission cost and the higher channel utilization rate. Moreover, since many
sensor nodes may send packets simultaneously, merging several records into
a larger one can also reduce the payload of packet headers and meanwhile
avoid the network traffic. In partial aggregation, part of the computation
work is pushed from the base station to the intermediate nodes. Each intermediate node is liable to compute the partial results that contain the
sufficient statistics to further compute the final result.
partial aggregation is group aggregation

A special case of

which is inspired by the query se-

mantics. In group aggregation, each node in the routing tree will be assigned
into a group according to the distinct value of a list of G r o u p - B y attributes
in a SQL-like query (see above). Messages from different nodes are merged
into one message at each relay node in the tree if they belong to the same
group [40]. For example, if we pose a query "the average temperature in
each building", each sensor node will first generate its own sensed message
and collect the messages from its descendants in the tree, and then use SUM
and C O U N T functions in SQL to compute the average temperature for each
group (each building) before forwarding the result to its parent. In the end,
all the messages in the same building will be merged into one message and
the number of messages finally received by the base station is equal to the
number of buildings, so that the transmission energy consumption will be
dramatically reduced. Inspired by the energy efficiency from this group aggregation, we will later use it to improve our algorithm and show its benefit
in details.
During the data aggregation, the communication among the sensor nodes
needs to be coordinated.

For example, before node i transmits its partial

aggregation results to its parent, it needs to decide whether its child nodes
are going to route messages through it. If there are more messages coming

1.2.
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through, i has to wait for these messages for the potential opportunity of
either packet merging or partial aggregation.

Therefore, the task of syn-

chronization in the routing tree is for each node in each round of the query
to decide how many sensor messages to wait for and when to perform aggregation [49]. Two different solutions to this synchronization problem are
provided by TinyDB and Cougar.

In TinyDB, waiting time for the chil-

dren's messages at node i is set to the depth of the subtree at i times a
special interval called a time slot. During each time slot, there will be one
level of the tree nodes sending messages and one higher level listening. To
decide an appropriate length for the time slot, TinyDB defines the EPOCH
DURATIONiov

each query, which is specified by the user in the query spec-

ification. So the duration of each time slot can be calculated by
DURATION/max(d),

in which max{d)

EPOCH

is the maximum depth of the rout-

ing tree. Cougar provides a more pragmatic approach to synchronization.
It utilizes the historical records to predict the future behavior, given the
fact that over the long-running query the communication pattern between a
child and its parent is consistent over short periods of time. Therefore, once
a parent p receives the message from its child c, it will expect to hear from c
in the next round and add c into its waiting list. Hence, in the next round,
p will not aggregate the messages from child with its own message until it
hears from every single node from the waiting list. To avoid indefinite waiting due to the updated route pattern or the child's unsatisfied data, parent
p needs to receive either the message from child c or the notification packet
from it if the prediction is wrong.

1.2.4

Constraints on Sensor Netvi^orks

Various developmental purposes require sensor devices to keep shrinking in
size and cost. Meanwhile, resource constraints on communication, computation and energy consumption in such sensor networks are becoming more
and more stringent.
First, the typical communication distances for low power wireless radios
used in sensor devices are around a hundred feet, which means sensor nodes
need to use multihop routing protocols to communicate with peers out of
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their transmission ranges. Limited transmission range, limited connecting
quality, coupled with limited bandwidth, result in the variable latency and
the frequent packet dropping.
Second, sensor nodes have limited computing ability and memory size.
For example, Berkeley Mica mote has a A-MHz,
a hlSKB

8-bit Atmel processor and

storage. This restricts the complexity of data processing and the

size of intermediate results stored on a sensor node [49].
Third, sensor nodes have extremely limited power supplies. The current
commercial motes are usually equipped with a pair of AA batteries, and
their lifetime can range from days to months or even years. For example, if
a 2200 mAh pair of batteries are used naively on 15 mA current, the lifetime
of motes will be 2200 / 15 = 146 hours, which is approximately 6 days. In
term of 1% operational duty cycle between active and sleep modes, however,
individual nodes can achieve the lifetime in one year.
In summary, the energy conservation issue is of paramount importance
in sensor networks. Because one node failure, due to its battery exhaustion,
can cause the blind spots that are not longer being sensed or even paralyze
the entire networks. Therefore, the network lifetime of a wireless sensor
network is defined as the time of the first node failure in it [8].

1.3

Related Routing Protocols

To improve the energy efficiency and prolong the network lifetime, many
protocols for various routing problems have been proposed in both ad hoc
networks and sensor networks [8, 9, 16, 19, 21, 22, 30, 43]. For example, in ad
hoc networks Chang and Tassiulas [8, 9] realized a group of unicast requests
by discouraging the participation of low energy nodes. Kang and Poovendran [22] provided a globally optimal solution for broadcasting through a
graph theoretic approach. While in wireless sensor networks, data routing
protocols fall into three main categories [1], namely hierarchical, data centric
and location-based. Location-based protocols which utilize the sensor location information and topological network deployment will be skipped and
left as an open issue since there is very fittle literature of location-based ap-
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proaches that are aware of energy conservation and data aggregation. Also,
some hybrid protocols can be found fitting in more than one category.
Hierarchical protocols are cluster based mechanisms. The energy conservation and the proximity between sensors and their cluster head are two main
considerations during cluster formation [5, 29]. Heinzelman et al [16] initialized the study of hierarchical mechanism and data gathering by proposing
a clustering protocol LEACH, in which nodes are grouped into a number of
clusters. Within a cluster, a node is chosen as the cluster head which is
used to gather and aggregate the data from the other members and forward
the aggregated result to the base station directly. Cluster heads actually
act as the local base stations where the cluster nodes transmit their data to
and the data processing such as data fusion and aggregation is conducted.
LEACH works well when sensor nodes are not distributed in the same geographic region. However, since the cluster nodes only need single-hop to
transmit their data directly to the cluster head, it is not applicable to the
network deployed in large regions. Lindsey and Raghavendra [30] provided
an improved protocol PEGASIS using a chain concept where all the nodes
in network form a chain by communicating with their closest neighbors and
one of the nodes is chosen in turn as the chain head to report the aggregated results to the base station. In order to choose the closest neighbor,
each node tunes the variable signal strength to measure the distance to all
its neighbor nodes so that only the closest neighbor node can receive the
•1 .
signal and all the nodes closest to each other form a chain. Compared to
LEACH, PEGASIS improved the network lifetime by avoiding the cost of forming clusters. However, using only one node in chain to communicate with
base station will raise the chance of communication interrupted when the
base station is out of reach.
Protocols which name the data and query the nodes based on some attributes of the data are categorized as data centric protocols [51], which
shift the focus from the traditional address-based routing [25] where the
shortest routes between pairs of addressable nodes need to be found. The
new many-to-one data-centric paradigm is able to specify the certain set of
sensor nodes to be queried, thus avoiding the transmission redundancy and

10
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achieves the energy efficiency. SPIN [17] is the first work on data-centric
routing. The employment of high-level descriptors or meta-data is the key
feature of SPIN, in which meta-data negotiation is conducted between sensor
node pairs before their real data transmission. More in detail, there are three
messages exchanged to complete the data transmission: ADV message from
a node to advertise its meta-data, REQ message for the responding nodes to
request the specific data and DATA message for the real data transmission.
Sending "data about data" instead of the longer real data halves the re-

Figure 1.3: SPIN Protocol
dundancy and also avoids the implosion caused by flooding mechanism (See
Figure 1.3 redrawn from [17]). However, SPIN does not guarantee the reliability of data delivery [1]. That is, a node can hardly obtain the data from
nodes far away if the intermediate nodes are not interested at all. As an
important milestone in data-centric routing, D i r e c t e d D i f f u s i o n [2, 20]
uses a list of attribute-value pairs to define the query interest. Then the
interest, coupled with several gradient fields and the reply links to a neighbor from which the interest was received, establish the paths from multiple
sources to a single destination (See Figure 1.4 redrawn from [20]). Such an
approach achieves significant energy savings by utilizing intermediate nodes'
aggregation which is modeled as a minimum steiner tree problem [26]. In
comparison to SPIN, Directed D i f f u s i o n provides path repairs when the
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intermediate nodes fail between a source node and the base station. However, D i r e c t e d D i f f u s i o n is not suitable for the continuous applications
such as environmental monitoring because of its query-driven paradigm.
This thesis provides the evaluation of an aggregate query in a sensor
network with an objective to prolong the network lifetime. The pervasive
way to do this is to apply the in-network aggregation along the routing tree.
In terms of various aggregation tree selection algorithms, the hierarchies of
the routing trees and the amount of communication along the tree links
are differentiated. Therefore, the energy cost of aggregation query evaluation varies, too. However, the general problem of selecting an aggregation
tree that minimizes the total energy consumption is intractable. As Cagalj
et al revealed in

[7], the problem of finding the minimum energy broad-

cast/multicast tree is NP-hard. To minimize the total energy consumption
of aggregation queries. Tan and Korpeoglu [43] provided a protocol PEDAP
for the data gathering problem, which constructs a Minimum Spanning Tree
(MST) rooted at the base station to limit the total energy consumption. According to the MST protocol, once the query is posed by user, the root will
forward it to the nearest sensor node. This node will then be in charge
of disseminating the query down to the rest of the nodes in the network
and gathering the results back from them.

This procedure will continue

until every sensor node receives the query. While in terms of the Shortest
Path Tree (SPT) protocol, the distance between each node and the base
station is minimized, thus the energy consumption at each node is mini-

CHAPTER 1.
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mized as well. Khuller et al introduced the protocol of Light Approximate
Shortest-path Tree (LAST) [23], which simultaneously approximates the
cost of the MST and the distances of the SPT rooted at a source node, thus
yielding the optimal solutions for balancing the total energy consumption
and the energy consumption at each node. In addition, query semantics for
efficient data routing has also been considered in [33] to save transmission
energy, in which a Semantic Routing Tree (SRT) is used to exclude the
nodes that the query does not apply to. Furthermore, group aggregation
has been incorporated into the routing algorithm GaNC in [40], where the
sensor nodes in the same group are clustered along the same routing path
with the goal of reducing the size of transmitted data. However, an obvious
indiscretion in some of the routing protocols, such as MST and GaNC, is that a
node is chosen to be added into tree without taking into account its residual
energy during the construction of the routing tree. As a result, the nodes
closer to the root of the routing tree will exhaust their energy rapidly due
to the fact that they serve as relay nodes and forward the messages for their
descendants in the tree. Thus, the network lifetime is shortened.

1.4

Problem Definition

In this thesis, we focus on the aggregate query evaluation in the wireless
sensor network. The major concern is to achieve the network energy efficiency when the network being designed to support the long-running queries.
More specifically, we aim to form the sensor nodes into a routing tree such
that more queries can be evaluated before the network breaks down due
to energy exhaustion. Therefore, the problems we are going to explore are
defined as follows. Given an aggregate query issued at the base station,
the problem is to evaluate the query against the sensor network database
by constructing a spanning tree rooted at the base station.

