
 

Device Deployment Strategies for  

Large-scale Wireless Sensor Networks 

  
 

Kenan Xu 
 
 

A thesis submitted to the  
Department of Electrical and Computer Engineering  

in conformity with the requirements for  
the degree of 

 
 

Doctor of Philosophy 
 
 
 

Queen’s University 
 

Kingston, Ontario, Canada 
 
 

January 2008 
 
 
 
 
 
 

Copyright © Kenan Xu, 2008



                                                                                                            

 ii

 

 

 

ABSTRACT 

 

Planning device deployment is a fundamental issue in implementing wireless sensor 

network (WSN) applications. This design practice determines types, numbers and 

locations of devices in order to build a powerful and effective system using devices of 

limited energy supply and constrained capacities. The deployment plan decides the limits 

of many intrinsic properties of a WSN, such as coverage, connectivity, cost, and lifetime. 

In this thesis, we address the device deployment planning issues related to large-scale 

WSN systems.  

 

We consider a typical deployment planning scenario in a heterogeneous two-tier WSN 

composed of sensor nodes and relay nodes. Sensor nodes form the lower tier of the 

network and are responsible for providing satisfactory sensing coverage to the 

application. Relay nodes form the upper tier of the network and they are responsible for 

forwarding data from sensor nodes to the base station. As so, relay nodes should provide 

reliable connectivity to sensor nodes for an extended period of time. We therefore address 

the sensor node deployment in terms of the sensing coverage and relay node deployment 

in terms of the communication connectivity and system lifetime.  
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For sensor node deployment, we propose a coverage-guaranteed sensor node deployment 

design technique. Using this technique, the sensing coverage is complete even if sensor 

nodes are randomly dispersed within a bounded range from its target locations according 

to a given grid pattern. In order to curb the increased cost due to extra sensor nodes that 

are used in the coverage-guaranteed deployment, while still maintaining a high-quality 

sensing coverage, we further study the probabilistic properties of the grid-based sensor 

node deployment in the presence of deployment errors.  

 

For relay node deployment, we propose to extend the system lifetime by distributing 

relay nodes according to a density function, which is optimized in response to the energy 

consumption rate, so that the energy is dissipated at an approximately same rate across 

the network. We further craft the deployment density function to reconcile the needs of 

balanced energy consumption and strong sensor node connectivity.  

 

The techniques proposed in this thesis fill the blank of available literature and can serve 

as guidelines for WSN designers, solution providers and system integrators of WSN 

applications. 
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Chapter 1.   INTRODUCTION 

 

Recent design developments in micro-processor, micro-sensor and radio frequency (RF) 

technology have made it feasible to develop low-power, inexpensive, and wireless-

networking-enabled sensor devices. A wireless sensor device generates data from sensing 

physical characteristics such as temperature, pressure and sound, and then transmits this 

data to the base station via an onboard radio either periodically or on-demand. According 

to different application requirements, a wireless sensor network (WSN) may consist of 

just a few or as many as thousands of wireless devices, operating in a collaborative and 

coherent manner to fulfill a common task. 

 

In this chapter, we will first highlight the major characteristics of WSNs, followed by an 

introduction of their applications. We then introduce challenges and technical approaches 

to address them. We further explain the research problems explored in this thesis, i.e., 

WSN deployment problems, and its importance to WSN applications. The thesis 

contributions are also summarized briefly. In the end, the organization of this thesis is 

outlined.  
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1.1.  Characteristics 

Compared to traditional wired sensing/data acquisition systems, WSNs exhibit the 

following characteristics which make them very attractive technology for many 

applications.  

 

• Eliminated wires: Many advantages of WSNs stem from the fact that they require 

either less wire or no wire at all.  First, this makes WSNs applicable to a very wide 

spectrum of applications, providing a convenient and effective alternative to their 

wired counterparts, in such application areas as home control systems [1], building 

automation systems [2], and industrial automation and monitoring systems [3]. This 

is particularly attractive if such a system is established on a temporary basis or it is 

retrofitted into a legacy environment. They also enable a series of new applications 

where wiring is not possible or highly undesired, such as commodity health care 

products (e.g., wearable health monitors [4]), large-scale natural environment 

monitoring and control (e.g., [5, 6]), and precision agriculture (e.g., the soil moisture 

monitoring system at Camalie Vineyards, California [7]). Second, a WSN is highly 

flexible. One can construct a WSN by just a few devices initially, and expand the 

network to as many as thousands of devices later, according to the application 

requirements and budget availability. Third, the characteristic of no/less wire also 

brings a significant reduction in both capital investment and operation cost, and there 

are also large savings in time and labor for system setup and system maintenance.  
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• Small size devices: Researchers and engineers have built small form factor wireless 

sensor devices. For example, both Mica nodes from Crossbow Technology [8] and 

Tmote nodes from Moteiv [9] have similar dimensions to a typical match box. A 

Micadot node is as small as a coin. They are illustated in Figure 1.1. Furthermore, 

the industry has tried to devise ever-smaller system-on-chip products, such as the 

MICAz OEM Module [8]. Coupled with the characteristic of no/less wire, the 

miniaturization of devices allows them to operate in close proximity to objects of 

interest in the least intrusive manner possible. Therefore, the measurement is 

potentially more accurate.  

 

                                

 

Figure 1.1 An illustration of small-size devices 
 
 
• High redundancy: The low cost of individual wireless sensor devices allows one to 

set up a WSN network including many redundant devices. The device redundancy 

provides greater system robustness and extends the system lifetime if devices are 

effectively scheduled to alternate between active and sleep states. While redundant 

sensor devices may generate redundant data, this data redundancy can actually 

enhance sensing accuracy if data from different sources are effectively analyzed and 

combined.  

 

(a) A Mica node 
(58mm*32mm*7mm) 

(b) A Tmote node 
(32mm*20mm*1.8mm)

(c) A Mica dot node 
(25mm*6mm) 
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1.2.  Applications of WSNs  

Thanks to its desirable characteristics, partially discussed above, a WSN can provide 

effective solutions to a full spectrum of applications. It can be used in all kinds of 

environments; hostile and friendly, urban and suburban, civilian and military, industrial, 

agricultural and scientific. Instead of presenting a long list of its potential applications, 

we briefly describe a few representative applications with implementation examples. 

These applications are also summarized in Table 1.1.   

 

Table 1.1 WSN Applications 
  

Application 
types Example deployments 

Industrial 
automation 

a. Monitor the vibration signature for preventive maintenance 
of equipment in fabrication plant [10]. 

Precision 
agriculture  

a. Monitor the temperature and humidity of soil and control 
the irrigation in Camalie Vineyards, California, USA [7]. 

Natural 
environment 
monitoring 

a. Study the micro-climate surrounding a redwood tree [5]. 
b. Study the habitat on the Great Duck Island, Maine [6]. 

Building 
structure 
monitoring 

a. Monintor the golden gate bridge[11]. 
b. Structural health [12]. 

Civilian 
surveillance 

a. MSIS system for civilian surveillance [13]. 
b. IrisNet demonstration parking space finding application 
[14]. 

  

• Industrial automation: Industry has long been the pioneer of new technology 

adoption. While wired sensing technology has been widely present in various stages 

of advanced state-of-the-art fabrication systems, there is a great need for automatic 

sensing and control solutions for legacy and/or less advanced equipment. A WSN 

can satisfy such needs effectively. For example, Krishnamurthy et al. [10] describe a 

trial deployment of WSNs in a central utility support building (CUB) at a 
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semiconductor fabrication plant to monitor the vibration of equipment for the 

purpose of preventive equipment maintenance [10]. Cost analysis demonstrates that 

WSNs can provide high quality data at a relatively low expendure in installation and 

operation. As a result, WSNs have broad applicability in predictive maintenance of 

mechinery, which may represent a killer application of the WSN technology. 

 
• Precision agriculture: It is inherently difficult and expensive to set up and maintain 

wired sensing systems in agriculture applications because of their large coverage 

area and outdoor exposure. However, many such challenges are naturally overcome 

by wireless sensor devices. The fact that there is no or less wire largely simplifies 

installation and maintenance efforts, making WSNs particularly attractive to 

agricultural applications. For example, an advanced soil moisture monitoring system 

has been deployed in Camalie vineyards, California, USA [7].   The system, known 

as Camalie Net, consists of thirty Mica wireless sensor devices. Driven by the 

moisture information, the system can irrigate more effectively in an on-demand 

manner. As a result, water consumption and associated pumping energy costs are 

reduced while simultaneously improving grape quality and yield.  For instance, yield 

per vine in 2005 was double that in 2004 for vines of the same age yet water 

consumption was constant. The increase in yield was stayed in 2006. 

 

• Environmental monitoring: An important benefit of WSNs is that they enable non-

intrusive and large-scale monitoring, which is critical to many environmental 

monitoring applications. In [6], Mainwaring and colleagues present a real-life 

experiment of deploying a 32-node WSN in a natural area-Great Duck Island, 
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Maine—to monitor the Leach’s Storm Petrel for the short-term cycle (24 to 72h)  

usage pattern of nesting burrows and long-term changes (7 months) in burrow and 

surface environmental parameters. In [5], Tolle et al. present a case study of a WSN 

that monitors the micro-climate surrounding a 70-meter tall redwood tree, at an 

observation density of every 5 minutes in time and every 2 meters in space. Each 

node measures air temperature, relative humidity, and photosynthetically active solar 

radiation. 

 

• Building structure monitoring: WSNs can be used to collect and analyze a building’s  

frequency response to ambient or forced excitation. Such a system is an 

unprecedented tool for studying the structural integrity and also provides valuable 

information indicating the building’s health status. A general paradigm of such 

applications is a data acquisition system that collects data using many distributed 

devices and processes them at a centralized location. In [12], Xu et al. explore the 

design and evaluation of a WSN system called Wisden for structural data acquisition. 

Novel mechanisms are reported to enhance the reliability of  data transport and allow 

for asynchronous operation. Researchers also examined the applicability of wavelet-

based compression techniques to overcome the bandwidth limitations imposed by 

low-power wireless radios. Again, the system is implemented on Mica nodes. 

Another WSN deployment of building structure monitoring is conducted in San 

Francisco, where 64 motes are used to track stresses on the Golden Gate Bridge [11]. 

By measuring the swing of the bridge, sensor nodes together can detect a potential 

weakness in structural integrity and alert engineers of possible risks.  
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• Civilian surveillance: Surveilling civilians for safety and information is another 

important application of networked embedded sensing with significant social and 

economical value. One example is to use WSNs for access control. Coupled with the 

emerging technology of wireless mesh networks [15], a wireless surveillance system 

is particularly attractive because of its wide coverage and abundant information. 

Accenture Technology Labs has worked on the Multiple Sensor Indoor Surveillance 

(MSIS) project, whose objective is to develop methods to coherently reason about 

security-relevant information of the environment based on the noisy inputs from 32 

webcams, an infrared badge ID system, a PTZ camera, and a fingerprint reader [13]. 

Another example is a parking space finding application demonstrated in a research 

project called IrisNet [14]. 

 

In summary, the emerging WSN can provide a powerful and ubiquitous monitoring 

platform for a wide range of applications. Yet more deployments will be conducted in the 

coming years, and there remain a number of challenges which must be addressed in order 

for the great potential of WSNs to be realized. 

 

1.3.  Challenges and Technical Approaches 

Generally speaking, the research and development of WSN technology has aimed at an 

effective, multi-functional and reliable monitoring platform formed by small devices. 

This is very challenging since most individual devices are subject to stringent resource 

constraints and highly limited capabilities, including power supply, computation 
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capability, storage, etc. Three major tasks are conducted by a typical WSN, namely, 

sensing, in-network data processing, and wireless communications. We explore the 

technical issues with each of these three functionalities and provide technical approaches 

that address these issues. 

 

Sensing is the most essential and critical functionality of any sensing network. Individual 

wireless sensor nodes usually can detect events or monitor the environment only in their 

close proximity due to the very nature of the signal and the relatively inferior sensitivity 

of miniaturized sensory units. On the other hand, we often expect a WSN to serve a large 

area with satisfying sensing coverage quality. According to different application 

scenarios, sensing coverage objectives can be classified into three types: continuous area 

coverage, distinct point coverage, and crossing coverage. The quality of sensing coverage 

is measured by both the quantity, such as the size of the area covered, and the quality, 

such as the degree of coverage. A higher degree of coverage (e.g., two or more sensors 

monitoring one point) means better reliability and allows for localizing and tracking 

objects. To this end, a typical design problem is to satisfy a given coverage requirement 

with a minimum number of devices, or to provide the best coverage possible with a given 

number of devices. Furthermore, one may choose to intentionally deploy redundant 

sensing devices and have them operate in an alternative manner in order to prolong the 

system lifetime. An associated design problem in this case is an effective duty cycle 

scheduling mechanism so that a minimum number of sensors are active at any given time 

while providing satisfactory sensing coverage. 
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In-network data processing plays an important role in the operation of WSNs. The 

advancement of micro-processor technology has been much faster than that of battery 

technology. It has been recognized that sensor nodes will have significant processing 

capabilities but very limited energy [16]. Furthermore, wireless communication is orders 

of magnitude more expensive than local computation in terms of energy consumption 

[17]. This encourages the idea of processing and aggregating raw data locally where they 

are originally generated and therefore reducing the traffic volume inside the network. As 

a result, energy is saved and the network lifetime is prolonged. Another attractive benefit 

is that network congestion can be significantly reduced. In-network data aggregation and 

collaboration are enabled by means of classification, filtering, transformation and 

compression. For example, suppose a WSN is to find the minimum moisture reading in a 

sensing field. A filter will be associated with the humidity data, and when multiple data 

arrive at the node, the filter is triggered to select the highest reading from the set and then 

create and send a new message. In order to efficiently conduct data aggregation it is 

important to organize the network into a facilitating structure, such as clusters or data 

gathering trees. Efficient distributed topology control schemes are therefore critical. 

 

While raw data are generated by sensing the environment and processed locally within 

the network, they are typically transmitted through the network via wireless media. 

Researchers have predominantly advocated multi-hop ad hoc networks as the 

communication architecture of WSNs. In contrast to the conventinal wireless system, an 

ad hoc network does not rely on a centralized infrastructure, such as a base station in a 

cellular network and an access point in a wireless LAN. Instead, communication devices 
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are self-organized into a connected network on the fly. If the distance between two 

devices are far, the packets are relayed through the intermediate nodes, which route the 

traffic based on a dynamically maintained routing table (cache). A detailed discussion of 

the characteristics of multi-hop ad hoc networks can be found in [18]. An infrastruct-

based network and a multi-hop ad hoc network are illustrated and compared in Figure 

1.3. 

 

 

                                    

 

Figure 1.2 A comparison of infrastructure-based networks and multi-hop ad hoc networks  
 

With an effective implementation, an ad hoc network architecture offers a range of 

benefits to WSNs, including energy-efficient network operation, fast and easy network 

deployment, high robustness, reliability, etc. Energy efficiency is the most important 

factor in WSNs as devices are highly energy-constrained. In a wireless ad hoc network, 

energy efficiency is to be achieved by using multi-hop wireless relays over short 

distances, low-power and low rate RF transceivers, energy-efficient MAC protocols, and 

energy-aware routing protocols. The key principles of designing energy-efficient MAC 

protocols are to eliminate transmission collisions, adjust the transmission power 

according to the signal attenuation, and put radio interfaces in a sleep state for as much as 

possible. For routing protocols, the main approaches include choosing the route based on 

energy factors, such as residual energy and energy consumption, and choosing routes 

with the least traffic load to avoid congestion. Easy and fast system setup is also critical 

(a) An infrastructure-based wireless network (b) A multi-hop ad hoc wireless network



Chapter 1.  INTRODUCTION                                                                                                                             

 11

to the success of a WSN application. Using effective algorithms, sensor nodes are able to 

self-organize, self-coordinate, and self-configure into an effective network topology and 

start to function once they are deployed. This will result in significant savings in 

deployment cost. Reliability and robustness are also important, and ad hoc networks are 

resilient to single point of failure scenarios. Besides, ad hoc networks can adapt to 

network changes caused by node failure, link failure, additive node deployment, etc. 

Furthermore, scalability is important to a WSN, which may consist of thousands of 

nodes. In a WSN, scalability can be achieved by effectively organizing the network into a 

tiered architecture, such as clusters and data aggregation trees.  