We aim to

find the energy-efficient routing tree protocol to maximize the number of
queries that can be evaluated before the first node failure in the network,
such that the network lifetime is maximized. We refer to this problem as
the Lifetime-maximized Routing Tree problem.
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In a distributed implementation where each node is only aware of the
neighborhood information, the problem becomes more complicated. That
is, in such a fully-distributed network, each node in the network has to
autonomously involve itself into the routing tree hierarchy with a sound decision on which node is its parent. All this tree forming process should be
implemented distributedly without any central control from the base station.
So after a new query is disseminated from the base station, all the nodes that
can hear the query will first respond by incorporating themselves into the
first hierarchy of the routing tree in terms of some routing protocol, and then
relay the query to their neighbors that soon will be formed as the second
hierarchy of the routing tree and responsible to relay the query further. The
routing tree construction terminates until every sensor node in the network
hears the query and is added into the tree. Formally speaking, the problem we focus on in a distributed environment is to find an energy-efficient
distributed routing tree protocol by which each node hearing the query can
autonomously decide its parent and get involved into the routing tree by
single-hops, and data collection and aggregation over this routing tree can be
maintained as long as possible. We refer to this problem as the D i s t r i b u t e d
Implementation f o r E n e r g y - e f f i c i e n t Routing problem.
In order to realize a distributed implementation, radio transmission
range is a vital parameter that needs to be set appropriately. A transmission
range too long will exhaust the node residual energy due to the augmented
transmission distance.

In an extreme case where the transmission range

can reach the border of the network, a distributed sensor network does not
differ from a centralized one. On the contrary, a transmission range too
short will boost the risk of the network disconnection, because there might
be no relay node within such a short transmission range. Therefore, in a
network pre-deployment phase before an aggregate query is evaluated, the
problem is to find the optimal transmission range for a network to minimize
the transmission cost, meanwhile to guarantee the full network connection.
We refer to this problem as the Optimal T r a n s m i s s i o n Range problem.

14
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Thesis Contributions

In terms of the each individual problem defined above, this thesis provides
elegant solutions. The thesis contributions are detailed as follows.
To deal with the Lifetime-maximized Routing Tree problem, in Chapter 2 we first propose an algorithm by introducing the node capability concept that balances the residual energy and the energy consumption at each
node to maximize the network lifetime. We then present an improved algorithm which allows the group aggregation to reduce the energy consumption.
We finally consider the eff'ect of employing SQL conditional clauses on the
query. The experimental results show that the proposed algorithms outperform the existing ones with further improvement being achieved by using
conditional clauses to filter out the partial results.
To resolve the D i s t r i b u t e d Implementation f o r

Energy-efficient

Routing problem, in Chapter 3 we develop a distributed algorithm which
allows each node to choose its parent in the routing tree with single hops.
This algorithm brings out the maximum network lifetime by selecting the
parent with larger capability. A refined algorithm with group aggregation
is also proposed to further reduce the energy consumption.

To ensure a

connected network, the criterion for the safe transmission range value is
addressed according to the network size and density.

The experimental

studies are also documented to verify the superiority of proposed algorithms
and the criterion of safe transmission ranges.
In Chapter 4 we provide an elegant solution to cope with the Optimal
Transmission Range problem. We first pose a Coverage-Ensured Sensor
D i s t r i b u t i o n system model to ensure the full sensing coverage. Based on
this model, we then explore the criterion of safe transmission range to guarantee the network connectivity at the same time. We finally consider the
optimal transmission power control. By setting the transmission range to
be the minimum value of safe transmission range, the maximum network
lifetime can be obtained with the full network connectivity. The experimen-
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tal results show that the minimum value of safe transmission range can be
approximated as the optimal value for the transmission range in regards of
the energy efficiency.

1.6

Thesis Organization

The rest of thesis is organized as follows. Chapter 2 focuses on centralized
algorithms for aggregate query evaluations. While Chapter 3 devises fully
distributed algorithms for the problem concerned. Chapter 4 studies the
criterion of safe transmission range to ensure sensing coverage and network
connectivity. Chapter 5 concludes the thesis and addresses our future work.
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CHAPTER

1.

INTRODUCTION

Chapter 2

Centralized Algorithms for
Energy-Efficient Aggregate
Query Evaluation
Given a query disseminated from the base station, each node in the routing
tree will be responsible for transmitting to its parent not only its own sensed
message but also the messages from its descendants. In this regard, those
nodes close to the tree root will consume their energy faster than the rest
because of their larger number of messages to be transmitted. In order to
avoid the quick exhaustion of battery energy at critical nodes, it is sensible to
be aware that how many descendants a node can actually have in its subtree
and assign into critical positions those nodes that can transmit for more
descendants. To do so, not only should the transmission energy consumption
at each node be minimized (as most current protocols aim to achieve) but
also the residual energy at each node should be maximized.
In this chapter we introduce the node capability concept to balance the
residual energy and the energy consumption at each node. Based on this
concept, we propose two heuristic algorithms to maximize the network lifetime, ignoring the issues on distributed implementation which will soon be
developed in the next chapter.
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The rest of the chapter is organized as follows. Subsection 2.1 provides
the network model. Subsection 2.2 introduces the node capability concept
and a heuristic algorithm. Subsection 2.3 presents an improved algorithm
by taking into account group aggregation, where and having conditional
clauses. Subsection 2.4 conducts extensive experiments to evaluate the performance of the proposed algorithms. Subsection 2.5 concludes this chapter.

2.1

System Model

Assume that a sensor network consists of n homogeneous energy-constrained
sensor nodes and an infinite-energy-supplied base station s deployed over
an interested region. Each sensor periodically produces sensor data as it
monitors its vicinity. The communication between two sensor nodes is done
either directly (if they are within the transmission range of each other) or
through the relay nodes. The network can be modeled as a directed graph
M = {N,A),

where N is the set of nodes with |A''| = n -f- 1 and there is

a directed edge {u,v)

in A if node v is within the transmission range of

u. The energy consumption for transmitting a m-bit message from u to v
is modeled to be mdy .^, where dy^u is the distance from u to v and q is a
parameter that typically takes on a value between 2 and 4, depending on
the characteristics of the communication medium.

2.2

Algorithm LmNC

To maximize the network lifetime when evaluating aggregate queries, in this
subsection we introduce the node capability concept and propose a heuristic
algorithm based on the greedy manner [19] called the Lifetime-maximized
Network Configuration (LmNC) with the capabihty concept.

2.2.1

Capability Concept

Given a node v, let p{v) be the parent of w in a routing tree. The energy
consumption for transmitting a m-bit message from v to p(u) is Ec{v, p(v))
where

=

is the distance between v and p{v). Let Er{v) be the

,
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residual energy of v before evaluating the current query. Assume that the
length of the message sent by every node is the same (m-bit), then the
capability of node v to p(v)
C(v,p(v))
Theorem
maximum

is defined as

=

(2.1)

=

1. The capability of node v to p{v),

C{v,p{v)),

indicates

the

number of descendants that it can have in its subtree by its current

residual energy, if no aggregation is allowed at v.
Proof.

If V has k descendants in the routing tree, then the energy consump-

tion at V to forward all the messages (its own generated message and the messages collected from its descendants) to its parent p{v) will be
given that there is no aggregation at v. If after this transmission, v will exhaust its residual energy, then E r { v ) = (fc -tis easy to derive that k =

2.2.2

From Eq. (4.1), it

- 1 = C{v,p{v)).

•

A l g o r i t h m Description

T h e basic idea behind algorithm LmNC is as follows. Since a node with the
larger capability can have more descendants in the routing tree (if data
aggregation is not allowed), it should be placed closer to the tree root to
prolong the network lifetime.
Based on this idea, we propose an algorithm LmNC, where each time a
node with the maximum capability is included into the current tree. Thus,
the nodes are added one by one until all the nodes are included in the
tree. T h e motivation behind this algorithm is that adding the node with
the maximum capability innately balances the node residual energy E r { v )
and the actual energy consumption for transmitting a message to its parent
Ec{v,p{v))

(as the definition of the node capabihty), so that the network

lifetime is dramatically prolonged. Specifically, we denote by T the current
tree and Vr the set of nodes included in T so far. Initially, T only includes
the base station, i.e. VT = { s } . Algorithm LmNC repeatedly picks up a node
Y (^Y ^ V - VT) with maximum capability to u (u € VT) and adds it into
T with u as its parent. T h e algorithm continues until V - VT =
detailed algorithm is given below.

The
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Algorithm Lifetime_EfRcient-Network_Configuration (G)
/* G is the current sensor network */
begin
1. Vt <— {s}; /* add the base station into the tree */
2. Q <— V - Vt; /* the set of nodes which is not in the tree*/
3. while Q / 0 do
4.
Cmax 0; /* the maximum capability of nodes in the tree */
5.
for each v eQ and u £ Vp do
6.
compute
u);
7.
if
Cmax < C{v, u)
:,>;>then Cmax ^
it);
added <— v;
temp-parentu\
8.
p{added) <— temp-parent;
/* set the parent for the node with maximum capability */
9.
VT ^VT^ [added];
/* add node with maximum capability into tree */
10.
Q ^ Q - {added);
end.
Note that, although there have been several algorithms for LmRTP considering the residual energy of nodes during the construction of the routing tree
(including [8]), they failed to consider the actual transmission energy consumption from a node to its parent. This can be illustrated by the following
example.
Assume that there are a partially built routing tree and a number of
nodes to be added into the current tree. Further assume that node Vi has
the maximum residual energy among the nodes out of the tree, while the
distance between Vi and its parent is much longer than that between another
node Vj and its parent. Now, if node Vi is added into the tree, it will
be prone to die in the further tree construction because of the enormous
transmission energy consumption from v^ to its parent. Therefore, although
Vi has more residual energy than Vj at the moment, the maximum number
of the messages transmitted by v^ to its parent is less than that by Vj. We
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thus conclude that the Hfetime of node Vi is shorter than that of node Vj.

Improved Algorithm LmGaNC

2.3

Although algorithm LmNC manifests the significant improvement on the network lifetime for LmRTP, the total energy consumption for the entire network is hardly considered, because the node with maximum capability may
be far away from its parent, and the excess transmission energy consumption by the node will be triggered. In this subsection we present an improved
Lifetime-maximized Group-aware Network Configuration (LmGaNC) algorithm, which allows group aggregation to reduce the energy consumption, and pursue the further improvements by incorporating the conditional
clauses into consideration.

2.3.1

Algorithm Description

Since group aggregation is able to combine the messages from the same
group into one message, clustering the nodes of the same group into a routing
path will reduce the energy consumption and maximize the network lifetime,
because the messages drawn from these nodes will contain fewer groups.
With this idea, Sharaf et al provided a heuristic algorithm GaNC (in [40]) to
construct an energy-efficient routing tree. Further incorporating this idea
into algorithm LmNC, an improved algorithm LmGaNC is proposed as follows.

Algorithm Lifetime_Efficient-Group-aware-Network_Configuration (G)
/* G is the current sensor network */

begin
I

{ s } ; / * add the base station into the tree */

2.

Q ^Y

3.
4.

while Q
0 do
Cmax ^ 0; /* the maximum capability of nodes in the tree */

5.

/* the set of nodes which is not in the tree*/

-Yj,-

for

each v e Q and u e Vt do

6.

compute C(u, u);

7.

if

Cma^<C{v,u)
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C{v,u)-,

added <— v,
temp.parent
8.

<— u\

p{added) <— tempjparent]
/ * set the parent for the node with m a x i m u m capability */

9.

c?mm ^

10.

for

11.

oo; / * m i n i m u m distance to choose */

each u' 6 Vt and u' ^ temp.parent
if

groupJd{u')

do

= group-id{added)

dadded,u' <df*

and

dadded,temp.parent and

dmin ^ Chadded,u'
then dmin

dadded,u';

p{added) ^ u'\
12.

VV ^

Vt U {added}-,

/ * add node with maximum capability into tree */
13.

Q ^Q-

{added}-

end.

,

Algorithm LmGaNC is similar to algorithm LmNC. The difference is that,
during the construction of the routing tree, a child with the m a x i m u m capability chosen by LmNC will keep checking whether there is a node in the
same group as itself in the current tree in terms of LmGaNC (we call this node
a better parent). If yes, the child is allowed to switch to this better parent.
If there are more than one better parent to choose from, the closest one
will be chosen. Notice that choosing a better parent far away from a child
will cause the extra transmission energy consumption. Under this circumstance, a concept of distance factor

(df) is employed, which is the upper

bound of the distance between a child and its selected parent. For example,
if df =1.5, then we only consider the parent whose distance to the child is at
most df * dy^u =

where dy^u is the distance between a child v and its

current parent u.
Energy reduction brought by the improved algorithm LmGaNC is demonstrated by the following example. In Figure 2.1, we have a partially built
routing tree with node 1 as the tree root (See Fig. 2.1(a)).

Assume that

black nodes 2 and 7 belong to Group 1, shaded node 6 belongs to G r o u p
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[msg]=l

Jmsg]=l

6,

[msg]=l

a) the current routing tree

b ) add n o d e 8 under algorithm L p i N C

c ) add n o d e 8 under algorithm L m G a N C

Figure 2.1: Benefit of algorithm LmGaNC
2, and the rest of nodes belong to Group 3. The numbers of the messages
are as shown in the figure (depending on the number of various groups in
the subtree). Now, under algorithm LmNC, shaded node 8 (in Group 2) has
the maximum capability to its parent node 7 (See Fig. 2.1(b)). In order to
forward one message originally from node 8, all the nodes in the path from
node 8 to the root, except the root node 1 with constant energy supply,
have to consume extra energy for this transmission, because node 8 is in a
different group. While under the improved algorithm LmGaNC, node 8 can
switch to a better parent which is in the same group as node 8 (Group 2).
Therefore, node 8 will choose node 6 as its new parent, assuming without
violation of the distance factor. As a result, none of the nodes, except node
8 itself, needs to forward one extra message for node 8, so that significant
energy savings can be achieved.
Theorem 2. The capability of node v to p{v),

C{v,p{v)),

indicates the

maximum number of descendants in different groups in its subtree by its
current residual energy, if aggregation is allowed at v.
Recall that a node capability is the maximum number of descendants
that the node can have by its current residual energy without data aggre-
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gation. Generally speaking, the capability of a node actually indicates the
maximum number of the messages that it can forward for its descendants.
Here, after applying group aggregation, a node capability indicates the number of its descendants in different groups (excluding the group of the node
itself) rather than the total number of its descendants, because the messages
from the descendants in the same group can be merged into one message
only after group aggregation.

2.3.2

Further Improvements

In the following we show how to further achieve energy efficiency delivered
by algorithm LmGaNC through the consideration of the impact of where and
having conditional clauses on aggregate queries.

2.3.2.1

EfFect of Where

Clause

To evaluate a complicated query, it is very common to use some conditions
or thresholds to filter out the unwanted query results as early as possible
during the query evaluation. For example, to answer the query "what is the
average temperature in each room at level 5?", we need to use " G R O U P
B Y Room-no." to divide the query results into a set of room groups and
calculate the average temperature for each room group. However, to exclude
the nodes which are not at level 5, we normally employ the where clause
originated from the SQL language to further reduce the energy consumption.
So, in the above case, the condition clause " W H E R E LeveLno. = 5" will be
imposed on the query. Before each sensor node in the routing tree transmits
its sensor data to its parent, it will check whether its sensor data matches
the condition in the query specification. If not, then the node just transmits
a bit of notification information with value 0 to its parent, rather than its
original data, so that its parent will not keep waiting for the data from this
child. This is especially true under the aggregation schema in Cougar [49],
where each node holds a waiting list for its children and will not transmit
its data to its parent until it hears from all the nodes on the waiting list.
Since the size of the transmitted data is shrunk into only 1 bit given the
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mismatch, the transmission energy consumption will be further reduced.
However, even if a node matches the query condition, whether its residual
energy can afford the message transmission is still in doubt. One possible
solution for this is that the node checks whether it has sufficient residual
energy to complete the transmission. If not, it will send a bit of notification
information with value 1 instead of its original data to its parent to indicate
its insufficient residual energy.

2.3.2.2

E f f e c t o f Having

clause

Note that the where clause can be used in both aggregate and the nonaggregate queries. If it is imposed on an aggregate query, it will be considered upon all the sensor data locally before the group aggregation. While the
having

clause in our query model can only be used when group aggregation

is compulsory for the query and it filters out the unneeded groups from the
final aggregate results. Due to this fact, most of the time the having

clause

is centrally used at the base station to exclude the undesired groups after
the group aggregation.

For example, predicates AVG, C O U N T and SUM

can not be sent down to the network, because they can only be measured
upon the final aggregate results, rather than the local inaccurate aggregate
values.
However, for some special cases, the having

conditions can also be

pushed down into the sensor network to reduce the number of transmitted messages before group aggregation.

For example, to check if the air-

conditioning system works normally, if we pose the query "which room has
its m i n i m u m temperature above 20 degree Celsius?", the having clause will
be of the form " H A V I N G MIN(Temperature)>20". In this case, if the condition is pushed down into the routing tree, then the local sensor data with
temperature lower than 20 does not need to be transmitted up along the
tree, and meanwhile the whole group this node belongs to will be evicted.
This can be easily illustrated by "MIN(Temperature) < Local(Temperature)
< 20", which means the minimum temperature of this group is never larger
than 20 degree Celsius and the whole group does not satisfy the clause "HAVI N G M I N (Temperature) > 20". So, when a node detects its local message
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does not satisfy the condition as above, it can cancel its message transmission and notify other nodes from its group in the network to suppress
their transmission, too. More generally, this query plan can only be used
when considering the having conditions like "MIN(attribute)>Threshold"
or "MAX(attribute)<Threshold".

However, for the having condition like

"MIN(attribute)<Threshold" or "MAX(attribute)>Threshold", the transmission of the local message which is out of the condition can still be suppressed, as this unneeded message will not show up in the final result after
applying the having condition. But the message transmission of the other
nodes from the same group should not be affected, because the local value
is larger than x does not mean that the future minimum value of the whole
group is larger than x.

2.4

Performance Evaluation

This subsection evaluates the performance of the proposed algorithms LmNC
and LmGaNC against the existing algorithms MST (Minimum Spanning Tree)
and SPT ( S h o r t e s t Path T r e e ) .

The experimental metrics are the net-

work lifetime, the total network energy consumption and energy consumption per query, based on different numbers of groups, various distance factors, and with and without where and having condition clauses.
We assumed that network topologies are randomly generated by the
NS-2 network simulator [55] with the nodes distributed in a 100 x 100 m^
region. Each sensor node in the network is initially equipped with 10® fiJoules energy and the energy of the base station is assumed to be infinite.
The first node generated by NS-2 is ascribed as the base station. Two nodes
are only connected when they are within the transmission range of each
other. For each aggregate query, we randomly assign an integer 'GroupJd' i
{i e [1, n], n is the number of groups) for each node and construct a routing
tree to process the query. We take three metrics in our evaluation: network
lifetime, total energy consumption and energy consumption per query. The
network lifetime refers to the maximum number of queries that the network
can process before the first node failure. The total energy consumption refers
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to the total network transmission cost during the entire network hfetime. We
ignore the energy consumption for the query propagation in the following
experiments, since it is negligible compared to the total transmission energy
consumption. We approximate the energy consumption of a single message
as a product of the size of the message and the distance the message traverses
as mentioned earlier, and assume the size of a message to be one byte. The
energy consumption per query is the average amount of energy consumed in
each query round. We take the average of the experimental results from 30
distinct network topologies for each network size.

2.4.1 Performance of the Proposed Algorithms
If we ignore the effect of the distance factor at this stage and set df — 100,
the simulational results in Figure 2.2(a) show that the network lifetimes
delivered by algorithms LmNC and LmGaNC significantly outperform the ones
delivered by MST and SPT. However, the superiority of LmGaNC over LmNC
can hardly be seen when the number of nodes is smaller than 80. This is
because, given no restriction from distance factor, the less number of nodes
largely increase the risk of choosing a better parent far away, so that the
extra transmission energy consumption will be triggered. Figure 2.2(b) indicates that algorithm LmGaNC gracefully balances the energy consumption of
LmNC. Note that the total energy consumption delivered by our algorithms
in Figure 2.2(b) actually involves longer network lifetime, which means more
rounds of query processing. For clarification, we allocate the energy consumption into each query processing in Figure 2.2(c), which clearly shows
that LmGaNC brings the average energy consumption on each query under
control. In other words, given the same amount of energy over the network,
more queries can be answered if algorithm LmGaNC is applied.

2.4.2 Sensitivity to the Number of Groups
Figure 2.3 indicates, when the number of groups is decreased from 10 to 5,
algorithm LmGaNC manifests its lifetime improvements. The reasons behind
are as follows. On one hand, fewer groups mean that more sensor nodes
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Figure 2.2: Performance comparison among various algorithms

will be in the same group, and thus the possibility of message suppression
under the group aggregation will be increased. On the other hand, fewer
groups make a child node have more chances to switch to a better parent in
the same group, so less transmission energy will be consumed. The distance
factor here is also set to be 100.

2.4.3

Sensitivity to the Distance Factor

As discussed earlier, the distance factor is introduced to limit the maximum
distance that is acceptable when a child node switches to a better parent in
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Different Numbers of Groups

the same group. It avoids unnecessary energy dissipation resulting from this
switching. As such, the smaller the distance factor is, the less the energy
dissipation will be. Therefore, the longer the network can endure.