 

1.4.  WSN Deployment Problems and Thesis Contributions 

As discussed above, the sensing coverage quality, the network connectivity, and the 

system lifetime will fundamentally determine the effectiveness and practicality of a WSN 

application. On the other hand, individual devices have very limited capabilities and 

resources, such as short sensing radius, limited power supply, etc.  As such, WSN 

solution designers confront the fundamental challenge of constructing a high-quality and 

long-lasting but affordable WSN system using resource-constrained devices. The solution 

rests on an effective deployment plan. The plan depicts a rational combination of 

different types of devices and their positions, so that the overall system can satisfy the 

application requirements, including sensing coverage, lifetime, connectivity and 

reliability, at the minimum cost possible. 
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Some previous studies have tried to solve the WSN deployment problem. However, the 

algorithms and tools suggested by these studies have their limits. Some of them do not 

scale and can only be used in small scale WSNs. Some assume deliberate device 

placement without addressing deployment errors, which are inevitable in many scenarios. 

Many of these studies only try to optimize one metric of WSNs, such as lifetime, while 

ignoring the negative impact on other metrics, such as sensing quality. None of them 

have proposed a unified deployment framework in which both sensing coverage and the 

long-lasting network connectivity are addressed. A discussion of the previous work in 

this area is presented in Chapter 2. 

 

In this thesis, we propose a unified deployment framework for a two-tier large-scale 

WSN and a set of associated methodologies. The first tier of the network comprises 

sensing nodes (SNs) which sense the environment and generate data. Therefore, the 

deployment of SNs is mainly concerned with sensing coverage. The second tier consists 

of relay nodes (RNs) which form the communication backbone and relay data from SNs 

to the base station. The RN deployment should ensure sufficient connectivity to SNs of 

the lower tier and at the same time be concerned with balanced energy consumption 

throughout the network so that the system lifetime is prolonged. As we aim at large-scale 

WSNs, grid-based deployment and random deployment are two viable deployment 

approaches. To this end, this thesis has three major contributions.  

 

Firstly, we propose a coverage-guaranteed grid-based SN deployment. Previous work has 

addressed grid-based SN deployment under the assumption that devices can be placed 
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exactly at the grid vertices. However, in practice, the accuracy of device placement may 

be subject to various errors which impair the sensing coverage. To overcome the negative 

impacts of these errors, the grid resolution and the number of devices to be deployed 

needs to be re-evaluated. We identify two deployment errors: misalignment and random 

errors. We derive the minimum number of sensors required to achieve guaranteed 

coverage when deployment errors of these types are present. Since the deployment can 

guarantee sensing coverage even if the worst-case deployment errors take place, we call it 

the coverage-guaranteed grid-based SN deployment. 

 

Secondly, we found the number of SNs required by the coverage-guaranteed grid-based 

SN deployment increases dramatically as the deployment errors become large. In order to 

reduce the number of SNs to be deployed (and therefore the deployment cost), we further 

study the probabilistic properties of the sensing coverage area of a wireless sensor 

network (WSN), in which sensor nodes are deployed randomly around the grid vertices. 

This is very useful when the coverage-guaranteed grid-based SN deployment becomes 

prohibitively expensive and/or the application can tolerate the loss of sensing coverage to 

some extent. We prove the sensing coverage area of a WSN deployed in a grid pattern 

follows approximately a normal distribution. We further propose a generic approach to 

evaluate the parameters of the normal distribution, i.e., the average and the variance of 

the covered area of the sensing field. Our generic approach can be used with all types of 

grid-shapes, all kinds of random error distributions, and different sensing models. We 

apply the generic approach to one specific deployment scenario: a triangular grid-based 

deployment with bounded uniform random error. From the numerical results, we find that 
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a grid-based sensor deployment WSN is quite resilient to deployment errors in many 

cases. This is a very encouraging characteristic and serves as a strong basis for adopting 

grid-based deployment in practice.  

 

Finally, we also investigate RN deployment methods so as to provide connectivity to SNs 

and to maximize lifetimes. Particularly, assuming SNs having been uniformly deployed 

on a sensing field, we investigate how an RN deployment density function affects the 

network lifetime of a WSN. We first examine the Biased Energy Consumption Rate 

(BECR) problem with a uniform random RN deployment in both single-hop and multi-

hop communication scenarios. This problem results in low energy utilization of RNs and 

an unnecessarily short system lifetime. To overcome the BECR problem, we propose a 

novel deployment strategy called lifetime-oriented deployment so as to balance the 

energy consumption rate of RNs across the network. However, this method is shown to 

provide poor connectivity to SNs when the number of RNs is relatively small. We further 

propose a hybrid deployment method which balances the goals of connectivity and 

lifetime. Our performance study of these deployment strategies shows the new strategies 

significantly outperform uniform random deployment. All designs and performance 

studies have been conducted for both single-hop and multi-hop communication scenario.  

 

In summary, this thesis provides guidelines for large-scale device deployment of typical  

heterogeneous WSNs. 

 

1.5.  Thesis Outline 
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The rest of the thesis is organized as follows. In Chapter 2, a comprehensive review of 

WSN deployment methods in the literature is conducted. The technical concerns of WSN 

deployment are examined and technical proposals are classified and compared. The 

motivation of the thesis research is explored by identifying unsovled problems. 

 

In Chapter 3, models of the system are discussed. First, the composition of a 

heterogeneous WSN is described. Second, the sensing capacity of an SN is modelled in 

two ways, namely, the binary disk model and the distance-based probablistic model.  

Third, energy comsupiton due to data communication is modelled. Fourth, the definition 

of  WSN system lifetime is presented. Finally, we explain that our deployment study does 

not depend on the availability of device location information. 

 

In Chapter 4, the grid-based SN deployment is devised so as to provide complete sensing 

area coverage even in the presence of worst-case deployment errors. We first examine the 

different types of deployment errors and their impact on the sensing coverage. We then 

derive deployment parameters in order to eliminate the void areas caused by deployment 

errors.   

 

In Chapter 5, we investigate the probabilistic properties of the sensing coverage area 

provided by SNs which are dispersed from the grid vertex due to random deployment 

errors. We first propose a generic approach to evaluate the average and variance of the 

sensing coverage area. We then prove that the sensing coverage area follows 

approximately a normal distribution. The generic evaluation approach is applied to a 
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specific deployment scenario. We also develop a procedure for designing cost-effective 

grid-based SN deployment for probabilistic sensing coverage. 

 

In Chapter 6, we study the effects of random RN deployment strategies. We first discuss 

the biased energy consumption rate problem associated with uniform random RN 

deployment. This problem leads to insufficient energy utilization and shortened network 

lifetimes. To overcome this problem, we propose two new random deployment strategies, 

namely, the lifetime-oriented deployment and hybrid deployment. The former solely aims 

at balancing the energy consumption rates of RNs across the network, thus extending the 

system lifetime. The latter reconciles the concerns of connectivity and lifetime extension. 

Both single-hop and multi-hop communication models are considered.  

 

Finally, Chapter 7 concludes the thesis and offers directions for future research.   



 

 

 

Chapter 2.   RELATED WORKS AND MOTIVATION 

 

A critical aspect of the design of any monitoring system is device deployment planning, 

which consists of determining an appropriate placement of monitoring devices to 

accomplish the desired task. The art gallery problem studied by Hoffmann et al. in [19] 

was one of the early works in the literature.  The objective of the art gallery problem is to 

use a minimum set of guards in a polygon such that every point of the polygon is watched 

by at least one guard, who is assumed to observe anything that is in the line of sight.   

 

As for WSNs, device deployment planning is a process that determines the types, 

numbers, and locations of different devices, so that application performance requirements 

(such as a minimum sensing coverage, ensured communication connectivity, and/or a 

minimum system lifetime) are satisfied in the most cost-effective manner or so that 

system performance is optimized for a given cost (device) budget.  

 

Device deployment planning is of paramount importance for WSNs as it decides the 

available resource and their configuration for system setup, which in turn fundamentally 

determines the WSN performance bounds.  Many design efforts have been made to 

optimize the WSN performance at operation time, such as duty cycle scheduling 

algorithms that put as many sensor devices as possible into the sleep state while keeping 
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a satisfactory sensing coverage and a connected network, energy-efficient MAC 

protocols that minimize the energy wastage when wireless transceivers are in idle state 

and/or by data retransmission, and energy aware routing algorithms which route traffic 

through an energy-efficient data path. The surveys in [16, 20] present a comprehensive 

review of these efforts, which aim at improving the network operation efficiency and 

achieving the best performance possible for a given set of resources. However, even the 

best suite of run-time protocols will not be able to provide the required system lifetime if 

devices are not provisioned appropriately beforehand. For example, if the number of 

installed devices is insufficient or there are topological deficiencies due to ineffective 

device placement, the sensing coverage or system lifetime will be degraded, or, in the 

worst case, the system will be non-operational. 

 

Due to the various constraints of wireless sensor devices discussed in the first chapter and 

the characteristics of wireless ad hoc networking, the emerging WSN presents many new 

challenges to the problem of device deployment planning not considered in the art gallery 

problem. First, the sensing range of a sensor device is normally finite, as compared to the 

infinite detection distance assumed in the art gallery problem. In the literature, a variety 

of sensing models have been proposed, such as the binary disk model and the distance-

based probabilistic detection model. Moreover, different coverage objectives have been 

considered, such as area coverage, grid vertex coverage, and crossing coverage. Second, 

devices in a WSN can only connect to devices in their neighborhood. Therefore, 

communication connectivity can not be taken for granted as in the art gallery problem 

which does not address the communication issue between guards. In some applications, 
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K-degree connectivity, where K>1, may be required for fault tolerance and enhanced 

network capacity. Third, sensor devices are supplied with limited energy, so network 

lifetime is of key concern in the deployment planning problem.   

 

The device deployment planning problem for WSNs is further complicated by the 

availability of multiple different types of devices. One should judiciously choose a 

combination of them. In the literature, three types of devices are considered, namely, 

Sensor Nodes (SNs), Relay Nodes (RNs), and Base Stations (BSs). An SN senses the 

environment, generates data, and transmits the data to an active neighbouring RN.  An 

RN relays traffic from SNs to BSs in a single-hop or multi-hop manner. In some cases, an 

RN could work as a cluster head to coordinate the operations of associated SNs. RNs are 

optional in the construction of a WSN, because if they are unavailable, SNs can relay 

traffic for each other. A BS is the final destination of all data traffic.   

 

Due to its importance, the device deployment planning problem for WSNs has attracted a 

lot of interest and research effort. Various combinations of constraints and objectives 

have led to a rich research field. In this chapter, we present a comprehensive survey of 

the recent research advances on this subject. Using the categorization creteria adopted in 

[21], we present technical approaches of WSN deployment in two groups, i.e., static 

device deployment and dynamic device deployment. In a static node deployment, devices 

remain at the same locations over the course of their lifetime. In contrast, in the dynamic 

deployment case the locations of devices will be adjusted after the initial deployment. For 

each case, we categorize proposals according to the types of devices involved. The 



Chapter 2.  RELATED WORKS AND MOTIVATION                                                                                                                             

 20 

shortcomings of these proposals are pointed out where appropriate. We also present the 

motivation of our research by discussing unaddressed problems in the literature. In the 

following, we discuss the most important concerns addressed in the device deployment 

planning literature, namely coverage, connectivity and system lifetime.  

 

2.1.  Coverage, Connectivity and System Lifetime 

Sensing and communication are two essential functionalities of a wireless sensor device. 

On the other hand, most devices can only function for a limited time period, constrained 

by the fixed onboard energy supply. As such, the sensing coverage, communication 

connectivity between devices, and system lifetime are the most important factors when 

addressing WSN device deployment problems. 

 

Sensing coverage reflects how well objects or events are monitored, detected, and/or 

tracked by the group of distributed devices, on a continuous space, at distinct positions, 

or along paths connecting two points. To address the sensing coverage issue of a WSN, 

the sensing model is an important factor. Generally speaking, the sensing capability of 

individual SNs has been modeled in one of two ways:  probabilistic models of signal 

decay or the deterministic binary disk model. 

 

The probabilistic models capture the nature of signal attenuation and persistent 

environmental noise. The signal strength, dx , arriving at a sensor which is at a distance d 

from the signal originator, can be modeled as 

                ndxd += αθ / ,                                                                                (2.1) 
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where θ  is the signal strength at the originator, n is the noise strength, and 0>α  is the 

signal decay exponent. Based on the signal attenuation model, two different probabilistic 

sensing models have been proposed, depending on whether multiple signals from 

different sensors are processed cooperatively or not.  In [22], a cooperative measurement 

model based on a well-known Best Linear Unbiased Estimator (BLUE) is studied. The 

estimator can process readings from K SNs and generate one result with smaller errors. 

With this model, a point is said to be ),( εK -covered if a signal generated from this point 

can be estimated by K sensors such that the probability that the absolute value of the 

estimation error is equal to or less than a preset threshold is equal to or larger than ε  

( 10 << ε ) .  However, some implementation issues remain to be addressed when the 

cooperative signal processing model is developed in practice. For example, as the signal 

originators randomly occur on the sensing field, deciding which K sensor readings the 

cooperative signal processing is conducted on is a non-trivial problem. A probabilistic 

model that does not consider cooperative signal processing is proposed in [23], where the 

probability that a sensor detects an object depends only on the distance between them and 

the noise, neither of which are affected by other nodes.   

 

The deterministic binary disk model can be considered as a simplification of the 

probabilistic mode without cooperative signal processing. According to this model a 

point is covered if it is within the fixed sensing radius of an SN; otherwise, it is not 

covered. The main limitation of the disk model is that it does not reflect the inherent 

uncertainty due to signal attenuation through space and because of environmental noise. 

Also, it does not consider the performance gain due to cooperative signal processing of 
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multiple neighboring sensors. Nevertheless, due to its simplicity, the binary disk model is 

by far the most used model in the literature.  

 

Enabled by the sensing functionality of individual SNs, WSNs are formed to satisfy the 

coverage requirements of various applications. The coverage concerns can be classified 

into three major types: (continuous) area coverage, crossing coverage, and discrete point 

coverage. 

 

Area coverage is straightforward and refers to coverage through a two- or three- 

dimensional continuous space. Generally, K-degree (K>0) coverage is achieved if every 

point of a given space is covered by K or more SNs. High degree coverage provides 

improved accuracy and fault-tolerance against single point failure [24]. In some 

applications, such as object tracking, SNs not only detect the object, but also determine 

the position of the signal originator. In such a case, a point is covered if the network can 

localize the point within predefined error bounds. This localization coverage variant is 

carefully studied in [25]. 

 

Crossing coverage assesses the coverage quality by evaluating the detectability of a target 

traveling across a protected (monitored) area. This metric is vital to an entire class of 

applications, such as border protection. In [26], detectability is related to the distance 

from a path P to the sensors. Two characteristic paths are defined for a network: the 

maximal breach path and the maximal support path. The maximal breach path is the path 

whose closest distance to a sensor is as large as possible (e.g., maximize the minimum 
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distance between the path and sensors). The maximal support path is defined as the path 

where the farthest distance of any point of the path from the sensors is minimized. In 

[27], Meguerdichian et al. advocate enhancing the measurement by incorporating the 

travel time into the measurement of the detection probability of the path. Clouqueur et al. 

propose the notion of the exposure of a path P to be the net probability of detecting a 

target that traverses the field using P [28, 29]. 

 

The notion of K-barrier coverage, proposed in [30], is another metric of crossing 

coverage. A given belt region is said to be K-barrier covered by a sensor network if all 

crossing paths through the region are K-covered, where a crossing path is any path that 

crosses the width of the region completely. A path is said to be K-covered if it intersects 

with the sensing disks of at least K distinct sensors. Note that this differs from K-degree 

area coverage where every point along all paths is covered by at least K distinct sensors. 

K-barrier coverage is thus a much weaker notion than K-degree area coverage. 

 

Discrete grid vertex coverage is studied based on the concept of representing a 

continuous sensing field by a collection of two- or three-dimensional grid points. In turn, 

the sensing coverage concerns focus on these grid vertices. Thus, complex calculus 

computation are avoided. Quite often, the positions of SNs are chosen to be at grid 

vertices. Grid vertex coverage is broken down into two different concerns, namely, 

detection coverage and localization coverage. The latter means that the location of the 

target is identified by the unique subset of sensors which sense the same grid vertex [31]. 
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Given different coverage criteria, it is important and non-trivial to effectively and 

efficiently evaluate the sensing coverage quality of a given deployment of wireless 

sensors. Next, we will briefly discuss a few evaluation methods in the literature.    

 

In [24, 32], Huang et al. propose algorithms, which are polynomial-time in the number of 

sensors, to computationally determine whether a sensing field is K-degree (area) covered, 

(K-covered), for a given sensor deployment. An algorithm was first devised assuming all 

SNs have the same sensing radius, and then extended for the case where SNs have 

distinct sensing radius. Based on the geometrical analysis, determining whether a given 

sensing field is K-covered is converted to determining whether the perimeter of each 

sensing disk is K-covered, which can be done in polynomial time. Theorem 4 in [33] 

improves this algorithm by transforming the problem of determining the coverage degree 

of a region to determining the coverage degrees of all the sening-disk intersection points 

in the same region. It is obvious that it is much easier to determine the coverage degree of 

a point than the disk perimeter. 

 

The area coverage evaluation methods discussed above require knowledge of the 

whereabouts of the SNs. In the case of uniform random deployment, SNs are randomly 

deployed across the sensing field. Their locations are not deliberately controlled or 

known. The evaluation of coverage quality for randomly deployed SNs is the concern of 

the research in [34, 35]. Both papers derive asymptotic sensing coverage probabilities.  
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In [26], Meguerdichian et al. propose polynomial time algorithms to find the worst-case 

crossing coverage (Maximal Breach Path) and best-case crossing coverage (Maximal 

Support Path) for a given sensor deployment (SN positions are known). The paper also 

explores an optimization method to add more SNs in order to improve the coverage 

quality.  

 

In [28, 29], Clouqueur et al. propose the notion of exposure of a path P to be the net 

probability of detecting a target that traverses the field using P. This paper further 

proposes an approximation solution to evaluate the minimum exposure of a given sensor 

deployment. The solution is composed of two parts. The continuous sensing field is first 

divided into an arbitrary grid, and a path is considered to be a connected set of edges 

within the grid. The detection probability of each edge of the grid is calculated. 

Therefore, finding the minimum exposure path between two points is equivalent to 

finding a shortest path between them, which can be efficiently solved by Dijkstra’s 

shortest path algorithm.  However, the optimization of the grid size, which is closely 

related to the speed of the travelling object, is left open for further research.  

 

In [30], Kumar et al. propose efficient algorithms to determine if a region is K-barrier 

covered. For an open belt region (a belt region with open ends), the problem is reduced to 

the problem of determining whether there exist K node-disjoint paths between a pair of 

vertices in a graph. Existing algorithms for testing the existence of K node-disjoint paths 

between two vertices can be applied to globally test K-barrier coverage. For a closed belt 

region (a belt region with two ends connected), the problem of determining K-barrier 
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coverage is reduced to the problem of determining whether there exist K node-disjoint 

cycles, each of which loops around the entire belt region, which can be done in 

polynomial time.  

 

Compared to the complexities of evaluating area coverage and crossing coverage, it is 

trivial to evaluate the discrete point coverage quality in polynomial time simply by 

determining the number of sensor disks overlapping each grid point. There is no research 

on this issue.  

 

Communication connectivity is another critical factor that decides the application 

effectiveness, as it is essential to ensure that data are delivered to the BS for processing. 

In the context of a WSN, K-degree (K>0) connectivity has two different meanings, 

namely, K-path connectivity and K-link connectivity. The former means that there are K 

independent paths between every pair of nodes, while the latter means that each node is 

directly connected to K neighboring nodes. The former implies the latter, but not vice 

versa. In fact, a WSN could be disconnected even if K-link connectivity is satisfied. 

Generally, with K>1 connectivity, the network can tolerate some node and link failures. 

At the same time, the higher degree connectivity improves communication capacity 

among nodes. In some cases, it may not be necessary to maintain K connectivity among 

all devices, but only among nodes which form the communication backbone of the 

network. 

 

For the sake of clarity, we define some notation to be used in the following discussion:  
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sr : the sensing radius of SN in the case of the binary disk sensing model,  

S
cr : the communication radius of the SN,  and 

R
cr : the communication radius of the RN.  

In the special case where  S
cr = R

cr , we use a single notation cr to represent the 

communication radius of all nodes.   

 

As discussed in the first chapter, lifetime is a predominate factor in all aspects of WSN 

design. Not only should the energy efficiency of individual devices be improved, but the 

lifetime issue also needs to be addressed from a system perspective. Energy-efficient 

communication protocols have been identified as a key approach to extending the system 

lifetime. In recent years, the portfolio of low power communication protocols, including 

energy-efficient MAC [36-38] and routing protocols [20], has expanded at an 

unprecedented rate. However, even the best suite of algorithms and protocols will not be 

able to provide the required system lifetime if devices are not provisioned appropriately 

beforehand. In other words, the types, numbers, and locations of devices determine a 

bound on system lifetime. Thus, device deployment plays a critical role in extending the 

network lifetime. 

 

In the following section we provide a comprehensive review of the technical proposals in 

the literature. Using the categorization creteria adopted in [21], these proposals can be 

categorized into two types: static device deployment and dynamic device deployment.  

 



Chapter 2.  RELATED WORKS AND MOTIVATION                                                                                                                             

 28 

2.2.  Static Device Deployment 

In most practical applications, devices do not change their locations once they are 

deployed on the sensing field. We call this kind of deployment practice static device 

deployment. In the literature, static device deployment is typically implemented in one of 

three approaches: deterministic deployment, grid-based deployment (also called pattern-

based deployment) or random deployment.  

 

Deterministic deployment refers to the case where devices can be exactly placed at 

arbitrarily selected locations. It is preferred whenever the deliberate placement of devices 

is allowed since it usually minimizes the number of devices or achieves the best 

performance. However, this approach becomes very expensive or infeasible if a large 

number of devices are involved, such as thousands of devices to be deployed in a forest, 

or the environment is hostile, such as a battlefield. Grid-based deployment may be 

applicable to large-scale WSNs due to its simplicity and scalability. The most studied 

grid patterns are the equilateral triangle grid, the square grid, and the hexagonal grid. 

However, such an ideal grid-based deployment also requires that it be feasible to place 

the sensor devices on the grid vertices exactly, which is very difficult in practice for 

large-scale deployment. As such, it is of great practical importance to take into account 

the inevitable errors when designing a grid-based deployment, but little research has been 

conducted on this issue. Another approach to large scale deployment is random device 

deployment, where a density function is used to dictate the distribution of devices over 

the sensing field. The most common density function is the uniform density function. 

However, the underlying assumption that the deployment is completely random is 



Chapter 2.  RELATED WORKS AND MOTIVATION                                                                                                                             

 29 

sometimes overly pessimistic [2]. As a result, the deployment design for a given 

application is subject to overengineering.  

 

As explained earlier, a WSN may consist of three types of devices (or two types if RNs 

are not employed), each of which has different roles. In the following, we organize the 

survey of static deployment approaches according to the devices involved.  

 

2.2.1.  Sensor Node Deployment 

The typical formulation of SN deployment is to minimize cost (e.g., the number of SNs) 

under a coverage constraint, or maximize the sensing coverage quality for a given budget. 

Some studies also take energy efficiency into consideration. The same approach was 

adopted by [21] as well. 

 

In [39], Efrat et al. study an extended version of the art gallery problem using line-of-

sight sensors. Assuming that the sensing field is cluttered with obstacles, they devise 

algorithms to minimize the number of SNs required in order to have each point well 

covered, where well covered is defined as each point being seen by two sensors that form 

an angle greater than a given value, or each point being seen by three sensors that form a 

triangle containing the point. The algorithm is based on the Clarkson set cover 

methodology studied in [40]. 

 

In [41, 42], Zhang et al. investigate the sensor placement problem from a data fusion 

point of view. They argue that there is always an estimation distortion associated with a 
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sensor reading which is usually eliminated by processing multiple samples cooperatively. 

They thus map the problem of finding the optimal sampling points in an area to that of 

determining the optimal rate for achieving a minimal distortion, which is extensively 

studied in the signal processing literature. In other words, the problem is transformed 

from the space to the time domain. The optimal sampling points are related to the sensor 

locations. The main idea is to partition the deployment area into small cells and then the 

optimal sampling rate per cell is determined for minimal distortion. Assuming that all 

SNs have the same sampling rate, the number of sensors required in each cell can be 

determined. 

 

In [43], Ganesan et al. explore the joint optimization of SN placement and transmission 

structure for data gathering, where a given number of sensors need to be placed in a field 

such that the sensed data can be reconstructed at a sink within specified distortion bounds 

while minimizing the total energy consumed for communication. The optimization 

becomes complex as it involves an interplay between the spaces of possible transmission 

structures given transmission radius limitations, and feasible placements which satisfy 

distortion bounds. A simpler version of the problem in 1-dimension is first solved by an 

analytical derivation and the result extended into 2-dimensions. However, in a general 

case, minimizing the total communication energy does not translate into a maximum 

lifetime, which in [42] and many other studies in the literature, is bounded by the shortest 

lifetime of all SNs. 
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In [44], Liu et al. devise a sensor placement in order to maximize the coverage area of a 

WSN constrained by the system lifetime, the energy budget, and the number of the SNs. 

The authors formulated and solved two optimization problems with and without allowing 

for arbitrary energy allocation among different SNs. However, this study only applies to a 

line network topology. 

 

In [25], Wang et al. study random sensor deployments to achieve localization coverage. 

The authors first derive the relationship between localization errors and network 

resolution, which is the minimum distance d such that the network can distinguish any 

pair of points when the distance between them is larger than d. They then propose two 

methods to derive the necessary deployment density in order to guarantee a given 

localization error bound over the sensing field. In the first method, the localization 

coverage problem is converted into the widely studied detection coverage problem. A 

notion of sector coverage is introduced to derive the second method, which gives more 

accurate results.  

 

In [2], Leoncini et al. study the coverage property of grid-based sensor deployments with 

random errors, in which SNs are dispersed around their target locations randomly. The 

authors attempt to minimize the number of SNs to achieve a required coverage quality on 

a sensing field, which is the minimum coverage percentage with a quantified probability. 

The paper first divides the sensing field into small square cells, so that a cell is covered if 

at least one sensor is located inside the cell. Next, the coverage percentage of two 

deployment methods are derived for a four-cell area, based on either deploying one 
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sensor around the center of each cell or deploying four sensors around the center of the 

four-cell area.  It was observed that the former is better than the latter when the 

dispersion factor is small, and vice versa. The paper further derives an upper bound on 

the minimum number of deployed sensors to achieve a given coverage quality for a 

relatively large sensor network, when the dispersion factor is small enough. However,  

the research in [2] is specific to the two deployment setup studied and cannot be used 

with large scale grid-based SN deployment directly. 

 

While the research above is concerned with area coverage, other research considers the 

grid vertex coverage problem. In [31], Chakrabarty et al. explore two SN deployment 

problems relevant to grid coverage. The first problem is to minimize the cost of sensors 

deployed by optimally choosing two types of sensors (differing in sensing range and cost) 

and their positions on grid vertices, with constraints of the coverage degree of grid 

vertices. The problem is formulated into an integer linear programming (ILP) problem 

and solved by public domain solvers. The second problem is determining sensor 

placement in order to provide localization coverage. The problem is mapped to uniquely 

identifying vertices in graphs, and efficient sensor placement strategies based on coding 

theory principles [45] are developed.  

 

In [46], Lin et al. address SN deployment to minimize the distance of two 

indistinguishable grid points when complete discrimination is not possible because of the 

limited number of sensors. The problem is formulated as a combinatorial optimization 

problem which allows for a solution of complete location discrimination or one that 
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minimizes the distance of two undistinguished grid points, depending on the cost 

limitation. An algorithm is proposed to solve the problem based on the simulated 

annealing approach.  

 

In [47, 48], Dhillon et al. address the grid vertex deployment problem when the sensing 

capability of an SN is modeled by a probabilistic model. The objective is to minimize the 

number of sensors subject to the sensing coverage quality requirement, which is dictated 

by minimum sensing probabilities at grid vertices. The paper proposes a heuristic method 

to place SNs iteratively. At each step, a sensor is placed at the grid point which currently 

has the lowest coverage probability.  

 

In [30], Kumar et al. devise a deployment pattern to achieve K-barrier coverage with a 

minimum number of SNs. The optimal deployment is to deploy K rows of sensors on the 

shortest path across the length of the region, where each row has consecutive sensing 

disks abutting each other. The optimality of the pattern is proven. In the case that sensors 

are to be randomly deployed, the paper then derives the critical conditions for K-barrier 

coverage with high probabilities. K-barrier coverage refers to the detection of intruders as 

they cross a barrier of stealthy sensors, whose locations are not known to the intruder. 

The critical conditions make it possible to quickly compute the number of sensors 

necessary to ensure K-barrier coverage of the region with high probability. 

 

Some research considers both coverage and connectivity in the SN deployment. In [49], 

Kar et al. attempt to devise a deployment plan in order to provide coverage and 
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connectivity using a minimum number of SNs, assuming the communication radius and 

the sensing radius are the same. A strip pattern is constructed by lining up sensors so that 

each sensor is within the transmission radius of its left and right neighbouring sensors. 

Multiple rows of strips are then arranged to provide coverage over a given sensing field. 

Transmission connectivity between rows of strips is achieved by deploying a vertical line 

of sensors. The same problem is addressed by Iyengar et al. in [50]. A lower bound of the 

deployment density of sensors (Theorem 1) to provide coverage and connectivity is 

derived. The optimality of the strip-based deployment in [49] is proven by comparing it 

with the lower bound.  

 

In [33], Xing et al. extend research in [49, 50] by devising an SN deployment pattern 

when the communication radius and the sensing radius are of arbitrary relation. In the 

case where sc rr 3≤  a deployment pattern similar to that of [49, 50] is advocated, 

namely, multiple rows of connected strips of sensors plus one column of sensors. In the 

case where sc rr 3> , the paper proposes sensors be deployed in a equilateral triangular 

grid.  This paper also proposes deployment strategies to cope with obstacles and 

boundaries, which are often encountered in an indoor environment. The research in [51] 

extends the results of [33] and shows that the strip-based deployment pattern is not only 

near-optimal but asymptotically optimal for achieving both full coverage and 

connectivity. Moreover, its optimality holds not only for 1/ =sc rr but for all 3/ <sc rr . 

Further, the paper devises an optimal sensor deployment to achieve coverage and 2-

connectivity by adding an additional vertical strip to the deployment. The asymptotic 

optimality of the deployment pattern is proven for all values of sc rr / . However, SNs 
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deployed in a strip pattern to enable the network connectivity in all deployment designs 

become performance bottleneck in terms of data transmission capacity and system 

lifetime.  

 

In [52], Biagioni et al. evaluate the number of sensors needed to satisfy the requirements 

of sensing coverage and communication connectivity for several regular grid based 

sensor deployments, including a square grid, an equilateral triangle grid, and a hexagonal 

grid in a 2-dimensional region; they even analyze deployment, paired deployment, and 

in-line deployment for a 1-dimensinal region.  

 

SN deployment is examined from a lifetime perspective in [53] and [54]. Uniform SN 

deployment results in a short system lifetime as SNs close to the BS usually consume 

more energy to relay traffic than those far away. In both studies, the objective is to 

optimize the random deployment density function so that SNs are dissipated of energy at 

the same rate across the network.  In both studies, the basic idea is to cut the sensing field 

into a finite number of levels based on the distance to the BS. Inside each level, SNs 

share the traffic load from those SNs which are further away. Therefore, a density 

function can be determined for each level of the sensing field.  However, the increasing 

density of SNs towards the BS, which is devised to balance the energy consumption rate 

over the network, is naturally non-optimal from a coverage perspective.  

 

The static SN deployment proposals discussed in this section are summarized in Table 

2.1. 
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Table 2.1 Static SN deployment proposals in the literature 

 

Ref. Deployment Node 
type Objective Constraints 

[39] Deterministic SN Min. number of SNs Sensing coverage 
[41, 42] Deterministic SN Max. sensing quality Given SNs 
[43] Deterministic SN Min. com. energy 

consumption 
A distortion bound and 
given SNs 

[44] Deterministic SN Max. coverage area System lifetime, given SNs 
[25] Random SN Min. number of SNs Localization coverage 
[2] Grid-based with 

errors 
SN Min. number of SNs Coverage  

[31]-1 Deterministic SN Min. cost of SNs Grid coverage quality 
(deg.)  