Groups Number = 5

-1

Figure 2.4: LmGaNC

1

1

n

in Different Distance Factors

Figure 2.4 shows that when distance factor is decreased from 3 to 1.5,
algorithm LmGaNC exhibits its sensitivity immediately by doubling the network lifetime.
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Sensitivity t o the Where Condition Clause

The experiments here are aimed to further reduce the energy consumption
of evaluating an aggregate query through allowing the nodes that mismatch
the where condition to send a 1-bit notification to their parents instead of
the sensor data. Figure 2.5 illustrates the effects of the where clause in an
aggregate query on both the network lifetime and the energy consumption,
when group number = 5 and distance factor = 1.5.

20

(a) Network Lifetime
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(b) Total Energy Consumption
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Figure 2.5: Performance of LmGaNC with Where

Clause

The experimental results show that the network lifetime increases by
more than 50% while the total energy consumption only goes up by around
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25% under LmGaNC, which indicates that the average energy consumption on
each query is actually reduced by employing the where clause as shown in
Figure 2.5(c).
2.4.5

Sensitivity to the Having Condition Clause

Most having clauses do not contribute to the energy savings during the
aggregate query evaluation, except for MAX and MIN predicates. For conditions like "MIN(attribute) < Threshold" and "MAX(attribute)>Threshold",
the local mismatched messages can be suppressed as where clause. While for
conditions "MIN(attribute)>Threshold" and "MAX(attribute)<Threshold",
the massive energy savings can be achieved by flooding these predicates into
the network, because not only the local undesired messages but also the
messages from the whole group can be suppressed from the transmission.
If we assume the selectivity rate of local messages is 50%, there are
10 groups and the distance factor is set to be 1.5, then the considerable
improvements on the network lifetime and the energy consumption will be
as shown in Figure 2.6.

2.5

Summary

In this chapter we considered the aggregate query evaluation in a sensor
network database with the objective of prolonging the network lifetime.
At the beginning, we introduced a node capability concept to balance the
energy consumption and the residual energy at each node, which indicates
the maximum descendants a node can have in its subtree. Based on the node
capability concept, we first proposed a heuristic algorithm to prolong the
network lifetime, then presented the improved algorithm by incorporating
group aggregation to reduce the energy consumption. Further improvement
for the refined algorithm was introduced by taking the query conditional
clauses into account.

We finally conducted experiments to evaluate the

performance of the proposed algorithms against those of the existing ones.
The experimental results showed that the proposed algorithms outperform
the existing algorithms significantly in terms of various performance metrics.
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Figure 2.6: Performance of LmGaNC with Having

Clause

However, one thing to be pointed out at the end of this chapter is that
in contrast to the existing algorithms, although the proposed algorithms
promise to prolong the network lifetime significantly, these algorithms are
centralized algorithms. In other words, the cost associated with these algorithms is the longer running time and more energy consumption to construct
the routing tree. For the improvement, in the next chapter we intend to explore the possibility of the distributed implementation to make the proposed
protocols more practical.

AGGR

Chapter 3

Distributed Algorithms for
Energy-Efficient Aggregate
Query Evaluation
In terms of the algorithms LmNC and LmGaNC, as discussed in Chapter 2, the
energy consumption is gracefully balanced with the residual energy at each
sensor node, so that the network lifetime is accordingly prolonged. However,
these two proposed algorithms have their limitations in practice.
First, they are not distributed algorithms and global information is thus
required to select a node with the maximum capability during the routing
tree construction. In details, the capability of each candidate node has to be
passed up along the tree, such that the parent or the base station can decide
which candidate has the maximum capability. This selecting procedure will
undoubtedly amount to extra cost of the routing tree construction.
Second, to involve the every potential node into the capability comparison, we have to assume that the broadcasting range is able to reach the
border of the network. In reality, however, the communication ability of
the sensor nodes is still limited. For example, the transmission range for
Intel Mote is only 30 m and the transmission range for MICA2 Mote is the
highest, which is 300 m in an open area. Therefore, if the area needing
to be monitored is larger than the area which the maximum transmission
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range can cover, some part of the network will be isolated from the sensing
missions.
According to the above, a more practical fully-distributed network configuration is desired to make it possible for each sensor node to individually
decide its parent within only a single hop. Moreover, the fixed radio transmission range should be applied in such environment to determinate which
nodes can be involved in such a hop. In this way, the global information
can be exempted from the rooting tree construction to achieve the higher
energy efficiency.

3.1

Motivations

There have been various protocols to route the sensor data towards the base
station. The First-Heard-From (FHF) Network Configuration is one of the
well known routing schemes. It provides each sensor node in the network
with a simple yet highly effective way to choose its parent, which is also
fully distributed approach that can be executed by the individual nodes.
Here is the basic idea behind the FHF network configuration algorithm [3].
The routing tree construction is initialized from the base station. The query
specification is then broadcast from the base station to those sensor nodes
within the transmission range. Those nodes will then be in charge of passing
the query down to their neighborhood and further on. Therefore, the tree
is formed by the network along with the propagation of the query. In each
round of query propagation, children nodes will listen to the network and
select the first node as their parents they can hear from and the process
terminates when all the nodes receive the query and are included into the
hierarchy of the routing tree. The details are described as follows:

1. The root sensor prepares a query message which includes the
query specification. The root sensor also sets the level (L^) value
in the message to its level value (i.e., Lroot which is 0 initially). It
then broadcasts this query message to the neighboring sensors.

"
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2. Initially, all sensor nodes have level value set to oo. A sensor
i that receives a query message and has its level value currently
equal to oo will set its level to the level of the node it heard from,
plus one. That is, Li = Lg + l.

3. Sensor i will also set its parent value Pi to Idg. It then will
set Ids and Ls in the query message to its own Idi and Li respectively and broadcast the query message to its neighbors.

4. Steps 2 and 3 are repeated until every node i in the network
receives a copy of the query message and is assigned a level Lj
and a parent F,.
The intuition behind the above First-Heard-From algorithm is that if a
node rii first hears from a node n^, Ug should be the closest node to Ui. However, as pointed out in [47], this First-Heard-From algorithm is not taking
into account the packet-loss rate of channel, which means a node that is
closer may actually have a higher loss rate than a node that is far away.
Consequently, more retransmissions will lead to more energy consumption.
If the residual energy of the child can complete the extra retransmission is
still a question. More importantly, based on my previous work in [44], the
residual energy and the capability are independent of the distance. In other
words, on the one hand, the child may not have its residual energy sufficient
to support the message transmission to the parent it hears from, thus the
node failure will be inevitable; On the other hand, the parent a child first
hears from may not possess its capability big enough to support one more
child. After the above analysis, a more appropriate protocol is needed in a
practical environment to consider not only the distance between two source
nodes, but also the residual energy and the capability of the nodes. Below
is the detailed pseudocode:
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Algorithm First_Heard.From (G)
/* G is the current sensor network */
begin
1.

Vr

(f); /* add the base station into the tree */

2.

Q

3.

for each c 6 Q do Dc ^ cxd; Lc

V -VT\

4.

Droot ^ 0;

5.

while g

6.
7.

/* the set of nodes which is not in the tree*/
*

oo; /* initiahze the network */

1; /* initiahze the base station */

0 do

-Dmin
oo;
for each c G Q do /* for each node not in tree */

8.

if

Dmin > Dc and Lc = oo

then

Dmin

Dc\

added

c;

9.

Ladded

Lpf^^dded)

10.

VT '^VTD

11.

Q

+

1;

{added}\

Q — {added}-, /* add the node that first hears the query */

/* broadcast the query further within transmission range(T7?) */
12.
13.

for

each c G Q do
if DistancBc,added

then

Dc ^
p{c)

< TR

Dadded

+

a n d Dc > Dadded +

DistancBc,added

Distancec,added

added; /* c first hears from added */

end.
Inspired by algorithm FHF, in this chapter we propose a new network
routing protocol Lifetime-maximized D i s t r i b u t e d Network C o n f i g u r a t i o n
(DIER), which enables the individual nodes to autonomously decide its parent. Algorithm DIER still aims to achieve the maximum network lifetime
but in a fully distributed manner.
The remainder of this chapter is organized as follows. Subsection 3.2 provides the network model. Subsection 3.3 introduces a distributed algorithm
using capability concept. Subsection 3.4 presents an improved algorithm by
incorporating group aggregation. Subsection 3.5 explores the safe value of
transmission range. Subsection 3.6 conducts extensive experiments to evaluate the performance of the proposed algorithms. Subsection 3.7 summaries
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the chapter.

3.2

System Model

In a fully-distributed network configuration, each node in the network can
autonomously choose its parent and involve itself into the routing tree hierarchy, such that the maximum energy efficiency of query processing can be
achieved. The theoretical framework here is similar to the one in the last
chapter. However, to implement this distributed process, the network needs
to be set up with some distinguished features.
• First, the communication between two sensor nodes is only allowed to
be done directly within one hop (if they are within the transmission range of
each other) rather than either directly or through the relay nodes by multihops. In other words, a node is ignorant of the information of the nodes
that are not adjacent, e.g. where they are located, or how far away they
are.
• Second, the transmission range needs to be settled according to the size
and the density of the network. If the transmission range is too small, the
network is hardly connected because neither can the query be broadcast nor
the messages can be relayed back within a transmission range set too short.
On the contrary, if the transmission range is too large, the communication
cost will be enhanced due to the longer communication distance between the
nodes. In this chapter, we ensure a connected network by an appropriated
transmission range and leave the problem of how to select sensor type with
the suitable transmission range to guarantee the network connectivity for
the next chapter.

3.3

Algorithm DIER

The concept of node capability is introduced in the previous chapter to indicate the maximum number of descendants a node can have in its subtree.
Here we make use of this node capability concept to propose a heuristic algorithm called the Distributed Implementation for Energy-efficient
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Routing (DIER) for the problem concerned.
3.3.1

A l g o r i t h m Description

The basic idea behind algorithm DIER is as follows. Since a node with larger
capability can have more descendants in the routing tree (if data aggregation
is not allowed), on one hand, it should be selected when choosing a child
to add into the tree to prolong the network lifetime.

From this point of

view, algorithms LmNC and LmGaNC have been proposed; On the other hand,
a node with larger capability should also be chosen when a child is deciding
which parent to connect to. Connecting to a parent with larger capability
can minimize the chance of the parent's failure and thus prolong the parent's
lifetime.
Based on this idea, an algorithm DIER is proposed in a distributed manner. The detailed algorithm is given below.
1. The root sensor prepares a query message which includes the
query specification. The root sensor also sets the level (L^) value
in the message to its level value (i.e., Lroot which is 0 initially).
It also set its capability (Cg) value in the message to its capability value (i.e., Croat which is oo initially). It then broadcasts
this query message to the neighboring sensors.