[31]-2 Deterministic SN Min. number of SNs Grid coverage quality (loc.) 
[46] Deterministic SN Max. grid coverage 

quality (loc.) 
Given SNs 

[47, 48] Deterministic SN Min. number of SNs Grid coverage 
[30]-1 Deterministic SN Min. number of SNs Crossing coverage 
[30]-2 Random SN Min. density of SNs Crossing coverage with 

high probability 
[49] Deterministic SN Min. number of SNs Coverage and connectivity  
[50] Deterministic SN Min. number of SNs Coverage and connectivity  
[33] Deterministic SN Min. number of SNs Coverage and connectivity  
[51] Deterministic SN Min. number of SNs Coverage and connectivity  

Coverage and 2-
connectivity 

[52] Grid-based SN Min. number of SNs Coverage and connectivity  
[53] Random SN Max. lifetime Given number of SNs 
[54] Random SN Max. lifetime Given number of SNs 

 

Our proposed research is different from the static SN deployment proposals discussed 

above in several aspects.  First, most deployment strategies or design algorithms assume 

that SNs can be deliberately placed on specific locations. This is infeasible or very 

expensive in terms of labor cost, especially for large-scale applications. Some research 

advocates random SN deployment for large-scale WSN applications for reasons of its 

simplicity and scalability. However, the underlying assumption that the deployment is 

completely random neglects human efforts to control sensor placement during 

deployment and is often overly pessimistic [2]. In this thesis, we study grid-based 
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deployment for large-scale WSN applications. In contrast to the grid-based deployment 

studied in [52], our study takes deployment errors into consideration; namely, SNs are 

dispersed randomly around their target vertices. This is a very common issue with a 

large-scale deployment. While research in [2] considers the deployment errors with grid-

based deployment, the study is specific to small-scale deployment scenarios and errors 

are modeled by the normal distribution. Our research aims at large-scale deployment 

scenarios and a variety of deployment error distributions.  

 

Second, our study on SN deployment is only concerned with sensing coverage, and we 

leave the issues of network connectivity and system lifetime to RN deployment, which is 

discussed in the next section. Efforts to deploy identical SNs in terms of sensing 

coverage, connectivity, and/or lifetime are problematic. For example, the strip-pattern 

deployment of SNs in [33, 49-51] is a bottleneck of the WSN in terms of network 

capacity and lifetime, whereas the deployments proposed in [53, 54] that maximize 

lifetime are non-optimal from a sensing coverage perspective. Often it the literature, a 

heterogeneous network splits the tasks of ensuring coverage and connectivity between 

SNs and RNs. We present several RN deployment proposals in the following section. 

 

2.2.2.  Relay Node Deployment 

Given the number and locations of SNs, the main goal of RN deployment is to establish a 

communication backbone to facilitate effective data transmission from SNs to the BS 

throughout the required network lifetime. As such, the first concern of RN deployment is 

connectivity, such that all SNs are connected to the BS via RNs. For some applications, 
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enhanced fault-tolerance through multiple connections is required. Another important 

aspect of the problem is energy efficiency and lifetime extension. Generally speaking, the 

closer two communication devices are to each other, the less energy is consumed for data 

transmission. Both SNs and the communication backbone formed by RNs should be 

considered with respect to the lifetime concern so that the system functions for a given 

lifetime. The exact form of the problem varies based on the combination of the 

optimization objective and the design constraints, including the communication ranges of 

RNs and SNs, the transmission power control capability, the network architecture, 

whether deployment is random or deterministic, and numerous other factors. 

 

In [55], Wang et al. attempt to find locations for a minimum number of RNs so that each 

SN can reach at least one RN in one hop (SNs lifetime is ensured by limiting their 

transmission range). By limiting the candidate locations of RNs to the so-called densest 

regions, the search space of optimal locations is largely reduced. The problem is then 

modeled by a minimum set covering problem, which is generally known to be NP-

complete. A recursive algorithm is proposed to solve the problem optimally. The 

practical computational complexity of the proposed algorithm is much less than 

exhaustive search in most real-world design cases. Following a divide-and-conquer 

strategy, the overall minimum set covering problem is split into a series of minimum set 

covering problems of smaller size. Other optimal and suboptimal greedy algorithms to 

solve the minimum set covering problem can be found in [56]. 
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Other studies consider the end-to-end connectivity of SNs. In [57], Cheng et al. aim to 

deploy a minimum number of RNs in order to establish connectivity among SNs, where 

the transmission range of SNs and RNs is the same. The problem is formulated as an NP-

hard optimization problem named the Steiner Minimum Tree with Minimum number of 

Steiner Points and Bounded Edge Length (SMT-MSPBEL). Two approximate algorithms 

are proposed to solve the problem. Both algorithms give results within a constant factor 

of the optimal. Lloyd et al. extend the research by assuming that relay sensors have 

longer transmission ranges than SNs and allowing both SNs and RNs to act as forwarders 

on a routing path. Based on finding the minimum spanning tree, an approximate 

algorithm is developed, which requires at most 7 times of the minimum number of RNs. 

 

Some work considers higher degrees of connectivity. In [58], Hao et al. attempt to 

minimize the number of RNs such that each SN can communicate with at least two RNs 

and the network of the RNs is 2-connected. The problem is called 2-Connected RN 

Double Cover (2CRNDC), which is shown to be NP-hard. A polynomial time 

approximation algorithm is proposed. This research is limited to the case where the 

transmission radius of RNs is no less than twice that of the SNs.  

 

In [59], Tang et al. address two RN deployment problems, namely, Connected RN Single 

Cover (CRNSC) and 2CRNDC as above. Two polynomial time approximate algorithms 

are proposed for each problem and their complexities are analyzed. The basic idea of 

these algorithms is as follows. The sensing field is partitioned into cells and the algorithm 

first determines a minimum number of RNs in each cell so that every SN is connected to 
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some RN. The algorithm then adds additional RNs to ensure connectivity between all of 

the RNs. In this research, the communication radius of RNs is assumed to be no less than 

four times that of SNs. 

 

In [60], Lloyd et al. address a generalized form of the CRNDC problem by assuming the 

transmission range of RNs is greater than that of SNs. The paper solves the problem by 

proposing a general framework combining an approximate algorithm for the minimum 

geometric disk cover problem and an approximate algorithm for the SMT-MSPBEL 

problem.  

 

In [61], Bredin et al. extend the research above by considering K-path connectivity 

between all nodes in a homogenous network. They show that the problem is NP-hard and 

propose an algorithm that places an almost-minimum number of additional sensors to 

augment an existing network into a K-connected network, for any desired K. The 

algorithm’s result is proven to be within a constant factor of the absolute minimum.  

 

In [62], Han et al. attempt to minimize the number of RNs necessary to provide K-

connectivity to SNs in a heterogeneous network. Two different levels of K-connectivity 

are considered. The first one, called full fault-tolerance RN placement, aims at 

establishing K vertex-disjoint paths between every pair of sensor and/or RNs. The second 

one, called partial fault-tolerance RN placement, aims at establishing K vertex-disjoint 

paths only between every pair of SNs. Due to the different transmission radii of SNs and 

RNs, these problems are further complicated by the existence of asymmetric 
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communication links between neighboring nodes, resulting in one-way and two-way 

paths, in which communication can occur in one direction, but not in the other. The paper 

develops approximate algorithms for both problems which are then further extended to d-

dimension (d>2) networks.  

 

The literature reviewed above only considers the connectivity of the network. However, 

the limited, fixed energy supply of the devices makes the lifetime of the system a 

significant concern.  As such, RNs can only relay a limited amount of traffic within a 

confined range.  The next several paragraphs outline papers [32, 63-67] that address the 

lifetime-oriented RN deployment problem.  

 

In [63], Oyman et al. attempt to guarantee a required lifetime for SNs while placing a 

minimum number of RNs. In this study, they consider that disjoint groups of SNs form 

clusters around RNs using the K-means algorithm. To find the minimum number of RNs 

and their locations, an iterative algorithm is devised. In each iteration, the maximum 

system lifetime is estimated for different numbers of RNs, starting from 1 and 

incrementing by 1 at each step, finding the optimal locations for the RNs at each step. 

The algorithm ends at the first iteration which ensures the required sysem lifetime. 

 

A two-phase RN placement approach is proposed in [64, 65] to address RN placement 

when concerned with the lifetime of the communication backbone formed by the RNs. In 

the first phase, a minimum number of RNs are strategically placed with the aim of 

providing connectivity support to the SNs. In the second phase, RNs are added to provide 
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a complete relay path for each existing RN. In both phases, the energy limitation of RNs 

must be considered. The RN placement in the first phase is similar to the problem 

described in [55]. However, due to the energy limitation on RNs, the amount of traffic 

that an RN can handle is also limited. The criteria for candidate RN placement locations 

are modified to accommodate energy constraints. Then the minimum set covering model 

is applicable to solve the First Phase RN (FPRN) placement problem. After the first 

phase placement, each SN has been assigned an FPRN to forward its traffic. More RNs 

are needed so that every FPRN is able to find the neighbour(s) via which its traffic is 

relayed to the BS. In the literature, the Second Phase RN (SPRN) placement problem has 

been formulated using several different constraints [32, 64, 66, 67].   

 

In [32], Hou et al. formulate a combined RN placement and energy provisioning problem 

as follows. Given the placement, traffic load and initial energy of the FPRNs, how can 

one allocate an additional energy budget E at M locations (which can be either at existing 

FPRNs or newly added SPRNs) such that the system lifetime is maximized? Implicitly 

assuming RNs are able to control their transmission energy, the authors of [32] first 

model this problem as a mixed-integer non-linear programming (MINLP) problem, 

which is known to be NP-hard. For such a MINLP problem, a heuristic algorithm called 

Smart Pairing and Intelligent Disc Search (SPINDS) is proposed, which can produce a 

satisfactory solution in polynomial time. However, in order to make use of SPINDS, it is 

presumed that the total energy can be partitioned arbitrarily. In practice, a discretely 

quantized energy supply is more feasible (e.g.,, a discrete number of battery units are 

used). In such cases, the SPINDS scheme should be modified. A similar problem is 
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addressed by Iranli et al. in [66], except that FPRNs are replaced by SNs and SPRNs are 

replaced by RNs. Optimal and heuristic methods are devised to solve the problem in the 

cases of one dimensional and two dimensional networks respectively. 

 

In [64, 67], Wang et al. formulate a complementary problem to that in [32]. That is, given 

the placement, traffic load and initial energy of the FPRNs, determine the number and 

positions of the SPRNs such that the total additional device cost is minimized while 

keeping the system lifetime above a pre-set threshold and ensuring that each RN has at 

least one feasible path to deliver its traffic to the BS.  Depending on whether or not RNs 

are able to adapt their transmission power, the problem has two variants, which are 

treated in the references [63] and [66].    

 

In [64], the scenario where RNs can only transmit at a fixed transmission power is 

considered. Under such a condition, an RN can only reach other RNs within its fixed 

transmission range. Moreover, when the initial energy and the transmission range of an 

RN are known, the traffic rate it can handle (receive and transmit) can be calculated, 

which is defined as the capacity of the RN. The lifetime of an RN is guaranteed as long 

as this capacity limitation is respected in the design. Differing in how an RN distributes 

its traffic to its neighboring nodes and how a new node is placed, two heuristic algorithms 

are presented, namely, the Nearest-To-BS-First (NTBF) and Best-Effort-Relaying (BER) 

algorithms. With NTBF, if the traffic load of an RN does not exceed the total residual 

capacity of its adjacent neighbors which are closer to the BS, its traffic load will be 

distributed to its neighbors by first filling up the capacity of the node nearest to the BS, 
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then of the node next nearest to the BS, and so on. If the existing neighbors cannot  relay 

all of its traffic load, a new RN is introduced as its next hop relay, which is placed on the 

line joining the RN and the BS, at a point as close to the BS as possible.  

 

In [67], a complementary scenario in which RNs can adjust their transmission power is 

addressed. In such a case, an RN is able to use the minimum transmission power 

necessary to reach its intended next hop RN. Compared with a fixed transmission power, 

the variable transmission power leads to better energy efficiency. For an RN with a 

limited energy supply, the total traffic it can handle is determined by its actual 

transmission range. In other words, an RN is allowed to transmit over a long distance if 

its traffic amount is small while an RN can only transmit over a small distance when its 

traffic amount is large. In [67], using the optimal transmission distance in terms of 

minimizing the total energy consumption from a source to the destination [68], a 

collaborative placement with a locally optimal traffic allocation (CPLOAD) scheme is 

proposed. It has three major components: (1) locally optimal allocation decisions, by 

which an RN will maximally use its energy resources to forward as much traffic as 

possible as close as possible to the BS; (2) new RN placement, which ensures that an RN 

can use up its energy supply to forward the traffic as close as possible to the BS; and (3) 

redundancy elimination, by which unnecessary RNs are deleted.   

 

While the work above considers deterministic deployment, other research attempts to 

optimize random RN deployment, which is dictated by the deployment density function, 

in order to extend the network lifetime. In [69], Xin et al. formulate the density function 
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optimization problem with and without transmission power control. The key idea is to 

approximate the traffic load on nodes at a distance d from the sink by the traffic 

accumulation of all nodes which are further away. Then an appropriate deployment 

density is derived to reflect the traffic load characteristics (and therefore the energy 

consumption rate).  

 

The static RN deployment proposals discussed in this section are summarized in Table 

2.2. 

 Table 2.2 The static RN deployment proposals in the literature 
 

Ref. Deployment Node 
type Objective Constraints 

[55] Deterministic RN Min. number of RNs Connectivity 
[57] Deterministic SN Min. number of SNs Connectivity 
[58] Deterministic RN Min. number of RNs 2-connectivity 
[59] Deterministic RN Min. number of RNs 1-connectivity and 2-

connecitivity 
[60] Deterministic RN Min. number of RNs Connectivity 
[61] Deterministic SN/RN Min. number of SNs K-connectivity 
[62] Deterministic RN Min. number of RNs K-connectivity 
[63] Deterministic RN Min. number of RNs Lifetime of SNs 
[64] Deterministic RN Min. number of RNs Lifetime 
[65] Deterministic RN Min. number of RNs Lifetime 
[32] Deterministic RN Max. lifetime Total power budget 
[66] Deterministic RN Max. lifetime Given energy budget 
[67] Deterministic RN Min. number of RNs Lifetime 
[69] Random RN Max. lifetime Given number of nodes 

 
 

Our research is different from the RN deployment proposals discussed above in several 

aspects. Most of the research above ([69] excepted) studies the deterministic RN 

deployment problem. Our research interest is random RN deployment, which is dictated 

by a deployment density function and is applicable to large-scale deployment practice. 

By adopting a hierarchical architecture composed of two types of devices, RNs only need 
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to provide connectivity for a given lifetime period. Our research has the same goal as 

[69]. However, our research takes different approaches to approximate the traffic volume 

and therefore the energy consumption rate. Moreover, the research in [69] assumes RNs 

can adjust their transmission power. However, such an adjustment is based on knowledge 

of other nodes’ locations, which is expensive to obtain in some cases. Our research 

achieves better applicability by avoiding this assumption. 

 

2.2.3.   BS Deployment  

The typical objectives of the BS placement problem are maximizing the overall network 

lifetime, minimizing the longest data path, and achieving the maximal data rate. Given 

the number of SNs and/or RNs, their locations, and their onboard energy supply, the 

location(s) of the BS(s) is optimized using techniques like (integer) linear programming, 

network flow and computational geometry. However, these optimization problems are 

generally difficult, known to be NP-complete [70]. Only very special cases have been 

investigated for optimal solutions, including single-hop communication between SNs and 

the BS [71]. In other cases, heuristic algorithms [72] and approximation algorithms [39, 

70, 73] have been proposed in the literature. Note that some techniques for RN 

deployment are applicable to BS deployment, such as those discussed in [63]. 

 

In [74], Maulin et al. examine the optimal placement of SNs, RNs, and BSs in terms of 

sensing coverage, connectivity, and bandwidth. Four integer linear programming 

problems are formulated for four different objectives, namely, minimizing the number of 

SNs to achieve coverage, minimizing the overall device cost, maximizing the network 
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lifetime, and maximizing the network utilization. Public domain solvers are used to solve 

these optimization problems.  

 

In [70], Bogdanov et al. show that the placement problem of multiple BSs so as to 

maximize network capacity is NP-hard. The paper shows how to compute the maximum 

rate for a fixed layout of BSs by a reduction to the maximum flow problem. An optimal 

solution is solved for the special case of regular grid networks. 

 

In [39], Efrat el al. develop a (1-ε ), where 10 << ε , approximation algorithm for BS 

placement. Using this algorithm, the network lifetime is guaranteed to be not less than (1-

ε ) times the maximum network lifetime possible. In [73], Hou et al. address the same 

problem by devising a four step procedure to design (1-ε ) approximation algorithms. 

The paper proposes a general framework to transform the infinite search space to a finite-

element search space with a performance guarantee. This procedure is then applied to 

solve the problem raised in [39], i.e., maximizing the network lifetime by devising the 

location for the BS and an associated transmission arrangement. The proposed method 

significantly reduces the computational complexity compared to the algorithm in [39]. 

The method has also been adopted to solve another optimal BS placement problem, 

namely, maximizing the weighted network capacity with the constraint of a required 

lifetime.   

 

In [71, 75], Pan et al. attempt to optimize the locations of BSs algorithmically so as to 

achieve maximum network lifetime. Assuming the positions of the underlying SNs and 
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RNs are known and RNs transmit their traffic to a BS directly without inter-RN relaying, 

authors first develop geometric algorithms for a simple case where the initial energies of 

RNs are proportional to their average bit-stream rate (i.e. bit rate) in [75]. A more generic 

problem was investigated where the initial energy of RNs is not proportional to their 

average bit rate [71]. Upper and lower bounds of maximal network lifetime are derived as 

well.  

 

The static BS deployment proposals discussed in this section are summarized in Table 

2.3. Our approach does not address the BS deployment problem. 

  

Table 2.3 The static BS deployment proposals in the literature 
 

Ref. Deployment Node 
type Objective Constraints 

[74] Deterministic SN, 
RN, 
BS 

Min. SNs 
Min. device cost 
Max. lifetime 
Max. utilization. 

Coverage 
Coverage and node capacity 
Given nodes and coverage 
Given nodes 

[70] Deterministic BS Max. data rate Energy consumption rate on 
sensors 

[39] Deterministic BS Max. lifetime Traffic and initial energy 
[73]-1 Deterministic BS Max. lifetime  Traffic and initial energy 
[73]-2 Deterministic BS Max. weight capacity Lifetime 
[75] Deterministic BS Max. lifetime Given devices & initial energy 
[71] Deterministic BS Max. lifetime Given devices & initial energy 

 

2.3.  Dynamic deployment 

The proposals described above compute the specific locations or the deployment 

densities for devices in a WSN. Once devices are placed, they remain at the same 

positions during the course of their lifetime. In contrast, some proposals have advocated 

repositioning devices dynamically in order to boost the system performance either 
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immediately after devices are deployed or when the system performance degrades after a 

period of network operation. The dynamic repositioning of devices is an effective 

approach to addressing changing dynamics during the operation of WSNs, such as traffic 

patterns, load variations, failure of devices due to energy depletion or random device 

damage by the environment.  

 

The most common performance metrics of the repositioning algorithms are energy 

consumption, total travel distance, travel time, communication/computation cost, and 

convergence rate. Repositioning devices in WSNs may involve SNs, RNs, or even BSs. 

 

2.3.1.  Repositioning SNs 

The typical goals of repositioning SNs are enhancing sensing coverage, improving the 

network capacity, or extending the system lifetime. 

 

In [76], Zou et al. propose a virtual force algorithm (VFA) as an SN repositioning 

strategy to enhance the sensing coverage after an initial random placement of sensors. For 

a given number of sensors, the VFA algorithm attempts to maximize sensing area 

coverage. A judicious combination of attractive and repulsive forces is used to determine 

virtual motion paths and the rate of movement for randomly placed sensors. Once the 

most effective sensor positions, which enhance sensing coverage and incorporate the 

energy dissipation for future operation, are identified, a one-time movement is carried 

out, i.e., the sensors are redeployed to these positions.  
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In [77], Wang et al. attempt to maximize area coverage with a minimal overhead in terms 

of travel distance, transient time during which nodes are moving and inter-sensor 

message traffic. Each SN assesses the coverage in its vicinity after deployment and 

decides whether it should be moved to boost the coverage. Three methods are proposed 

and evaluated, namely, Vector-based, Voronoi-based and Minimax. The main idea of the 

Vector-based method is borrowed from electromagnetics where close particles are subject 

to a repelling force to keep them apart. In the context of WSNs, virtual forces are applied 

to an SN by its neighbours. In contrast, Voronoi-based and Minimax are pull-based 

algorithms by which SNs “pull” other SNs to their local maximum coverage holes. 

 

In [78], Wang et al. design a bidding protocol for deploying a mix of static and mobile 

sensors. The movement of mobile sensors is conducted round by round. Each round is 

composed of three phases: service advertisement, bidding, and serving. Mobile sensors 

broadcast their base prices and locations in the service advertisement phase. Static 

sensors detect coverage holes and send bidding messages to the closest mobile sensors in 

the bidding phase. In the serving phase, mobile sensors choose the highest bid. Although 

the bidding protocol can be used to achieve high coverage, sensors may move in a zig-

zag pattern and waste significant energy compared with a solution which would simply 

move the sensors directly to their final locations.  

 

In order to eliminate this energy waste due to the zig-zag movement, in [79] Wang et al. 

improve their earlier work by proposing a proxy-based movement algorithm.  Instead of 

moving iteratively, sensors calculate their target locations based on a distributed iterative 
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algorithm, move virtually, and exchange new virtual locations with their new virtual 

neighbors. Actual movement only occurs when sensors determine their final locations. In 

this way, the proposed protocol can significantly reduce the energy consumption. 

 

In [80], Wu et. al propose a Scan-based Movement-Assisted sensoR deploymenT method 

(SMART) that uses scan and dimension exchange to achieve a balanced distribution of 

sensors across the sensing field, which is divided into identical cells. The objective of 

sensor movement is to ensure that each cell has the same number of sensors inside. 

 

2.3.2.   Repositioning RNs/BS 

The main goal of repositioning RNs and/or BSs is to extend the system lifetime and 

enhance the timeliness of delay-constrained traffic.  

 

In [72], in order to improve system performance in terms of lifetime, energy 

consumption, throughput, and transmission delay, Younis et al. present a heuristic search 

solution to relocating the BS. To find the best potential BS location, the product of traffic 

density and transmission power is used as the metric to decide when and where to 

relocate the BS. Reference [81] adopts a similar idea by moving the BS to the most 

heavily loaded SN. 

 

In [82], Gandham et al. propose applying multiple and mobile BSs to prolong the system 

lifetime. The operation of the network is conducted in rounds. At the beginning of each 

round, the new locations of multiple mobile BSs are determined so that the maximum 
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energy consumption of SNs is minimized. In each instance, the BS location problem is 

formed as the integer linear programming problem.  

 

The dynamic node repositioning proposals discussed in this section are summarized in 

Table 2.4. 

 Table 2.4 The dynamic node repositioning proposals in the literature 
 

 

 

 

 

 

 

 

 

 

In general, repositioning devices is expensive, both in terms of hardware cost and energy 

consumption. A typical small experimental locomotive component costs 100-300 

Canadian dollars each. As a compare, a non-mobile Mica series device [8] costs no more 

than 400 dollars. It is reasonable to expect a much higher expense for real deployment in 

a practical system. In addition to purchase cost, the energy cost to operate the locomotive 

device is high, and the feasibility and reliability of moving a device on unknown terrain 

to the desired location is extremely difficult to guarantee. In our research, we do not 

consider dynamic positioning of devices. 

Paper Node 
type Objective Constraints 

[76] SNs Maximize coverage Given SN initial 
deployment 

[77] SNs Maximize coverage Given SN initial 
deployment 

[78] SNs Maximize coverage Given SN initial 
deployment 

[79] SNs Maximize coverage Given SN initial 
deployment 

[80] SNs Balance the coverage Given SN initial 
deployment 

[83] SNs Overcome the coverage 
hole caused by the random 
failure of SNs 

Given SN initial 
deployment 

[72] BSs Maximize lifetime Given SN deployment 
[81] BSs Maximize lifetime Given SN deployment 
[82] BSs Maximize lifetime Given SN deployment 
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2.4.  Motivation 

As presented in this chapter, WSN deployment problems have attracted a lot of research 

interest in recent years. However, some critical problems remain for large-scale WSN 

deployment for two major reasons.  

 

First, the majority of the research has assumed that a device can be placed exactly at a 

point as desired. Such practices generally allow for the optimal construction of an 

application system.  However, it is infeasible or very expensive when a large-scale WSN 

is deployed in an outdoor environment. In some cases, such as a battleground, the 

deployment field is not human-accessible.  

 

Second, much of the research in the literature implicitly or explicitly assumes 

homogeneous WSNs, in which identical wireless SNs are used for both monitoring and 

data transmission. We argue that heterogeneous WSNs are more practical and effective  

than homogeneous WSNs, especially for large-scale applications, in which scalability is 

of paramount importance.  

 

Heterogeneous WSNs can achieve scalability by adopting a clustering hierarchy 

architecture, as illustrated in Figure 2.1. The cluster hierarchical WSN is organized into 

two tiers. The lower tier of the network is composed of SNs, whose major utility is to 

provide sensing coverage that satisfies the requirements of an application. SNs are 

grouped into clusters around RNs. Such clustering schemes can be found in [84, 85]. The 

upper tier of the network consists of RNs, which serve as cluster heads within clusters. 
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RNs also form the data communication backbone for wireless SNs to report their data to 

the base station for data processing. Moreover, a clustering hierarchy can easily facilitate 

data aggregation. A cluster head can conduct data aggregation on data received from its 

cluster member nodes. The aggregation diminishes redundant information from multiple 

nodes and reduces network traffic, which can lead to a significant reduction of both 

communication energy costs [86-88], and the possibility of network congestion [89]. 

 

 

                                                                                                        

 

 

 

                                                                                                       

 

 

 

Figure 2.1 An illustration of clustered hierarchical WSNs 
 

While it is possible to adopt the layered clustering architecture in a homogeneous WSN  

[90-94], such a system is either of insufficient capacity and performance, or subject to a 

very high cost.  In contrast, if devices are specialized for their tasks, different devices can 

be chosen to meet the differing requirements, inherently imposed by the clustering 

hierarchy. The best combination of devices gives application solutions in a cost-effective 

manner, as observed in [95-97].  

Base Station 

Base Station 

Sensor Node Relay Node 

Lower Tier 

Upper Tier 



Chapter 2.  RELATED WORKS AND MOTIVATION                                                                                                                             

 55 

 

Moreover, from a device deployment perspective, heterogeneous WSNs allow for better 

network design and encourage design reuse. When a design is constructed for a 

homogeneous WSN, optimization of one metric often leads to degraded performance in 

terms of other metrics due to the inherent tradeoffs between metrics. For example, if one 

chooses to maximize sensing coverage by evenly spreading wireless SNs across the 

sensing field, the network will certainly suffer from the unbalanced energy consumption 

problem, as discussed in [98]. On the other hand, if one chooses to put more SNs close to 

the base station in order to extend the network lifetime, the sensing coverage quality will 

surely degrade with the distance from the base station. A two-tier heterogeneous WSN 

conceptually assigns different functionalities to different components of the network. 

Based on this functionality requirement, one can optimize the design of the lower tier for 

sensing coverage and optimize the design of the second tier for data communication. In 

this way, a design optimization conducted for one functionality will have fewer negative 

impacts on other functionalities. In fact, by decomposing the network into two logical 

tiers, the optimization can be done separately. This will encourage design reuse. 

 

It is worth noting that the recent development of a variety of WSN platforms/devices 

makes heterogeneous WSNs feasible in practice. Examples of lower-tier SNs include 

MICA2 nodes from Crossbow [8], Tmote devices from Moteiv [9], etc., while examples 

of upper-tier RNs include STARGATE devices from Crossbow [8], motes from Intel 

[99], TC2001P from Zeevo [100], etc.  
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In this thesis, we aim at addressing the device deployment problem within a context of 

heterogeneous clustered hierarchical WSNs.  

 

We will first examine grid-based SN deployment concerned with sensing area coverage 

with deployment errors considered. In particular, we are interested in optimizing the 

deployment parameters, such as the distance between SNs, so that satisfactory sensing 

coverage is achieved with a minimum number of SNs. This represents a major advance 

beyond previous research on grid-based deployment in [52], where deployment errors 

were not considered. 

 

We will also optimize the random RN deployment density function in order to provide 

connectivity to SNs and have the network operate for as long as possible. Uniform RN 

random deployment is simple but inefficient from an energy perspective due to the biased 

energy consumption rate (BECR) phenomenon, described as follows. Consider a WSN 

composed of uniformly deployed SNs and RNs, and a fixed BS. Assume the traffic is 

uniformly generated over the sensing field and the initial energy is identical on every RN. 

In a single-hop heterogeneous WSN, where all RNs transmit data to the BS in one hop by 

adjusting their transmission power, illustrated in Figure 2.2(a), the RNs which are farther 

away from the BS will deplete energy faster than the RNs closer to the BS due to the 

larger transmission distance. As such, the nodes farther from the BS become unusable 

while a large portion of energy is still left on those close to the BS. In contrast, in a multi-

hop heterogeneous WSN, where RNs adopt a fixed transmission power1 and transmit data 

                                                 
1 If RNs can adjust their transmission power, the BECR problem can be alleviated by efficient traffic 
distribution [175].  
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to the BS via multiple intermediate RNs, illustrated in Figure 2.2(b), RNs closer to the BS 

will consume energy faster than RNs farther away from the BS. This is because traffic  

builds up at RNs closer to the BS as traffic is relayed from far to near RNs. As such, near 

RNs become unusable earlier than those far from the BS.  

 

It is essential to realize that the problem cannot be solved solely based on energy-efficient 

routing protocols. For example, the one-hop neighbors, as a group, will inevitably be 

exhausted sooner than the RNs using them for traffic relay since all traffic has to go 

through that set to the BS no matter which routing protocol is used. To this end, the study 

in this thesis is not coupled to any particular routing scheme. It only assumes that relay 

paths are always formed from far to near RNs to the BS, a property which is generally 

satisfied by most existing routing schemes.  

 

 

 

   

 

                                                                                         

                     

Figure 2.2 BECR Problem in Heterogeneous WSNs 
 

The following chapters will address serveral of the gaps in the literature identified above, 

including the issue of coverage-oriented grid-based sensor node deployment in the face of 

deployment errors and lifetime-oriented random relay node deployment. In the next  

(a) Single-Hop Network (b) Multi-Hop Network 

Relay Node 
Sensor Node 
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chapter, we will first discuss the context of our research of WSN deployment problems in 

detail.  



 

 

 

Chapter 3.   SYSTEM MODELS 

 

We consider hierarchical clustered WSNs composed of heterogeneous devices as 

depicted in Figure 2.1. In this chapter, we discuss the context of our research of WSN 

deployment problems in detail. We first describe the device composition of a WSN and 

how different devices work together to fulfill the joint sensing/monitoring task. We also 

present the sensing model of SNs, which is the key factor in determining sensing 

coverage quality and therefore SN deployment strategies. Moreover, we formulate the 

energy consumption for data communications, a decisive factor in determining system 

lifetime. In a large-scale WSN, the effectiveness of the overall system is little affected by 

the failure of one or a few devices. Therefore, the system lifetime does not end when only 

a few devices are exhausted of their energy. We explore an appropriate cutoff criterion 

for the system lifetime. Finally, as mentioned previously, our research does not assume 

the availability of device location information, and we explore the rationale for 

dispensing with this potentially valuable information.  

 

3.1.  Network Model 

In this section, we discuss the heterogeneous devices in a WSN and how they operate. 

This model assigns different tasks to different devices, with SNs responsible for sensing 

and coverage, and RNs responsible for communication. In particular, we focus on how 
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communication traffic is treated after its generation, as this serves as a key factor in 

evaluating energy consumption. This is essential for optimizing RN deployment to extend 

the system lifetime. We consider that a large-scale heterogeneous WSN on a sensing field 

is composed of three types of devices, SNs, RNs and BSs.  