2. Initially, all sensor nodes have level value set to oo. A sensor
i that receives a query message and has its level value currently
equal to oo will set its level to the level of the node it heard from,
plus one. That is, Li = Ls + I- Sensor i will also set its parent
value Pi to Ids-

3. While the query is still being propagated around the network,
node i continues to listen.
4. If node i hears a message from a node n at the same level as
itself or lower (L„ < Li) whose capability C„ is larger than the
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DIER

current Cg, it will update Cs and set its parent value Pi to the
new Idn-

5. Node i then will set Idg, Lg and Cs in the query message to
its own Idi, Li and C{i, Pi) respectively and broadcast the query
message to its neighbors.

6.

Steps 2-5 are repeated until every node i in the network

receives a copy of the query message and is assigned a level Lj
and a parent Pj.

a) 7 first hears 4

b) 7 also hears 2, 5 and 6

c) node 7 switches to 6

Figure 3.1: Algorithm DIER
Algorithm DIER is similar to algorithm FHF, yet coupled with the concept
of node capability as the criterion of the parent selection. That is, when
node c under the DIER receives the query broadcasting first from node n,
and follows nj as its parent, c also receives the capability of m from its
query specification.

So, if later c can also hear from rij, c will compare

the capability of n j with rij and choose Uj as its new parent if rij has the
larger capability. This comparison procedure will continue if c can hear from
more nodes. In this way, c can always choose the parent with the maximum
capability from those it can hear from while the tree still being built. In
general, a sensor node will be within the transmission range of multiple other
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nodes, given a fixed transmission range. Choosing a most competent parent
wiiicii can support the most descendants in the tree will minimize the future
likehhood of the parent faihire, therefore can prolong the parent lifetime as
well as the network lifetime. When there are several candidate parents with
the same capability, the closest one will be selected for the energy saving.
Figure 3.1 illustrates how the algorithm DIER works distributedly. Below is
the detailed pseudocode:

' ^

A l g o r i t h m DIER (G)
/* G is the current sensor network */
begin
1.

Vt <— (j!); /* add the base station into the tree */

2.

Q <— V - VT; /* the set of nodes which is not in the tree*/

3.

for

4.

Droot

5.

while Q

each c £ Q do
Dc <— oo\ Lc*- oo; Cc
0;

Lpi^root)

<

1;

0; /* initialize the network */

Croot

^

oo; /* initialize the base station */

0 do

6.

Dmin ^ oo;

7.

for

8.

each c e Q do /* for each node not in tree */
i f Dmin

> Dc

a n d Lc — oo

then Z^min <—
9-

Ladded

10.

VT ^VTU

11.

Q ^

12.

if

Dc,

added

c;

Lpf^added) + 1;
{added}-

Q - {added}]

added

root

/*

add the node that first hears the query */

/* keep listening to the network */

then for each n e Vt
( n # p{added)
13-

i f Cp(added)

a n d L „ < Ladded

< Cn

Or {Cp(^added) = Cn

Distanceadded,p{added)

then

p{added)

a n d Distanccn,added

>

< TR)

do

and
Distanceadded,n)

^ n; /* a new parent with maximum C */

recompute Cadded\
/* broadcast the query further within the transmission range(Ti?) */
14.
15.

for

each u e Q do
if

DistancecMded

< TR

and

D^

> Dadded + Distancec,added
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Dc <- Dadded + Distancec,added
p{c) <— added] /* c first hears from added */

16.

compute Cc,

end.

3.4

Improved Algorithm IDIER

Although choosing the node with larger capability as a parent will maximize
the network lifetime, it does not attribute to the energy savings on account
of leaving the query semantics behind. As addressed in the last chapter,
group aggregation takes the query semantics into account and eliminates
the transmission load by aggregating multiple messages from the same group
into one message, so the energy consumption is dramatically cut down. Further incorporating the group aggregation into our algorithm, we make the
improvement of DIER by adding two more criteria as a new node being considered to be a new parent. Those criteria are if the new parent is in the
same group as the child, and if the distance from the child to the new parent
is shorter. Assume after a query disseminated from the base station, a child
node C first hears from P in the network and adds P as its parent. Then C
hears the message from a new node TV. To decide if it needs to change its
current parent P and make a new parent of N, child C has to go through
the procedures of comparison. Taking a closer look at this step, there are
four situations.
1. When only one node of the current parent P and the new
node N is in the same group as child C, C will choose as its
parent the one in the same group.

2. When both of P and N are in the same group as C, C will
choose the closer one.

3. When both of P and N are not in the same group as C, C
will choose the one with larger capability.
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4. When both of P and N are not in the same group as C and
have the same capability, C will choose the closer one.

The reasons behind these choices are clearly illustrated as follows. First,
choosing a node in the same group as a parent takes the advantage of group
aggregation and saves the transmission cost of the parent for the child's message, this should take priority over the capability. Second, when both nodes
are in the same group as a child, choosing either of them will not affect the
transmission load of the parent, but choosing the closer one will save the
transmission cost of the child- However, when it comes to the third and the
fourth choices, the situation becomes more controversial. When both nodes
are in different groups compared to the child, choosing a node with the
larger capability may cause the distance between the child and the parent
to be longer. Therefore, the point turns out to be the balance between the
minimum distance from a child to its parent and the maximum capability
of the parent. Based on the fact that the distance between a child and its
parent is guaranteed to be less than the transmission range, we here take
the priority of the larger capability of a parent over the shorter distance to a
child after setting the appropriate transmission range. Below is the detailed
pseudocode:

Algorithm IDIER (G)
/ * G is the current sensor network */
begin
1.

Vt ^ 4>\ / * add the base station into the tree */

2.

Q <— y - Vr; / * the set of nodes which is not in the tree*/

3.

for

each c e Q do
Dc ^ go; Lc

4.

Droot

5.

while Q

6.

0; Lp(^root) '
Dm\n

0 do
oo;

oo; Cc

0; / * initiahze the network */

1; Croot ^ oo; / * initialize the base station */
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each c € Q do /* for each node not in tree */
if Dmin > Dc and Lc = oo
then -Dmin ^

9-

Ladded

^

10.

VT ^

11.

Q

<r- Q -

12.

if

added

Dc,

Lp(^added)

VTU

+

c;

added
1;

{added}-,
{added}-

/*

add the node that first hears the query */

/* keep listening to the network */

root

then for each n e Vr
{n
13.

p{added)

i f Groupn

=

and L„ <
Groupadded

14.

i f Groupn

=

i f GrOUPn

^

<

=

<

TR)

Groupadded

do
and

Distance(^pt^added)Added)

SWITCH-,
Groupadded

then
15.

a n d Distancen^added

a n d Grouppi^added)

Distancef^n.added)

then

Ladded

a n d Grouppt^added)

Groupadded

a n d GrOUPp^^added)

GrOUPadded

SWITCH-,
GrOupadded

then
if
16.

Cn

>

Cp^added)

then

SWITCH-,

else if C„ = Cp^added) and
Distance(^ri,added)

then

<

Distance(^p(^added),added)

SWITCH-,

/* broadcast the query further within the transmission range(T/?) */
17.
18.

for

each u e Q do
i f Distancec,added

then

Dc
p{c)

19.

< TR
Dadded
added-,

a n d Dc

+ Distancec
/*

c

>

Dadded

+

Distancec,added

.added

first hears from

added

*/

compute Cc,

end.

For simplicity, we use

SWITCH

as the notation of two steps of proce-

dures: (a.) switch to a new parent n; (b.) recompute the capability of the
added node.
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Simulations

The experimental setups are similar to the ones in the last chapter but with
the introduction of the transmission range, only within which nodes can
communicate with each other. Sensor nodes are still deployed in a square
region of 100 x 100 m^ and we randomly select their x and y coordinates
to be any real numbers in [0,100], automatically generated by NS-2 network
simulator. The default transmission range for each sensor node is assumed to
be a fixed value 50 m to ensure a connected network, otherwise the random
deployment is repeated. The exploration on the problem of how to determine the proper radio transmission range for each sensor node to guarantee
the network connectivity is left to the next chapter. Three performance criteria are considered here for determining the quality of an aggregation tree,
based on the measure of energy efficiency. First criterion is to maximize
the network lifetime which is defined as the maximum number of queries
processed by network before the first node dies. Second is to minimize the
total energy consumption for processing the given set of queries. Third is
to minimize the average energy consumption for processing each query.

3.5.1

DIER vs FHF

(a) Total Energy Consumption

(b) Energy Consumption Per Query

Figure 3.2: Performance comparison DIER ?;s FHF
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Ignoring group aggregation at this stage, we compare the performance of
algorithms DIER and FHF. Figure 3.2(a) clearly shows that algorithm DIER
augments the network lifetime of FHF by choosing the parent with the larger
capability. However, choosing another parent instead of the one that a child
first hears from will lead to the longer transmission distance. As shown in
Figure 3.2(b), the trade-off of employing DIER is the extra energy consumption in each query.

3.5.2

IDIER vs DIER

(a) Total Energy Consumption

(b) Energy Consumption Per Query

(c) Network Lifetime

Figure 3.3: Energy comparison IDIER vs DIER
Further taking the advantage of group aggregation, the improved algo-
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rithm IDIER reduces the number of transmitted messages by aggregating
together the messages from the same group. Therefore, both the total energy consumption and the average energy consumption in each query are
reduced as shown in Figure 3.3(a) and (b). It is appreciable that the ehminated energy consumption among the network also leads to the longer network hfetime in Figure 3.3(c).
3.5.3

IDIER vs GaNC

Before we proceed, we reproduce an existing heuristic algorithm called GaNC [40]
for the concerned problem, which will be used as the benchmark in this chapter. Algorithm GaNC with the group aggregation concept is also derived from
a simple First-Heard-From (FHF) protocol. The main difference between
GaNC and FHF is that the child under GaNC can change to a better parent in
the same group within the given distance limitation.

NumbetofNode!

(a) Network Lifetime

(b) Energy Consumption Per Query

Figure 3.4: Performance comparison IDIER vs GaNC
Figure 3.4 shows the benefits of IDIER over GaNC in terms of both the
network lifetime and average energy consumption in each query. The reason
behind is that GaNC does not respond to the situation when a child can not
hear from any node in the same group as itself. While in IDIER if a child
does not come across a parent in the same group, it will choose the parent
with the larger capability to prolong the parent's lifetime. Figure 3.4(a)
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clearly shows the superior network lifetime brought by IDIER. However, the
benefit of average energy consumption brought by IDIER is not evident as
network lifetime in Figure 3.4(b). This is because choosing a parent with
the larger capability other than the one first heard from may cause the extra
transmission distance, so that the child may need to consume more transmission energy.
Sensitivity to The Number of Groups.