 

An SN senses the environment, generates data, and transmits the data to an active RN in 

one hop. It has a limited energy supply and a fixed transmission radius S
cr . The 

transmission radius is chosen so that SNs can last for a required lifetime (more details in 

Section 3.3). It has no relaying requirements—or at least traffic relaying is not a routine 

function of an SN—for several reasons. First, relaying traffic demands higher 

computational power and memory to accomplish complex tasks like traffic routing and 

communication security, which leads to higher device cost. Second, forwarding packets 

from other SNs leads to faster energy dissipation. Thus a relay-providing SN will 

inevitably deplete its energy faster than its beneficiary. When the number of hops on a 

relaying path becomes large, this effect is aggravated due to traffic accumulation. 

Without the necessity to relay, the SN can be a much simpler device. One example of an 

SN appropriate for our purposes is the Reduced Function Device (RFD) defined in the 

IEEE802.15.4 standard [101]. 

 

Based on the specific application, traffic is generated on SNs in a time-driven manner 

(periodically) or event-driven manner (sporadically), which is relayed back to the base 

station via RNs. The time-driven data delivery method is suitable for applications that 

require periodic data sampling. Event-driven data reporting can operate in a more energy-
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efficient manner without negatively impacting the performance in some applications. For 

example, in object detection applications, meaningful data are transmitted only when an 

object is detected, which occurs in a sporadic manner. Event-driven data reporting can 

also be used in a condition-based data report scenario, in which the measurement data are 

transmitted only when they satisfy some preset conditions. In either the time-driven or the 

event-driven data transmission case, we assume that traffic is generated at the same long-

term rate across the network.  

 

RNs are dedicated to facilitate data communications without carrying out any monitoring 

functionality. An RN is also energy constrained.  It works as a cluster head (CH) when 

active, grouping the SNs in its proximity into a cluster. It also coordinates and schedules 

MAC layer access within its cluster so that the energy overhead – for example because of 

retransmissions due to collisions—is minimized. After receiving data from its SNs, the 

RN aggregates the traffic. In the case of the single-hop communication model, an RN 

transmits data to the BS directly by adjusting its transmission power in order to avoid 

energy wastage. In case of the multi-hop communication model, an RN transmits data to 

its next hop RNs within its fixed transmission range R
cr , where typically R

cr  is a few 

times larger than S
cr . Note that the communication distance between two nodes are 

usually bounded by the smaller transmission distance, since an immediate 

acknowledgement packet is required from the receiver to the transmitter in a noisy 

communication environment. For example, in Figure 3.1, the SN on the left can not 

communicate with the RN even it is within the transmission radius of the RN. The SN on 

the right can communicate with RN since they are within the transmission radius of each 
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other. The aggregated traffic will not be aggregated again while passing through other 

RNs. We assume the traffic is light compared with the available bandwidth, or the traffic 

is well scheduled so that there is no traffic congestion in the network. 

 

 

 

 

 

 

 

 

Figure 3.1 The communication distance of SNs and RNs. 
 

We assume one BS is fixed somewhere in the sensing field (e.g.,, the corner or center). 

Without loss of generality, the position of the base station is marked as point (0, 0).  

 

3.2.  Sensing Model 

The sensing model is a key factor that affects the SN deployment problem. In this thesis, 

we opt to model the sensing capability of individual SNs without considering cooperative 

signal processing. In particular, we consider the binary sensing disk model. While there 

are other sensing models in literature, such as probabilistic sensing model due to signal 

decay  [23, 102, 103], the binary disk model is by far the most predominant due to its 

simplicity. Although we focus on the case of binary disk model in this thesis,  much of 

our study applies to the probabilistic sensing model with trivial modification. 
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The binary disk model abstracts the sensing capability of an SN by a disk of sensing 

radius. A point is covered if it is within the sensing radius of an SN. Otherwise it is not 

covered at all. 

 

3.3.  Energy Model 

In this section, we discuss how to quantify energy consumption due to data 

communications. This is essential to the RN deployment strategies to be developed in 

chapters 6 and 7. 

 

We adopt an energy model similar to that in [104]. The energy spent by receiving a 

packet of length l, denoted by )(lERX , and transmitting a packet of the same length over a 

distance d, referred by ),( dlETX , are respectively 

βllERX =)( , and                                                                                                            (3.1) 

)(),( 21
m

TX dldlE αα += ,                                                                                               (3.2) 

where β , 1α , ,2α and m are energy-related parameters.                                                      

 

For an SN, the energy is dissipated by both sensing and data communications. We 

assume the energy is well budgeted for both functionalities so that SNs can operate for a 

required lifetime period in respect to sensing. We will address the lifetime issue solely 

from the communication perspective.  
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The rate at which energy is dissipated by an SN for transmitting packets depends on 

transmission radius and the data traffic rate. As we assume that traffic is generated at the 

same long-term rate by SNs across the network and SNs do not relay traffic, one can fix 

the transmission radius of the SN according to (3.2) so that all SNs can last for a required 

lifetime period.  

 

For data collection, the energy consumed by an active RN consists of two parts: the 

energy used for intra-cluster communication and data processing, denoted by Eintra, and 

the energy used for inter-cluster traffic relay, denoted by Einter.  

 

We have assumed that traffic is generated at the same long-term rate across the network.  

On average, an active RN receives n packets from member SNs during a given time 

period. The energy Eintra is composed of three parts; the energy cost of receiving n 

packets of length l, denoted by ERX(l,n); the energy cost of transmitting the aggregated 

packet of length lAG to its next hop RN or the BS over a distance d, denoted by ETX(lAG, d); 

and the energy cost of aggregating n packets of length l, denoted by EAG(l,n). According 

to the energy consumption model above, we have 

βnlnlERX =),(  ,                                                                                                             (3.3) 

)(),( 21
m

AGAGTX dldlE αα += , and                                                                                  (3.4) 

γnlnlEAG =),(  .                                                                                                             (3.5) 

Letting g be the aggregation ratio, the length of the aggregated packet from n packets is 

nglnllAG =),(      .                                                                                                           (3.6) 

Replacing lAG in (3.4) by (3.6), and adding (3.3), (3.4), and (3.5), we have  
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( )nldgcE m
21intra α+=   ,                                                                                                (3.7) 

where )( 11 γαβ ++= gc  

 

On the other hand, the energy spent on inter-cluster relay InterE consists of two parts, 

namely, the energy cost of receiving packets of total length lRelay and transmitting them 

(as they are) over the distance d, resulting in the expression 

relay2inter lcE =     ,                                                                                                             (3.8) 

where )( 212
mdc ααβ ++= . 

Thus, the total energy spent by an active RN is 

relay221)( lcldngnlcdE m
RN ++= α   .                                                                              (3.9) 

In the special case of single-hop communication, 0relay =l , and if variable power RN 

communication is not possible, then the transmission distance is fixed, i.e., R
crd = .  

 

3.4.  Usability and Lifetime Model  

The usability of a WSN is determined by both its sensing coverage and connectivity. 

Connectivity refers to how much of the generated data can be utilized, and can be 

measured by the percentage of SNs that can connect to the BS via RNs. As such, the 

coverage provided by SNs and the connectivity provided by RNs ultimately determine 

the effective coverage. As RNs get drained of energy, the connectivity becomes gradually 

weaker and so does the effective coverage, a process called coverage aging in [89]. In a 

two-tier hierarchical WSN, the network lifetime can be examined independently for the 

two tiers. For the lower tier, it is the time period during which sufficient SNs function to 
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maintain adequate coverage. The number of functioning SNs decreases as some SNs stop 

working due to energy depletion. As we assume that SNs function long enough (Section 

3.2) so that coverage maintains during the course of network operation, the network 

lifetime is limited by the lifetime of the upper tier. As the upper tier is to provide 

connectivity from SNs to the BS, the system lifetime is the time period elapsed before the 

percentage of connected SNs is degraded to a given threshold q. A SN is connected if it 

can find a route to BS through RNs. A similar treatment of network lifetime can be found 

in [71].  

 

It should be noted that the percentage of SNs with connectivity in a newly deployed 

network should not be less than q in order that the network functions. This can be  

achieved by ensuring that the probability that any SN connects to at least one RN is not 

less than a value 0σ , assuming that all RNs are well connected to the BS. This can be 

easily satisfied at the beginning of the network operation.. The relationship between q 

and 0σ  is explained as follows. 

 

If the connection probability of any individual SN is σ , the probability that x out of NSN 

SNs are connected has the binomial distribution with parameter (NSN ,σ ). When σSNN  

and )1( σ−SNN  are big enough, this binomial distribution can be approximated by the 

normal distribution with mean NSNσ  and standard deviation NSNσ(1−σ) .  If we want 

the deployment to satisfy the functionality threshold q with a high probability (say 
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0.9999), the minimum connection probability of any individual SN, denoted by 0σ , can 

be obtained as a function of q.  

 

In the rest of the thesis, the connectivity requirement is specified by the individual node 

connectivity probability 0σ . 

 

3.5.  Other Assumptions 

Some device deployment research has assumed that devices are aware of their location 

information, such as [53, 54, 69]. Generally speaking, a device can make more 

informative decisions in terms of power and topology control if it knows its location and 

that of other key nodes. Device localization can be implemented by either Global 

Positioning System (GPS) receivers or distributed localization algorithms. The first 

choice will significantly increase the system cost. The second choice uses distance or 

angle measurements from a fixed set of reference points or anchor nodes and applies 

multilateration or triangulation techniques to find coordinates of other nodes [106, 107]. 

Distance estimates can be obtained from received signal strength indication (RSSI) or 

time-of-arrival (ToA) measurements. RSSI methods are not very reliable or accurate in 

non-uniform signal propagation environments. ToA methods have better accuracy, but 

may require additional hardware on SNs to determine for a signal that has a slower 

propagation speed than radio, such as ultrasound [108].  

 

As such, our design of device provisioning does not assume the availability of location 

information.   
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We have discussed several key aspects of a WSN, which are essential to our study of 

WSN deployment problems. In the following chapters, we will address the SN and RN 

deployment problems in sequence.   



 

 

 

Chapter 4.   COVERAGE-GUARANTEED GRID-BASED 

SENSOR NODE DEPLOYMENT 

 

Grid-based SN deployment is a practical and efficient coverage-oriented deployment 

approach for moderate to large scale WSN applications due to its simplicity and 

scalability. Previous research has devised grid-based SN deployment in order to provide 

complete sensing (area) coverage in an ideal circumstance where individual SNs are 

placed exactly at the grid vertices. However, in practice, it is often infeasible to guarantee 

exact device placement due to various errors. Placement errors may arise for a number of 

reasons, including natural or man-made obstacles in the terrain, timing errors in the 

deployment device mechanism, errors due to human factors, as well as environmental 

effects. For effectiveness, some deployment exercises may employ a low flying aircraft 

rather than a ground-based transportation tool, in which case these errors would be 

amplified. As explored in Section 4.2, when errors occur, the expected coverage quality, 

such as full coverage, can not be retained anymore. A coverage hole with equilateral 

triangular deployment is illustrated in Figure 4.1. Even though efforts could be made to 

minimize errors, errors are inevitable in many applications.  
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Figure 4.1 The equilateral triangular deployment 
 

To retain the complete sensing area coverage in presence of deployment errors, the grid 

resolution and the number of devices to be deployed should be re-evaluated. In order to 

do so, the causes of the possible deployment errors and their properties are subject to a 

careful study. One should then arrange the SN deployment while taking these errors into 

consideration. To this end, the core contributions of this chapter are two-fold. First, we 

identify two types of deployment errors, namely, misalignment and random errors. We 

explore their impacts on the sensing area coverage. Second, we derive the minimum 

number of SNs required for guaranteed sensing coverage assuming the worst errors are 

bounded. The degree of discrepancy between the ideal deployment and the coverage-

guaranteed deployment is quantified. To our best knowledge, this is the only research 

addressing guaranteed sensing coverage when deployment errors are taken into 

consideration. An abbreviated version of this chapter have appeared in [109]. 

 

The remainder of this chapter is organized as follows. In Section 4.1, the problem of grid-

based deployment for full area sensing coverage is defined. The MaxMin criterion for 

determining sensing area coverage quality is proposed and ideal grid-based deployment is 

(a) An ideal case (When d= sr3 , 
there is no coverage hole.) 

      (b) A coverage hole caused by errors 
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reviewed. In Section 4.2, different placement errors are defined and coverage-guaranteed 

grid-based deployment is studied. In Section 4.3, the properties of both ideal grid 

deployment and robust deployment are summarized and compared. The chapter is 

summarized in Section 4.4.  

 

4.1.  Preliminaries 

In this section, we discuss the issue of sensing coverage in details and define the 

objective of SN deployment in this research. We also propose an efficient computational 

method to determine whether a sensing field is fully covered or not. Lastly, we review 

ideal grid-based deployment.  

 

4.1.1.  Problem Definition 

Recently, some papers have argued that partial sensing area coverage is sufficient in 

practice, as opposed to full sensing area coverage, in some WSN applications. As stated 

in [110], full coverage is either impossible or unnecessary in some applications. This is a 

result due to the combined effect of signal attenuation with distance, limited sensing 

sensitivity and the scale of applications. For example, the magnetic sensor HMC1002 

used by He, et al. in [111] can only sense a small magnet at a distance of approximately 1 

ft and slowly moving passenger cars at a distance of 8-10 ft.  If such magnetic sensors are 

used to detect and track the movement of vehicles on a battleground, it is easy to imagine 

the difficulty of achieving full coverage. Furthermore, an excess deployment might 

seriously deteriorate the stealth character of the system. However, a partial coverage 
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problem can be reformulated as a “full” coverage problem. We explain our rationale in 

two situations. 

 

In some applications, an important metric to measure the quality of partial coverage is the 

maximum distance from an uncovered position to the nearest SN. For example, some 

physical phenomena, such as temperature or air pressure, exhibit close spatial correlation, 

by which a reading at one point is negligibly different from readings in its surrounding 

area. To guarantee sensing fidelity, an application often only requires the distance from 

any uncovered point to its nearest SN to not exceed a certain design value. In such a case, 

the partial coverage problem becomes a full coverage problem by taking the maximum 

distance allowed as the effective sensing radius of a SN. 

 

In other applications, the objects to be detected typically have a considerable size. As 

long as a SN can sense any part of an object, it is considered detected.  Thus, the effective 

full coverage is achieved as long as no uncovered area can accommodate an object. If the 

size of the objects is modeled by a disk of radius objr , as long as a disk of radius objr  at 

any point will intersect with some sensing disk of radius sr , an effective full coverage is 

implied. We introduce the following equivalence condition for effective full coverage. 

 

Lemma 1 (equivalence condition): A sensing field is fully covered by a deployment of 

SNs of sensing radius sr , against an object disk of radius robj ≥ 0, if and only if the 

sensing field is fully covered by the same deployment of SNs with sensing radius '
sr , 

against a disk of radius robj
' ≥ 0, where rs + robj = rs

' + robj
' .  
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Proof: Draw a sensing disk of radius sr  for each SN. If the sensing field is effectively 

covered by SNs of sensing radius sr against a disk of radius 0≥objr , a disk of radius objr  

at any point will intersect with one or more sensing disks. In other words, there is at least 

one SN within the distance rs + robj  of any point in the field. Equivalently, there is at least 

one SN within the distance rs
' + robj

'  from any point. Thus, for the same deployment of 

SNs, a disk of radius '
objr  will intersect with at least one sensing disk of radius '

sr . The  

converse can be similarly proven.                                                                                    □ 

 

Therefore, we call objs rr +  the effective sensing radius. With this effective coverage 

equivalence condition, we can convert a partial coverage problem with sizable objects 

into a full coverage problem with the effective sensing radius. For simplicity, we use sr  

to denote the effective sensing radius in the rest of the chapter. In practice, the effective 

sensing radius could be much larger than the physical sensing radius. 

 

We consider the SN deployment problem as follows. Given an L * L square sensing field 

and an effective sensing radius sr , what is the minimum number of SNs required in order 

to provide full coverage by using the grid-based deployment? We do not consider the 

connectivity explicitly in this chapter. However, it is implied by the full coverage if the 

transmission radius of a SN is not less than twice the sensing radius in a homogeneous 

network [33] or it can be provided by RNs in a heterogeneous network [64]. We will 

further address the connectivity issue in chapter 6 and 7 in detail.  
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4.1.2.  Determining Coverage 

In this part we explore how to effectively determine whether a sensing field is fully 

covered if the positions of SNs are given. Consider an arbitrary deployment of N identical 

SNs, Nsss ,...,, 21  on an LL*  square sensing field A. Let d(x,si) denote the distance from 

a point x to SN is and dmin (x) denote the minimum distance from a point x to a SN, i.e., 

dmin (x) = min
1≤ i≤N

d(x,si) . Let sr  denote the fixed sensing radius of the SNs. If srxd ≤)(min , 

point x is covered by at least one SN. If a point y on the sensing field has the maximum 

minimum distance, i.e., dmax min (y) = max
x ∈A

dmin (x) , and dmax min (y) ≤ rs , the sensing field is 

fully covered. We call dmax min (y)  the MaxMin distance of the sensing field. As such, 

determining whether a sensing field is fully covered is equivalent to finding the MaxMin 

distance on the field and comparing it with sr . 

 

There are an infinite number of points on the sensing field and it would be 

computationally infeasible to calculate the minimum distance of each single point to 

determine if coverage was satisfied. We adopt the Voronoi diagram [112] to solve this 

problem. Figure 4.2 illustrates a Voronoi diagram formed around a group of N SNs, 

s1,s2,...,sN . The Voronoi diagram partitions the 2-D bounded plane set A into a set of 

convex polygons, denoted as p1, p2,..., pN  respectively. For any point in a convex polygon  

Nipi ,...,1, = , the corresponding SN is has the shortest euclidean distance to the point 

among all SNs. We introduce the following property of these convex polygons relevant to 

coverage. 
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Figure 4.2 SN Deployment and Voronoi Diagram. 

  

Lemma 2: If all vertices of the convex polygons formed from the Voronoi diagram 

corresponding to the SNs on the sensing field are covered by at least one SN, the sensing 

field is covered.  

Proof: For any point x inside the convex polygon pi , dmin (x) = d(x,si) , i.e., si is the SN 

closest to x.  Furthermore, on a polygon pi, one of pi’s vertices has farthest distance to si. 

If all ip ’s vertices are covered, the whole polygon is covered. Therefore, the sensing field 

is covered if all vertices of the convex polygons of the Voronoi diagram are covered.                              

□ 

 

It is clear that the MaxMin distance must be associated with one of the vertices. With this 

property, we can determine the sensing coverage by checking a finite number of points 

on the sensing field, which leads to a significant reduction in complexity compared with 

the original problem.  

 

4.1.3.  Equilateral Triangle Grid-Based Deployment 
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There are three types of grid-based deployment corresponding to three regular shapes 

which can tile a plane without holes, namely, hexagon, square and equilateral triangle. 

According to the study in [52], the equilateral triangle grid will require the least number 

of SNs to cover a given sensing field in the ideal case, i.e. no deployment errors. We 

therefore choose to study the enhancement to equilateral triangle grid-based deployment 

in this chapter. However, all methodologies can apply to the other two grids with some 

trivial modifications. As a large-scale WSN is considered in this chapter, we will ignore 

the edge effect2 when discussing deployment strategies in the rest of the chapter. Figure 

4.3 illustrates the equilateral triangle grid deployment and its accompanying Voronoi 

diagram. Each polygon has six vertices and its associated SN has the same distance to all 

of them. To satisfy the coverage requirement, the distance should be no greater than sr . 

This can be satisfied as long as the edge of any triangular tile is no longer than sr3 . 

Ignoring the edge effect, the total number of SNs required to cover an LL*  square 

sensing field is approximately 22 332 srL  (the approximation is due to ignoring the edge 

effect and data rounding). 

 

 

 

 

 

Figure 4.3 Ideal Equilateral Triangle Grid-based Deployment and Voronoi Diagram. 
 
 

                                                 
2 Edge effect refers to the irregularity of the coverage property because of the boundary of the sensing field. If the sensing field is 
relatively large, it is of little importance in terms of the sensing fidelity and the number of SNs required to be deployed. 
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4.2.  Coverage-guaranteed Equilateral Triangle Grid-based Deployment 

Grid-based deployment is conducted by dropping SNs row-by-row using a moving 

carrier. The time interval between consecutive droppings is controlled to achieve the 

desired distance. However, often, this ideal deployment is not realistic due to placement 

errors. As SNs are placed away from the grid vertices, the polygons are distorted and 

some points on the sensing field may not be covered anymore. Previous work has not 

taken these inevitable errors into consideration [52]. Therefore, the deployment 

specifications, such as the distance between SNs and the number of SNs required, are 

either overestimated or underestimated, respectively. We will derive the adjustment of 

the deployment parameters in response to errors and quantify the degree of discrepancy 

between the ideal case and the non-ideal case. We also call the deployment design that 

can guarantee full coverage against errors a robust grid-based deployment. 

 

In this research, we consider two sources of placement errors, namely, misalignment 

(correlated errors) and randomness (independent errors). Misalignment is a result of 

measurement approximations and errors, mechanical errors, human errors, etc.  

Randomness is the result of mechanical errors and environmental variations, such as 

obstacles on the ground. We first derive the robust deployment parameters in response of 

individual errors. We then combine multiple sources of errors and provide a general 

solution to the overall problem. 

 

4.2.1.  Horizontal Misalignment  
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Horizontal misalignment refers to the misplacement of one row of SNs relative to another 

row in the horizontal direction. Figure 4.4 illustrates horizontal misalignment in the case 

of equilateral triangle grid deployment. When a machine drops SNs row-by-row, the first 

SN may be placed at a point which is before or after where the grid specifies. However, 

the distances between consecutive SNs of the same row are as planned in advance. If the 

MaxMin distance on the sensing field is increased, the misalignment results in 

incomplete area coverage. Note that a left misalignment −eh  is equivalent to a right 

misalignment her −  in the sense that they lead to Voronoi polygons of the same shape, 

where r  denotes the desired distance between consecutive SNs. Furthermore, consider 

two right misalignment cases, 01 >he  and 02 >he . They lead to the same Voronoi polygons 

as long as eh
1 mod r( )= eh

2 modr( ). Without loss of generality, we only consider 0 < eh < r. 

 

In Figure 4.4, point 1x  has the MaxMin distance to SNs. When 2/0 reh ≤< , the 

minimum distance from 1x  to SNs is,  

       d(x1) =
r2

4
+

1
3r2 eh

2 +
r2

2
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2

                                                                                      (4.1) 

 

 

 

 

 

 
Figure 4.4 An Illustration of Horizontal Misalignment with Triangular Grid Deployment. 

 

(b) r/2<eh< r

e h

x2
x1

e h

x1

x2

(a) 0<eh<= r/2 
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To ensure coverage, let srxd =)( 1 .  When 0=he , we have r = 3rs; when 2/reh = , we 

have srr
7

74
= . Also, it is easy to prove that r is a decreasing function of he  when 

2/0 reh ≤<  .  

 

When rer h <<2/ , the minimum distance from x1 to SNs is,  

          
2

22
2

2

1 2
2
3

3
1

4
)( ⎟

⎠
⎞

⎜
⎝
⎛ −++= hh rere

r
rxd                                                                 (4.2) 

To ensure coverage, let srxd =)( 1 . When eh = r /2, we have srr
7

74
=  and when reh = , 

we have r = 3rs. Besides, r  is an increasing function of he . Therefore, when a row of 

SNs are horizontally misaligned, the designed distance between SNs should be decreased 

and it should be sr7
74  in the worst case. Therefore, an ideal triangular grid deployment 

(with r = 3rs) is not able to maintain the area coverage. To be resilient to horizontal 

errors in the worst case, the edge length of the grid should be scaled back to sr7
74  from 

sr3 . The total number of SNs required is then approximately 2

2

24
37

sr
L .  

 

4.2.2.  Vertical Misalignment 

Vertical misalignment refers to the misplacement of one row of SNs in the vertical 

direction so that the distance between two rows is inappropriately wide or narrow. Figure 
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4.5 illustrates vertical misalignment in the case of the equilateral triangle grid-based 

deployment. In engineering practice, one can use fixed reference, such as marks on the 

ground, to determine the vertical coordinate of one row, or one can adopt a relative 

reference, such as the preceding row. There is no fundamental difference when 

calculating the worst-case MaxMin distance in these two cases. In this chapter, we 

consider the second case, namely, a row is deployed in reference to its preceding row. 

Vertical misalignment means the distance between two adjacent rows is not as specified. 

Again, the distances between consecutive SNs of the same row are intact. In this chapter, 

we use ve  to denote the vertical error. Ideally, the distance between neighboring rows 

is r
2
3 . If 0

2
3

≤<− ver , the distance between two rows is smaller than planned; if 

0>ve , the distance between two rows is larger than planned.  

 

In Figure 4.5, point 1x  has the MaxMin distance to all SNs: 

  
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++

+
−+= vv

v
v reer

re
erxd 3

232
1

2
3)( 2

2

1

                                                         (4.3) 

 

 

 

 

 

Figure 4.5 An Illustration of Vertical Misalignment with Triangular Grid Deployment. 
 

Letting srxd =)( 1 , we have  

e v e v e v e v

x 1



Chapter 4.  COVERAGE-GUARANTEED GRID-BASED SENSOR NODE DEPLOYMENT                                                               

                                                           81  

    svv
v

v rreer
re

er =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++

+
−+ 3

232
1

2
3 2

2

                                                            (4.4) 

and r is a decreasing function of ve  (technical proof is omitted). To ensure the equation is 

valid, the maximum value of ve  is set to 2rs .  

 

Triangular grid deployments exhibit different resilience to the two kinds of misalignment. 

It is more resilient to the horizontal misalignment than the vertical one. When horizontal 

misalignment occurs, the grid deployment can always guarantee coverage by scaling back 

the designed distances between SNs. However, when vertical misalignment takes place, 

the grid deployment cannot guarantee full coverage if two neighboring rows are separated 

by more than sr2 , no matter how small the designed distance is between SNs. Thus, if we 

can limit the random vertical misalignment to a certain range Vmin,Vmax[ ] , where 

rV
2
3

min −>  and srV 2max < , we can numerically solve for the desired length of the 

deployment grid that guarantees coverage in the worst case, referred to as ( )maxVr , by 

plugging maxVev = into Eq.(4.4). At this length, one needs to deploy  

1

minmax )(
2
3

−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⋅ VVrL  rows. The total number of SNs to be deployed is then 

approximately ( ) 1
max

1

minmax
2 )(

2
3 −

−

⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⋅ VrVVrL . 

 

4.2.3.  Randomness  
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The misalignments discussed above lead to correlated deployment errors. We next 

discuss randomness, which refers to independent deployment errors of individual SNs.  

Randomness is modeled by a random error disk of radius R .  The error disks are 

illustrated by the dashed circles in Figure 4.6. 

 

 

 

 

 

 

Figure 4.6 An Illustration of Random Error. 
 

We can prove that if 1x  is the center of the disk which just contains three adjacent error 

disks (the solid circle in Figure 4.6), then 1x  has the MaxMin distance to SNs in all cases 

and  

   Rrxd +=
3
3)( 1                                                                                                          (4.5) 

Letting srxd =)( 1 , we have  

    ( )Rrr s −= 3                                                                                                              (4.6) 

To ensure the validity of the formula, R should be less than sr . The number of SNs to be 

deployed is 
( )2

2

33
2

Rr
L

s −
. 

 

R

r Rr +
3
3
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4.2.4.  Compound Impacts of Misalignment and Randomness 

In practice, both correlated errors (misalignments), modeled by a rectangle of 

r × Vmax −Vmin( ) and independent errors (randomness), modeled by a disk, are likely to 

happen. By combining the rectangle and the random error disk, we can model the overall 

deployment errors using a rounded corner rectangle as in Figure 4.7. Assume the vertical 

misalignment is bounded by [ ]maxmin ,VV  and the random error is bounded by R. To ensure 

the feasibility of guaranteeing coverage, we require srR <  and srV 2max < . The worst case 

MaxMin distance is the sum of R  and the MaxMin distance only due to compound 

misalignments.  

 

 

 

 

 
Figure 4.7 Model of Compound Impacts of Misalignment and Randomness. 

 

The worst case MaxMin distance due to random error and compound misalignments is 

calculated as follows. If 2/reh ≤ , then 
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Letting d(x1) = rs, we get 
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R

r x (V max -V min )
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and, fixing ev , r  is a decreasing function of eh . If r
2

< eh < r, we have  
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Letting srxd =)( 1 , we have  
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Fixing ev , r  is an increasing function of eh ,  and fixing eh , r  is a decreasing function of 

ev . If the random vertical misalignment is limited to a certain range [ ]maxmin ,VV , where 

rV −>min , srV 2max < , srR < , and srVR <+ 2/max  (to keep Eq. (4.8) and (4.10) valid), full 

coverage is achievable by adjusting the designed distance between SNs. One can 

numerically solve for the length of the deployment grid, denoted by ( )RrVr ,2/,max , by 

plugging maxVev =  and  2/reh =  into either Eq.(4.8) or into Eq.(4.10). At this length, one 

needs to deploy 
minmax 32),2/,(

32
VRrVr

L
+

 rows. The total number of SNs one needs to 

deploy is then given approximately ( ) ( )RrVrVRrVr
L

,2/,32),2/,(3
32

maxminmax

2

⋅+
 . 

 

4.3.  Performance Evaluation 

In this section, we compare the ideal grid-based deployment and robust grid-based 

deployments in terms of the maximum distance between SNs and the minimum number 

of SNs to be deployed to guarantee coverage. The formulas for the numbers of SNs and 

the distances in various deployment cases are listed in Table 4.1. As the general 
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formulations in some cases are not attainable, we solve for them numerically by assigning 

L=200, rs=2, Vmin=-0.2, Vmax=0.4, R=0.3.  

 

We have verified our deployment strategies according to Lemma 1 and we conclude that 

the robust deployment can be achieved by judiciously scaling back the space intervals by 

which SNs are dropped. In the case of compound errors from both misalignments and 

randomness, the number of SNs required to provide total coverage is much larger than 

the number of SNs required in the ideal case.  

 

Table 4.1 Parameters of Grid-based deployment in different circumstances. 
 

 The minimum number of SNs and the distance Numerical 
Results 

Ideal 2L2

3 3rs
2 3rs[ ]* 3850[3.46]* 

Horizontal 
Misalignment 

7 3L2

24rs
2

4 7
7

rs

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥  

5052[3.02] 

Vertical 
Misalignment 

2 3L2

3r(Vmax ) + 2 3Vmin( )⋅ r Vmax( )
r(Vmax)[ ] 4799[3.22] 

Randomness 2L2

3 3 rs − R( )2 3 rs − R( )[ ] 5328[2.95] 

Compound 
Misalignment & 
Randomness 

2 3L2

3r(Vmax,r /2,R) + 2 3Vmin( )⋅ r Vmax,r /2,R( )
r Vmax,r /2,R( )[ ] 9193[2.36] 

    *The formula and number in the square bracket refer to the distances between SNs. 

4.4.  Summary 

In practice, the ideal grid-based deployment is difficult to be implemented and/or is not 

sufficient due to a variety of errors. Our research provides an insightful discussion of 

deployment errors and how they affect coverage properties of the WSN. We further 

propose and analyze the robust grid-based deployment design as a viable approach to 
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overcome such errors, by which the coverage is guaranteed even in the worst case. The 

research in this chapter represents pioneering work on practical grid-based deployment 

and has the potential to significantly advance the theoretically-merited grid-based 

deployment to a more practical stage. Our full-coverage-oriented deployment design can 

also be used to provide quality partial coverage due to the inherent connection between 

full coverage and partial coverage.  