When the sensor nodes

are assigned into more groups, on one hand, fewer sensor nodes will be
in the same group, thus the possibility of message suppression from group
aggregation will be reduced; on the other hand, more groups make a child
node have less chances to switch to a parent in the same group, so more
transmission energy will be consumed.

Therefore, the network lifetimes

from both IDIER and GaNC in Figure 3.5 are reduced when the number of
groups are augmented from 5 to 20.

Number ot Nodes

Figure 3.5: Lifetime comparison IDIER vs GaNC in different groups
However, the superiority of IDIER over GaNC turns out to be more obvious
at the same time. This is because when the number of groups is increased,
GaNC can hardly take the advantages of group aggregation to reduce the energy consumption, while IDIER can still benefit from choosing a parent with
the maximum capability, thus gaining the ascendancy over GaNC in terms of
the network lifetime.
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When it comes to the

comparison between GaNC and IDIER in different transmission ranges, there
are several points to be noted in Figure 3.6.

•—• 50m 0«NC
A -A -torn [DIER
•—• 40in O.NC
^
4Um IDIbR
•
30m 0«NC
& -A .10m IDILR

Numhei of Nodes

Figure 3.6: Lifetime comparison IDIER vs GaNC in different TRs
• First, when transmission range is decreased from 5m to 3m, IDIER
exhibits its network hfetime improvement immediately, while GaNC responds
negatively. This is because GaNC saves its energy consumption only by group
aggregation. Thus, when transmission range is getting shorter, a child will
have less chance to find a parent in the same group to implement the group
aggregation.

However, IDIER displays its superiority by finding a parent

with the maximum capability when no parent is found in the same group.
• Second, when the larger transmission range is employed, the performance lines of GaNC and IDIER are getting closer. It can be easily imagined
when the transmission range is set large enough to reach the border of network, there will be not much difference between GaNC and IDIER in such a
centralized network. This is because when a child can always find a parent
in the same group, it will never use the criterion of parent's larger capability.
• Third, when a distributed implementation is employed with a shorter
transmission range (with the assumption of network connectivity), the superiority of IDIER is more obvious. So in a sense, it can be concluded that
IDIER works more efficiently in a distributed sensor network environment.
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Being delighted with the overwhelming performance of IDIER, we also
notice that the network connectivity is hardly guaranteed when arbitrarily
reducing the transmission range in pursuit of the network energy efficiency.
This can be clearly seen in the above figure when transmission range drops
to 30 m, nodes fail to relay their messages to their neighborhood and query
processing is thus interrupted by the partitioned network. We leave to the
next chapter the discussion on the network connectivity issue arising from
the short transmission range.

3.6

Summary

In this chapter we considered the aggregate query evaluation in a distributed
sensor network configuration with the objective of prolonging network lifetime. Given a fixed transmission range, we first proposed a heuristic algorithm to implement the message routing locally by single-hop communications. We then refined the algorithm by incorporating group aggregation
to reduce the energy consumption. We finally conducted experiments to
show that the proposed algorithms outperform the existing ones in terms
of energy efficiency. We also found that although the reduced transmission
range attributes to the network lifetime prolongation, risk exists from the
network disconnection caused by arbitrarily short transmission range.
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Chapter 4

Energy-Efficient Radio
Transmission Range
4.1

Introduction

Radio transmission range is a vital parameter in a distributed sensor network, which affects not only the energy efficiency but also the network connectivity. The main considerations involved are:
Firstly, a long transmission range will lead to the high communication
cost. Additionally, in an extreme case, when the transmission range is long
enough to reach the border of the network and to embrace the entire network,
there will be not much difference from a centralized network configuration.
Secondly, a short transmission range can save the energy consumption
of the radio transmission. However, arbitrarily reducing transmission range
is not sensible [27] because a short transmission range will bring about the
risk of network disconnection, since neither the query broadcasting nor the
message collecting can be implemented given no node to communicate with
within such a short transmission range.
Since different types of motes have different transmission ranges^ our
interest is how to select the sensor device with an appropriate transmission
'e.g. transmission range for Intel Mote is 30m; Crossbow's TelosB Mote's indoor range
20 to 30m, outdoor range 75 to 100m; M I C A 2 Mote is the highest, 300m in open area.
51
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range for a distributed sensor network to further achieve the energy efRciency
with the network connectivity maintained.
There have been some recent research focusing on the proper transmission range to ensure the network connectivity
Ye et al

[50, 52].

For example,

[50] developed a protocol called the Probing Environment and

Adaptive Sensing (PEAS), in which the ratio between the transmission
range and probing range is set at least as ( l + -\/5) to maintain the network
connectivity.

However, the authors did not consider the condition under

which the network sensing coverage can be achieved. Zhang and Hou

[52]

proposed a distributed mechanism Optimal Geographic Density Control
(OGDC) to achieve both the network connectivity and sensing coverage under the circumstance where the ratio between the radio transmission range
and the sensing range is at least two. However, similar to PEAS, they also
employed the sleep-scheduling mechanism for the energy savings. There
have also been researchers who are interested in the optimal transmission
power control

[11, 27, 37, 42]. For example, Kubisch et al

[27] proposed

two algorithms to minimize the energy consumption for the radio transmission; the Equal Transmission Power (ETP) algorithm which assigns
an identical minimum power to all nodes, and the Diverse Transmission
Power (DTP) algorithm where each individual node employs its own minimum power for the further energy savings. However, both of the algorithms
work with the assumption of global knowledge of network topology. T h e distributed solutions were provided by the authors in

[11, 37]. They claimed

that dynamic adjustment of the radio transmission power by exchange of the
information among the nodes can achieve energy efficiency. Unfortunately,
they fail to address the general criterion of transmission range to ensure the
network connectivity.
In this chapter, we study energy-efficient radio transmission range in a
distributed network environment to ensure network connectivity.
develop a system model called C o v e r a g e - E n s u r e d S e n s o r

We first

Distribution

(CESD) to ensure the sensing coverage in the network. Based on this system
model, we then explore the criterion of safe transmission range by virtue of
which we can guarantee the network connectivity at the same time. We fi-
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nally propose two distributed algorithms for the optimal transmission power
control, and show that the minimum criterion value of transmission range
can be approximated as the optimal value in regards of the energy efficiency.

4.2

Preliminaries

4.2.1

Sensing Region Determinants and Representation

In a sensor network, each sensor performs as an autonomous data source
which generates the detected information in its vicinity. The region associated with a sensor within which the sensor can take the responsibility for
sensing a given physical phenomenon with a desired confidence is called the
sensing

region [14]. Since sensing is a collaborative task among the sensors

involved, how to determine the sensing region of sensors is not a trivial task.
Clearly, the sensing region of a sensor is directly correlated to a combination of the sensor's location and its electronic characteristics. For example,
the new QT50U
neering

Corp.

series programmable ultrasonic sensor from Banner

Engi-

features extraordinary 8 m sensing range^, and the

efector

PMD laser sensor from ifm efector provides non-contact distance measurement with a 10 m sensing range^. In addition, according to

[14, 41, 39],

sensor's sensing range is application specific, thus the specific function of
query requirements also has impact on the actual length of sensing range.
For example, in a sensor network deployed for object recognition, sensing
region of a sensor is the area within which a target can be detected and
recognized with a given confidence.

While for a temperature monitoring

system, sensing region of a sensor should be determined as the area where
the temperature error between the sensor and any point in this area is tolerable. Apart from the above two determinants, the application's confidence
requirement is also claimed to have an impact on the size of sensing region.
In most applications, sensing region of a sensor is modeled as a circular
region with a radius of sensing

range r^ around it. If we let {xo,yo)

denote

the coordinate of sensor Vo with its sensing range of r^ in a two-dimensional
^http://www.bannerengineering.com/products/measure_inspect/qtSOu/qtSOul-specs.php
®http://www.ifmefector.com/ifmus/news/news_sen-6gaptt.htm
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Figure 4.1: Sensing range with error tolerance

region (see Figure 4.1). Let (.Xj, y,) be the coordinate of any sensor Vi within
the sensing range of Vo, and

is the error between the sensed value at

Vi and the actual value at Vo (generally, an error is proportionate to the
distance between two nodes). Further assume that according to the query
requirement, the maximum error tolerance within the sensing range is DQ,
for example, DQ = 5%. Then we can get the following inequation

= F{di,o)

=

+

< DQ.

(4.1)

where di^o is the distance between Vi and Vo, F is a non-decreasing error
estimation function of di,o- It can be easily inferred that when di^o = ^s,
Di^o = F'{rs) = DQ. Therefore, given DQ determined by query requirement
(for example, the maximum error tolerance for a temperature monitoring
system is determined as Dq = 2%), we can get the desired sensing range by
Eq. (4.2), where

is the inverse function of the error estimation function

F.

TS =

F-\DQ).

(4.2)

In other words, the sensed value at any point within the sensing range r^
of Vo can always be represented by the exact sensed value at Vo without
violation of the maximum error tolerance DQ. Once we obtain the desired
sensing range for a sensor network, we can choose the appropriate sensor
devices with their sensing range larger than the desired value.
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Figure 4.2: An Example of Sensing Coverage Problem

4.2.2

Sensing C o v e r a g e P r o b l e m

Consider n sensors v\, V2,..., Vn distributed in a two-dimensional area. Let
Si be a sensing region associated with a sensor Vi. The sensing

coverage

Ry

of a set of sensors V, V = { f i , V2,..., VN}, is defined as
(4.3)

Rv = ( 5 i U 5 2 U . . . U 5 „ ) .

Assume that a network R has a set of sensors V distributed over it, then the
information at any point in the area RQ, RQ = R-

RV, can not be collected.

Such a sensing coverage problem is illustrated in Figure 4.2 where each
sensor has the same sensing range and the network is not entirely covered
by the sensing regions with the shaded area left out. Obviously, for the best
sensing function of a sensor network, the sensors should be deployed in a
way to ensure the full network sensing coverage, i.e. RQ = R - RY =

4.3

CESD System Model

As sensing coverage is an essential metric of a sensor network, we develop
a system model of sensor deployment to ensure the full network sensing
coverage.

Consider a two-dimensional network field R = [0, X]^ which is

divided into square grids with size L x L and N nodes are randomly
uniformly
grid.

distributed

and

[50, 52] into the grids with at least one node in each

In order to maintain the full network sensing coverage, the sensing
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Figure 4.3: Grids
range of a node must reach tlie corner of the grid it locates in. In the worst
case, a sensor could be at the corner of a grid. If this is the case, the size
length of a grid L should be less than r^/v^ to ensure the full network
sensing coverage

[48]. Figure 4.4 shows such a case where sensor Vo is at

the left-bottom corner of a grid.

Figure 4.4: The worst case: L =

rg/V^

Without loss of generality, we divide the network field into the square
grids with the size length of L = r^/v^ and distribute the sensors randomly
and uniformly into the grids with at least one node in each grid. We refer
to such a system model as the Coverage-Ensured Sensor

Distribution

(CESD for short). The following work is proposed based on this model.
To make sure each grid has at least one node, we have a following condition similar to that in [4, 50] but with different parameters.
T h e o r e m 3. Given n nodes with sensing range r^ distributed uniformly

and

independently at random in R = [0,X]2, and assume that nr1 = kX^ In X

4.4.
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for some constant k > 0. Let iiQ{n,N)
number of empty grids.
E[iJ,Q{n, N)]
Proof.

4.4
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be a random variable denoting the

If k > 4, then limx-oo-EImoI",-/V)]

= 0, where

is the expected number of empty grids.

See Appendix.

•

Criterion of Safe Transmission Range

T h e network connectivity is a very important measure in a sensor network
since a partitioned network will fail to deliver part of sensor data to the base
station. Having developed the CESD system model with full network sensing
coverage, we are now ready to explore in such a system model the criterion
of safe transmission range to ensure the network connectivity. Here, we only
discuss the situation where each grid contains only one node, since given a
certain transmission range of sensors, if the network connectivity is ensured
when there is only one node in each grid, it will be also ensured when there
are more than one node in each grid. We start our work with the following
special case from which we derive the general criterion of safe transmission
range to ensure the network connectivity.

a

b

c

Figure 4.5: A special case with Vbb in the middle of grid G^b^)
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For the presentation

simplicity, the three top grids in the figure are identified as
G(c,c) from left to right respectively. Let a node in grid

^"d
denoted by Vij.

Now focus on the grid in the centre G(6,6) which is in the charge of a node
Vbb, and assume Vbb is in the middle of the grid. In order to obtain in such
a special case the criterion of safe transmission range to ensure the network
connectivity, we need to find the threshold value TRmin

such that when a

transmission range T R > TRmin, Vbb can always find at least one node to
communicate with in its neighborhood grids

^^d G(b,a)-

Given the distance between two nodes is denoted by Dis, we then have
TRmin — min{max{Dis^y^^

y ) \ Vij e G ' ( j j ) } | ij e {ab,bc,cb,ba}}.

It is obvious that when all the Vij (ij

6 {ab,bc,cb,ba})

(4.4)

are all located

at the corners of grids (shown in the Figure 4.6), the value of

is

maximized. According to the geometrical calculation, we can get TRmin —
V ( L / 2 ) 2 + (3L/2)2 = /rOL/2. Therefore, when TR

> TRmrn =

s/^L/2,

Vbb can always find some nodes to communicate with in its neighborhoods
(otherwise it contradicts the assumption where there is one node in each
grid). In other words, in the case where Vbb is exactly in the middle of the
grid, when TR > ^/lOL/2 the connectivity of Vbb is guaranteed.
T h e o r e m 4. Given a CESD system model where a square network field R =
[0,

is divided into grids with size of L x L (L = rs/\/2 to ensure the

full network sensing coverage)
the sufficient

condition

and each grid contains

of network connectivity

TR >

^/lOL/2.

Proof

It is immediate that if TR

at least one node,

is the transmission

range

> \/T0L/2 is the sufficient condition of

network connectivity when each grid contains only one node, TR

>

vTOL/2

must be the sufficient condition when each grid contains more than one
node. So in what follows, we prove TR > y/TOL/2 is the sufficient condition
of network connectivity when each grid contains only one node.
T h e case is proven above when a node is exactly in the middle of a grid
In what follows, we prove the case where a node is not in the middle of a
grid.
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Denote by (0,0) the center point O in grid
be {x,y),

{x,y)
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and let the node Vbb in

(0,0) (see Figure 4.6). W i t h o u t loss of generality,

we assume that 0 < x < y <

L/2.

Figure 4.6: A general case with Vbb not in the middle of grid
Now in order to prove that when TR > y/lOL/2

the connectivity of Vbb

is guaranteed, we only need to prove
TRrmn < VTdL/2.

(4.5)

such that within this TRmin, Vbb will have at least one node to communicate
with. According to the Eq. (4.4), it is equal to prove
| v^J e

| ij G {ab,bc,cb,ba}}

< VWL/2.

(4.6)

Since the m i n i m u m value in a set is less than or equal to any value in this
set, we can conclude that
\ v.j G

| ij e {ab,bc,cbM}}

<
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where v^c € G(6,c)- Therefore, in order to prove (4.6), we only need to prove
| v^c e
Apparently,

< ^L/2.

(4.8)

reach its peak value when Vbc is at

E

the top-left corner of grid G(f, c) shown in Figure 4.6. Therefore
| vtc e

= Dis^^^^^A)-

(4.9)

By mathematical calculation, we have
(4.9) = \ / l O L V 4 + (:c - 3y)L +
Since

+ y2_

(4 ^g)

Q<x<y<L/2

{x - 3y)L +

+

< { y - 3y)L + y^ + y^ = 2y{y - L) < 0

(4.11)

(4.10) < y/10L2/4 = VlOL/2.

(4.12)

So we have

| Vbc £

< 7101/2.

(4.13)

This completes the proof.

•

Note that the criterion TR

> vTOL/2 is only a sufficient condition

of network connectivity rather than a necessary one.

In other words, to

maintain the network connectivity, it is not necessary to have TR > \/T0L/2.
According to the specific sensor deployment, the network connectivity can
still be ensured with a TR shorter than this threshold.

4.5

Transmission Range vs Network Density

Definition 1. Given N nodes distributed over a network of area S

the

network density D is the average number of nodes distributed in the unit
area of a network field.
D = N/S.

(4,14)
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According to the previous discussion, network configuration needs to
vary in terms of specific query requirements. More in details, diff'erent types
of sensors with diflterent sensing range are needed for the various accuracy
of query results, therefore, the size of grids and the number of sensors deployed over the network change to ensure the full network sensing coverage.
Therefore, given the same network area, the network density will differ consequently. Based on the CESD network configuration provided previously, we
are now ready to explore the relationship between the transmission range
and the network density.
Assume the network is a square area S and make use of the griding
method to divide the network into N o square grids. Let N s be the number
of sensor nodes randomly and uniformly distributed into grids with at least
one node in each grid. Given Theorem 3 holds, we have
T h e o r e m 5. Given the network density D in a CESD network system,
transmission

the

range TR should be set as TR > y/5/2D to ensure the network

connectivity.
Proof.

According to Theorem

\/T0L/2.

4, to ensure the network connectivity TR >

Since there are at least one node in each grid, NQ < Ng- So the

area of a square grid
5o = S/NG > S/Ns = l/{Ns/S)

= L/D.

(4.15)

The side length of a grid
(4-16)
So we have TR > VTOL/2 > ^ 1 0 / 2 x / l A D =

•

Given a fixed network field, we can further correlate the transmission
range with the number of nodes in the network according to
TR>

(4.17)

For example, in an area of 100 x 100 m^ with 25 nodes, the network is
connected when the TR > ^W^S

= 31.62 m. Figure 4.7 hsts the min-

imum value of safe transmission range when the number of nodes varies in
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16

25

ICQ

400

TR >=

39.53

31.62

15.81

7.905
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Figure 4.7: Safe TR in Different Size of Network
a 10000 m^ area. Note that in the fixed network field, when the number of
nodes augments 4 times, the criterion of safe TR will be shrunken into half
according to (4.17).

4.6

O p t i m a l Transmission Power C o n t r o l

A common characteristic of sensor networks is their limited energy supply.
Therefore, while there are studies on employing in-network group aggregation and distributed implementation to achieve the network energy efficiency
(as addressed in the previous chapters), an alternative solution is to select
an appropriate radio transmission power for sensor nodes to broadcast the
query specification. Because different radio transmission power attributes
to the total energy consumption and also results in the various transmission
range, which affects the network topology at the same time, thereby has a
considerable impact on the energy consumption.
To optimize the radio transmission power of sensors, recent studies in
[27, 37, 42] addressed the methods to dynamically adjust the transceiver's
power levels of nodes. They assume that the initial transmission power is
set to be the maximum value allowed by the transceiver and each node periodically broadcasts a beacon message including its unique identity. All the
nodes hearing the beacon message reply with an acknowledge message including their identities, such that each node is aware of its neighbors by the
acknowledge messages it has received and thus the transmission power can be
adjusted by the neighbors selection. For example, Local Mean Algorithm
(LMA) and Local Mean of Neighbors (LMN) by Kubisch et al. [27] set a
bound of [NodeMinThresh, NodeMaxThresh] for the number of neighbors.
Before settling down to a particular transmission power level, each node uses
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a number of iterations to adjust its radio transmission power if the number
of its neighbors is outside this bound. Although the variable transmission
range algorithms such as LMA/LMN claim to have the superiority on the energy efficiency, the trade-off is obvious since the value of those thresholds
need to be determined using some preliminary experiments with the global
algorithm. Meanwhile, the procedure of transmission power adjustments by
repeatedly sending the beacon and acknowledge messages adds to the total
energy consumption and expands the network delays.
Since the transmission power is proportional to the transmission distance, the problem of optimal transmission power control turns to be the
problem of finding the optimal transmission range. In what follows, we propose two algorithms to determine the transmission range with the second
algorithm proposed as a comparison case. According to the previous result,
the criterion of transmission range TR > ^/5S/2Ns

ensures a connected

network with the full sensing coverage, based on a CESD network configuration. The two proposed algorithms are both based on this result and
proposed on a CESD network system for the comparison consistency.
Global O p t i m a l Transmission R a n g e ( G O T R ) algorithm. A simple yet highly efficient solution is to assign an identical transmission range
to all the nodes. In comparison to existing algorithms which use an arbitrarily chosen transmission range, such as [27]), we implement the transmission
power control by using the minimum criterion value of transmission range.
To find the global optimal transmission range, following equation can be
used:
^

V5rs/2 = VlOL/2 =

= x/5S72^-

(4-18)

where r^, L, D, S and N are sensing range, grid size, network density, network area and number of sensor nodes. According to the different datums
given by a CESD network, we can calculate the global optimal transmission
range which ensures a connected network with full sensing coverage.
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D y n a m i c Transmission R a n g e ( D T R ) algorithm. Recall that according to Theorem 4, the criterion TR > ^JbS/lNg

is the sufficient condi-

tion of network connectivity, we can thus initialize the nodes' radio transmission range as the minimum criterion value ^ b S / 2 N s to minimize the energy
consumption. However, since this criterion is not a necessary condition of
network connectivity, we are motivated to find the actual minimum transmission range for each node to achieve the energy efficiency. Inspired by
the variable transmission range algorithms LMA/LMN, we propose a Dynamic
Transmission Range (DTR) algorithm to dynamically determine the minimum value of transmission range for each node by which the network connectivity can still be guaranteed. Below is the detailed algorithm:
A l g o r i t h m Dynamic.TransmissionJlange

{G,S,Ns))

/* G is a CESD network, S, Ns are network area and number of nodes respectively*/
begin
1.

TR <— y/5S/2Ns\ /* initialize the transmission range */

2.

for

3.

each Uj 6 V do
while True

do

4.

Neighborsy.

5.

broadcast a BeaconMsg

6.

while

7.

0; /* initialize the number of neighbors of Vi */

hear a Msg

including IDy^ within TR-,

do

if Msg is a BeaconMsg

including

IDy.

then compute C{Vi,Vj)-, /* node capability */
8.

if C{vi, Vj) >

MinCThreshold

then reply an AckMsg
9.

10.

if Msg

is a AckMsg

then

Neighborsy^++-,

if Neighborsy^
then TR^TR-

11

>

including

IDy.;

including IDy^

MaxNThreshold
A; /* A>

0*/

else break; /* the optimal transmission range found */

end.
The MinCThreshold,

MaxNThreshold

and A in this algorithm are

determined in the network pre-deployment phase.

T h e typical value of

4.7. EXPERIMENTAL
MaxNThreshold
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STUDIES

is larger than 4.

Algorithm DTR is similar to LMA/LMN yet with the following improvements. First, the network deployment is set as the CESD system model to
ensure the full network sensing coverage. Second, given the CESD network
system, the initial transmission range is set to be the minimum criterion
value y/5S/2Ns

which ensures the network connectivity and minimizes the

energy consumption.
MinCThreshold

Third, we employ the threshold of node capability

to filter the neighbors which is a more practical method

to select the more competent neighbors.
Notice that the above two algorithms are only used to determine the
value of transmission range. In this chapter, we still employ algorithm IDIER
proposed in Chapter 3 for the routing tree construction.

4.7

Experimental Studies

To simulate a CESD network deployment, in this chapter, we divide a square
network field of 5 = 1 0 0 x 100 m^ into N o square grids with the size length of
L = rs/\/2, and distribute Ns sensors randomly and uniformly into the grids
with each grid containing at least one node. In order to ensure the sensing
coverage and meanwhile minimize the sensing overlapping, we here only
study the critical case where there is one and only one node in each grid (i.e.
NG = NG),

since when there are more nodes in each grid, network sensing

coverage and connectivity are still ensured. T o make sure that each grid
contains one node, the network topology generation by the NS-2 network
simulator is repeated if a grid does not contain a node.

We still use the

same energy model in Chapter one to calculate energy expenditure for the
message transmission, and take the average of the experimental results from
30 distinct network topologies.

4.7.1

Verification of transmission range criterion

Before we compare the performance of two proposed algorithms GOTR and
DTR, we first verify the criterion of safe transmission range TR >
proposed in this chapter.

^JbS/2Ns
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and OptimalTR when the

number of nodes Ns = NQ =16, 25, 64, 100, 225 and 400 respectively. The
CriterionTR

is the value calculated from the equation TR =

y/5S/2Ns

when 5"=100 x 100 m^. While the OptimalTR is the average value of actual
minimum value of transmission range to maintain the network connectivity
from 30 topologies. In other words, for any TR < OptimalTR,
will be partitioned, while for any TR > OptimalTR,

the network

the network connec-

tivity is ensured. In Figure 4.8, we can clearlv see the following two points:

•

•

OptimalTR
CriterionTR

i 20

ISO

200
250
N u m b e r of N o d e s

Figure 4.8: CriterionTR vs OptimalTR in Different Number of Nodes
• First, given the same number of nodes distributed over the network,
we can always get CriterionTR
cific value TR > CriterionTR
OptimalTR,

> OptimalTR.
= y/5S/2Ns,

This means for a spewe can always get TR >

so the network connectivity is guaranteed. This verifies that

TR > ^JbS/2Ns

is a sufficient condition of network connectivity. However,

since when OptimalTR

< TR < CriterionTR

connected, the criterion TR > ^JbS/2Ns

= ^y5S/2Ns,

network is still

is not a necessary condition of

network connectivity.
• Second, the values of CriterionTR are very close to those of OptimalTR
given the same number of nodes. This means that we can approximate the
CriterionTR

as the actual OptimalTR to ensure the network connectivity

with negligible errors.
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Performance Comparison: GOTR ws DTR

In order to compare the performance of GOTR and DTR, we here set the
values of MinCThreshold

and MaxNThreshold

in DTR by 2 and 5 respec-

tively, and let A = 0.5m, which means every time the transmission range
decreased by 0.5m. To calculate the energy consumption for radio transmission Ec = md°', we set m and a in by 0.5 byte and 2 respectively (here d is
the transmission range). We also assume each time when a node adjusts its
radio transmission power, it consumes bjiJ energy. The number of nodes is
still set to be 16, 25, 64, 100, 225 and 400 respectively.

(a) Network Lifetime

(b) Energy Consumption Per Query

Figure 4.9: Performance comparison GOTR vs DTR
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If we take into account the energy consumption arising from 1) the radio
transmission; 2) the radio transmission power adjustments, we can clearly
see in Figure. 4.9 that algorithm GOTR significantly outperforms algorithm
DTR. This result indicates that simply employing the minimum criterion
value of transmission range is a more energy-efficient approach to determine
the optimal transmission range, comparing with the method which adjusts
the transmission range dynamically.

4.8

Summary

In this chapter, we studied energy-efficient transmission range to ensure
sensing coverage and network connectivity.

We first proposed the CESD

network model with full network sensing coverage.

Based on this model,

we then explored the criterion of safe transmission range which ensures the
network connectivity. Taking advantage of this transmission range criterion,
we finally presented two algorithms to determine the transmission range in
practical applications.

Through simulations, we found that the minimum

value of safe transmission range criterion can be approximated as the optimal value of transmission range to ensure the network connectivity. This
also provides a simple, secure yet energy-efficient approach to determine the
transmission range for a sensor network, comparing to the TR-variable algorithms with the extra energy cost for the transmission range adjustments.

Chapter 5

Conclusions and Future
Work
5.1

Thesis S u m m a r y

In this thesis, we considered the energy-efficient query processing in wireless
sensor networks in the view of centrahzed and distributed implementations
respectively.
In a centralized implementation, we considered the aggregate query evaluation in a sensor network database with the aim to prolong the network
lifetime. We followed the prevalent way to evaluate the aggregation query
on the routing tree construction and proposed a node capability concept
to balance the energy consumption and the residual energy at each node
in the routing tree.

Based on the node capability concept, we first pro-

posed a heuristic algorithm to prolong the network lifetime, then presented
the improved algorithm by incorporating group aggregation to reduce the
energy consumption.

Although the experimental results showed that the

proposed algorithms outperform the existing ones significantly, it is not practical enough if taking into account the involved global information to select
a node with the maximum capability and the energy cost arising from this
selecting procedure.
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In a more practical distributed implementation, the global information
of sensor deployment is unavailable and each node only knows its neighbors.
This also means each individual node needs to have its local routing protocol
to get itself involved into the routing tree. Motivated by the existing distributed routing protocols, we proposed the two distributed heuristics to implement the message relaying locally within the single-hop communications
between the node pairs. Both of them provide the energy efficiency superior
to the existing ones. By employing various radio transmission ranges, we
found that the smaller radio transmission range can attribute to the network
lifetime prolongation. During the simulation, however, we also found that
arbitrarily reducing the transmission range to pursue the energy efficiency
will cause the rise in risk of partitioned network.
To disclose the relationship between the radio transmission range and the
network connectivity in a distributed implementation, we introduced a new
coverage-ensured sensor distribution system model to ensure the full network sensing coverage. Based on such a network deployment, we proposed
the criterion of safe transmission range which can guarantee the network
connectivity at the same time. Through the equation transformation, we
also found the relationship between the transmission range and the network
density. For the problem of optimal transmission power control, we presented a global optimal transmission range algorithm which simply employs
the minimum transmission range in terms of the proposed criterion to guarantee the full network sensing coverage and connectivity. As a comparison
base, we also proposed another dynamic transmission range algorithm to
dynamically adjust the transmission range to attain the actual minimum
value, which is motivated by the existing variable transmission range algorithms. We evaluated both algorithms on the proposed system model and
found that instead of using variable transmission range algorithm, we can
generally approximate the minimum criterion value of transmission range as
the optimal value to ensure the network connectivity and meanwhile achieve
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the energy efficiency.

5.2

Future Work

Although the performance of our proposed protocols is promising in terms of
energy efficiency, future research of query processing is needed to address the
issues such as Quality of Service (QoS), node mobility and multiple query
processing.
QoS problem is posed by the high quality requirements in sensor networks such as image and video sensing applications. Several issues occurring
in such applications are 1) how to store the quality data in limited sensor
storage; 2) how to deal with the computation complexity of uncompressed
data in limited sensor memory; 3) how to avoid the transmission collision
to ensure the real-time applications with tolerable delays.
In consideration of node mobility, frequently updating the positions of
sensor nodes and base station makes the query propagation and result relay
extremely energy-draining. Therefore, new routing protocols are desired to
handle the overhead of node mobility and topology changes in a more energy
efficient manner.
Future wireless sensor networks should be able to cope with multiple
query processing. To realize this function, some researchers claim to post
multiple base stations to manipulate the query processing. However, this is
not a trivial task considering the number of base stations to use, the optimal
position for them to place and the coordination among those base stations.
If multiple routing trees are applied, the challenges are which tree each node
should choose to join and how to synchronize the query processing among
the routing trees.
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Appendix A

Appendix
A.l

Proof of Theorem 3

Given n nodes with sensing range r^ distributed uniformly and independently
at random in R = [0, X]^, and assume that nr^ = kX'^XnX for some constant k > 0.

Let iJ,o{n,N)

be a random variable denoting the number of

empty grids. If k > 4, then limx^oo

= 0, where E{no(n,N)]

is

the expected number of empty grids.
Proof.

Subdivide a sensor network [0, X]'^ into N non-overlapping grids of

side L =

v2

so N =

^s

Since iJoin,N) is a random variable denot-

ing the number of empty grids and n o { n , N ) is a non-negative integer random variable, then the probabihty P{no{n,N)

> 0) < E[^o{n,N)],

where

E[iJo{n, TV)] is the expected value of no{n, N) (see [36]). According to [24],
we have:
E{Mn,N)] = N { l - ^ r .
1
In E [ M n , iV)] - In N + n In (1 - - ) = In ^
Since ^ —» 0 as X

oo, ^^

0 as X

(A.l)

+ n In (1 -

r^

(A.2)

oo. In terms of Taylor expansion,

we have:
(A.3)
•- i•
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Since nr^ = kX"^ I n X , we then obtain:
(A4) = l n - 2

^

=

(A.5)

so, if A; > 4, then
hm \n E[fio{n, N)] = -oo.

(A.6)

Af—>oo

Therefore, we can conclude:
lim
A'^oo

lim

= 0.

(A.7)

= 0) = 1.

(A.8)

A —»00

i.e. when A; > 4, every grid contains at least one node.

•
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