 

 

 

Chapter 5.   COST-EFFECTIVE GRID-BASED SENSOR 

NODE DEPLOYMENT FOR PROBABILISTIC SENSING 

COVERAGE  

 

In Chapter 4, we explored several types of possible deployment errors involved in a 

large-scale WSN deployment and their properties. The coverage-guaranteed SN 

deployment is devised by studying the impacts of these deployment errors and re-

evaluating deployment parameters so that no area is left void even in the presence of 

worst-case errors. However, such a conservative deployment design may be prohibitively 

expensive in terms of the number of additional SNs required, which increases 

dramatically with the magnitude of errors. According to Table 4.1, the numbers of SNs to 

be deployed to cover a square sensing field in the cases of no error and random errors, 

which is modeled by a bounded disk of radius R, are approximately 2L2

3 3rs
2  and 

2L2

3 3 rs − R( )2 , respectively. Numerically, the number of SNs required to be deployed 

increases by 23%, 56% and 178% when R = 0.1rs, R = 0.2rs, and R = 0.4rs, respectively, 

compared to the ideal case of no errors. 
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The cost associated with a coverage-guaranteed SN deployment could unnecessarily 

impede WSN applications in some scenarios. On the other hand, full coverage may not be 

necessary in some applications. In order to curb the cost, one may want to leave the plan 

unchanged if it provides a high percentage of sensing coverage and the application can 

tolerate coverage incompleteness to some extent. Therefore, there is a strong need to 

understand how resilient the coverage of grid-based WSNs is against random deployment 

errors. A general question in this regard is what are the probabilistic properties of the 

sensing coverage area, such as average coverage, variance and probability distribution, 

given the shape and the size of the deployment grid and random error parameters? 

Furthermore, an application engineer needs an efficient method or tool to determine the 

SN deployment parameters, such as the length of grid edges and the number of SNs, such 

that the sensing coverage is met in the most cost-effective manner.   

 

There is a more general form of error-involved grid-based deployment in which multiple 

SNs are to be placed “roughly” at the grid vertices to provide enhanced coverage. This 

situation is studied in [2]. In order to study the performance of deployment designs using 

different grid sizes, the paper proposed a derivative model to evaluate the average 

coverage of the square grid-based deployment, in which random deployment errors 

follow the normal distribution. Based on that, the minimum number of SNs required to 

achieve a given coverage requirement is evaluated. However, the derivative model can 

only be used with errors of the normal distribution. In addition, the study starts by cutting 

the sensing field into a group of cells, whose size is determined so that a cell is covered if 

an SN falls into it. Such an approximation is fairly rough and may lead to a pessimistic 
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evaluation of the coverage quality. Consequently, the evaluated minimum number of SNs 

tends to be greater than necessary. In an extreme case, if the requirement is to achieve 

guaranteed full coverage when the normal random parameter σ  is 0, the minimum 

number of SNs required using the cell approximation is 2 times what is necessary. 

 

For probabilistic coverage, a natural design goal would be to ensure that, in the face of 

random deployment errors, a prespecified proportion, say pc , of the full sensing field is 

actually covered by the sensors with a high level of confidence. For such an objective, it 

is not sufficient that the actual proportion covered, say X , which is a random quantity, 

simply be equal to pc  on average. Rather, one needs to design the deployment so as to 

ensure that P(X ≥ pc ) ≥ η , where 100 ×η  is a prespecified level of confidence, such as 

95%. In order to design such a deployment, a designer needs more than just the mean of 

X  for a given deployment. Ideally, one has the distribution of X , or a good 

approximation to the distribution. 

 

The core contribution of this chapter is a generic approach to analyzing the probabilistic 

properties of the covered area of a WSN deployed in a grid pattern with random errors.  

Specifically, based on a central limit theorem for random fields, we prove that the sensing 

coverage area has approximately a normal distribution. Previously, we have developed 

methods to evaluate the average of the sensing coverage area in [113, 114]. In this 

chapter, we extend the methods therein to generic formulas to efficiently evaluate the two 

parameters of the normal distribution, i.e. the average and variance. The generic approach 

is applicable to all types of grid patterns, a wide range of random error distributions, and 
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different sensing models. To exemplify its usage, the generic approach is applied to a 

practical deployment scenario, namely, the triangular grid-based deployment with 

bounded uniform random errors and a binary disk sensing model. The sensing coverage 

distribution is computed using the normal approximation and verified by Monte-Carlo 

simulation for a range of deployment parameters. The numerical results show that the 

coverage provided by the grid-based SN deployment is resilient against deployment 

errors, which serves as a strong basis for adopting grid-based SN deployment in practice. 

To the best of our knowledge, this is the first research that studies the complete 

probabilistic properties of sensing coverage of a WSN using grid-based deployment. An 

important utility of our research is that we can use our study to address several practical 

deployment planning problems such as: given a deployment grid and the sensing 

capability parameters, what are the limits on the deployment errors such that the WSN is 

able to maintain a given coverage percentage 100 × pc  with a high probability η? Or 

knowing a bound on the random errors and the sensing radius, what is the required 

density of SNs (the grid tile length) that would yield the desired coverage with a high 

probability?  

 

The remainder of this chapter is organized as follows. In Section 5.1, the generic 

approach to evaluating the mean and variance of the covered area for a given deployment 

is proposed and its applicability is examined, and the normality of the covered area is 

proven. In Section 5.2, the generic approach is used to study the coverage properties of 

the triangular grid-based deployment with uniformly distributed random errors and the 

binary disk sensing model. In Section 5.3, numerical results are presented. Based on the 
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numerical results, some practical planning problems of grid-based deployment are 

examined and their solutions are demonstrated. In Section 5.4, a planning method for 

practical SN deployment problems is developed based on the generic analysis tool. 

Finally, the chapter is summarized in Section 5.5.  

 

5.1.   A Generic Approach 

In this section, we first propose a generic approach to deriving the mean and variance of 

the covered area in a grid-based WSN deployment. This approach can be used with any 

type of grid-based deployment, including hexagonal, square and equilateral triangular. To 

make the discussion concise, we will assume the triangular grid-based deployment for the 

rest of the section. However, the discussion in this section can apply to other types of 

grid-based deployment with little modification. We then prove that the sensing coverage 

area of a large-scale WSN with grid-based deployment approximately has the normal 

distribution. 

 

5.1.1.  Derivation of the mean and variance of the covered area 

Suppose a continuous sensing region F composed of M grid triangles is to be sensed by N 

SNs. We derive the mean and variance, respectively, of the sensing coverage area in the 

next two subsections.  

 

5.1.1.1.  The average sensing coverage area 
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The average sensing coverage area of the entire sensing field is the arithmetic sum of the 

average sensing coverage areas of the triangles making up the sensing field. In the 

following, we solve the average sensing coverage area for the ith triangle Δ i . 

 

Let Xi denote the area of Δ i  covered by at least one SN. Then the average of Xi is 

E[Xi] = p(x)
Δ i

∫ dx                                                                                                          (5.1) 

where p(x)  is the probability that the point x is covered by at least one SN. Let 

Am  (m =1,...,N)  denote the event that x is covered by SN Sm  (for convenience, we 

suppress the dependence of Am  on x in the notation).  Then we have 

p(x) = P(A1 ∪ A2 ∪⋅ ⋅ ⋅ ∪ AN ) 

       = P(Am ) − P(Am ∩ An )
m<n∑m=1...N∑ + ⋅ ⋅ ⋅ + (−1)N +1P(A1 ∩ A2 ∩⋅ ⋅ ⋅∩ AN )        (5.2) 

 

We assume that the deployment errors are independent so that the events Am (m =1,...,N) 

are mutually independent. Thus, we have 

p(x) = P(Am ) − P(Am )P(An )
m<n∑m∑ + ⋅ ⋅ ⋅ + (−1)N +1P(A1)P(A2) ⋅ ⋅ ⋅ P(AN )                  (5.3) 

 

Therefore, to evaluate the average coverage of the sensing field, we need to evaluate the 

probability that a point x is covered by the SN Sm , for x ∈ Δ i  and m = 1, … , N, and 

integrate Eq.(5.3) over the triangle as noted by Eq.(5.1). 
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There are two potential sources of complexity with the evaluation as described above. 

The first occurs if the integral in Eq.(5.1) must be evaluated numerically for each triangle 

in the grid and the grid size M is large. However, in typical grid-based deployments, even 

with random errors, a given point x will be sensed with non-negligible probability only 

by those SNs that are closest to the point, while the probability of its being covered by an 

SN not in its local neighborhood may be taken to be negligible or zero. Thus, we note 

that most of the terms in Eq.(5.3) can be safely set to zero, with only the terms involving 

SNs nearby to the point x retained. Moreover, if the errors are identically distributed then 

the integral in Eq.(5.1) will be essentially the same for all triangles in the grid, except 

possibly for edge triangles. In this case the integral in Eq.(5.1) needs to be computed just 

once, or plus at most a few extra times, corresponding to the number of distinct edge 

triangles.  

 

The second potential source of complexity is in computing P(Am )  in Eq.(5.3). In 

principal, we should always be able to compute it numerically with sufficient accuracy as 

a two-dimensional integral over a bounded region. While it is not infeasible to do this 

sufficiently many times so that the integral in Eq.(5.1) can be approximated with 

adequate accuracy, it is nonetheless desirable to have a closed-form expression for 

P(Am ) . If SN Sm  is associated with the grid point (xm , ym ) and x = (u,v), then we have 

P(Am ) = Ps (xs − u)2 + (ys − v)2( )f (xs − xm ,ys − ym )dxsdys
ℜ2

∫∫                                     (5.4) 

where   f (⋅ , ⋅) is the bivariate density of the zero-mean placement error and Ps(z), is the 

probability that an SN will properly sense a point a distance z away from it. Generally, 
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the integrand in Eq.(5.4) will be zero or negligible either everywhere (if the SN at (xs, ys) 

is far from the point (u, v)) or outside of a small bounded region. Several useful models 

are amenable to an explicit closed-form solution for the integral in Eq.(5.4), such as the 

binary disk sensing model with bounded uniform errors. This is to be explored further in 

Section 5.2. 

 

5.1.1.2.  The variance of the sensing coverage area 

The variance of the covered area X of the entire sensing field F can be expressed by the 

variance of the covered area of individual triangles and the covariance of pairs of 

individual triangles as 

VAR(X) = VAR(Xi) + 2 COV (Xi, X j )i, j=1
i< j

N∑i=1

N∑                                                           (5.5) 

where VAR(Xi) is the variance of the covered area of the ith triangle and COV (Xi,X j ) is 

the covariance between Xi  and X j . The evaluations of the variance and the covariance 

are similar. We start from deriving the formula for the variance. VAR(Xi)  can be 

expressed as 

 VAR(Xi) = E[Xi
2] − E[Xi]

2                                                                                           (5.6) 

 

Let I(x) be the indicator function that the point x is covered. Thus we have 

[ ] ⎥⎦
⎤

⎢⎣
⎡

⎥⎦
⎤

⎢⎣
⎡

⎥⎦
⎤

⎢⎣
⎡= ∫∫ ΔΔ ii

dyyIdxxIEXE i )()(2           

⎥⎦
⎤

⎢⎣
⎡= ∫ Δ×Δ

dydxyIxIE
ii

)()(  
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dydxyxP
ii

∫ Δ×Δ
∩= )(                                                                (5.7)              

where P(x ∩ y)  is the probability that both x and y (inside Δ i ) are covered. It is not 

straightforward to evaluate P(x ∩ y), but it can be further expressed as 

P(x ∩ y) = P(x) + P(y) − P(x ∪ y)                                                                                 (5.8) 

where P(x ∪ y) is the probability that either x or y is covered. Let Bm (m =1,...,N) denote 

the event that either x or y is covered by SN Sm  (for convenience, we suppress the 

dependence of Bm  on the point x and y in the notation).  Then we have 

P(x ∪ y) = P(B1 ∪ B2 ∪⋅ ⋅ ⋅ ∪ BN ) 

       = P(Bm ) − P(Bm ∩ Bn )
m<n∑m∑ + ⋅ ⋅ ⋅ + (−1)N +1P(B1 ∩ B2 ∩⋅ ⋅ ⋅∩ BN )     (5.9) 

We assume that the deployment errors are independent so that the events Bm (m =1,...,N) 

are mutually independent. Thus, we have 

P(x ∪ y) = P(Bm ) − P(Bm )P(Bn )
m<n∑m∑ + ⋅ ⋅ ⋅ + (−1)N +1P(B1)P(B2) ⋅ ⋅ ⋅ P(BN )          (5.10) 

Thus, evaluating the probability that x or y is covered is simplified to evaluating the 

probability that an SN Sm (m =1,...,N) covers x or y. 

 

Next, the covariance of two triangles COV (Xi,X j ) can be expressed as 

COV (Xi,X j ) = E[XiX j ]− E[Xi]E[X j ]                                                                       (5.11) 

and we have, 

[ ] ⎥⎦
⎤

⎢⎣
⎡

⎥⎦
⎤

⎢⎣
⎡

⎥⎦
⎤

⎢⎣
⎡= ∫∫ ΔΔ ji

dyyIdxxIEXXE ji )()(           

               dydxyxP
ji

∫ Δ×Δ
∩= )(                                                                                     (5.12)           
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Plugging (5.8)-(5.10) into (5.12), we can obtain the covariance of two triangles. The 

difference is that x and y are in the same triangle Δ i  when evaluating the variance and 

they are in two different triangles Δ i  and Δ j , respectively, when evaluating the 

covariance. 

 

It is more computationally intensive to evaluate the variance than the average. There are a 

number of potential sources of complexity. First, the average has to be obtained in order 

to evaluate the variance and the covariance. The second source of complexity is related to 

the number of the integrals in Eq.(5.7) which are to be evaluated. Similar to the analysis 

on the complexity of evaluating the average, if the deployment errors are identically 

distributed, the integral in Eq.(5.7) will be essentially the same for all inner triangles. 

Thus, the integral in Eq.(5.7) needs to be evaluated at most a few times, depending on the 

number of distinct triangles. The third source of complexity is relevant to the covariance 

of triangle pairs in the grid. Again, due to the local nature of the sensing capability, only 

the triangle pairs which are close to each other will have non-negligible covariance. We 

can therefore safely set many covariance items in Eq.(5.11) to zero. Furthermore, 

ignoring the edge effect, the value of covariance depends only on the distance and the 

orientation of the triangles, and many different pairs of triangles will have the same 

covariance. Thus, the number of instances of evaluating the covariance can be 

significantly reduced. This reduction of complexity will be further demonstrated in the 

next section with examples. The fourth potential source of complexity is with computing 

P(Bi) . In principal, we can obtain a numerical result with sufficient accuracy as a four-
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dimensional integral over a bounded region. Again, one can do this a sufficient number of 

times so that the integrals in Eq.(5.7) and Eq.(5.12) can be approximated with adequate 

accuracy. However, several useful models are amenable to an explicit closed-form 

solution for P(Bm ), such as the binary disk sensing model with bounded uniform errors, 

which we explore further in Section 5.2.  

 

The derivation above does not assume any particular random error distribution, any 

particular grid shape, or the sensing model. As such, the generic expressions in Eqs.(5.1) 

– (5.12) are valid for any random error distributions, including normal, bounded normal, 

general bounded, bounded uniform, etc. It is also straightforward to modify them to work 

with any form of grid shape, including triangular, square, and hexagonal. In such cases, 

one can simply change the integration region accordingly. 

 

5.1.2.  The normality of the covered area 

Since the covered area X of the sensing field F is a sum  X = X1 +K+ XM , where Xi  is 

the area covered in the ith grid tile and M is the number of grid tiles in F, it is natural to 

expect that X is approximately normally distributed by virtue of some version of a central 

limit theorem. But we need to be a little bit careful. For one thing, the Xi ’s are not 

independent in general since Xi  and X j  may be dependent on a common set of sensors, 

especially if tiles i and j are in close proximity. For another, the Xi ’s are not necessarily 

identically distributed, since tiles on the edge of the sensing field may have a different 

coverage distribution than tiles in the interior of the sensing field.  
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The set of random variables   X1,K,XM{ } is a subset of what is known as a random field, 

which means that the indices correspond to spatially distributed points in some 

topological space (in our case the 2-dimensional plane). Central limit theorems for 

random fields have been well studied in the probability literature, dating back at least to 

Rosen [115] and Bulinskii and Zurbenko [116]. In this subsection, we apply a theorem 

due to Takahata [117] which, in addition to implying asymptotic normality, gives an 

estimate on the rate of convergence. Throughout this subsection we assume that the 

deployment error distribution has bounded support and that the sensing range of all 

sensors is bounded. We note that this assumption holds for any physical system although 

mathematically we would like to allow certain unbounded error distributions, such as the 

bivariate normal. However, assuming boundedness greatly simplifies the mathematics, 

while not losing much generality, and so we choose to make the assumption. We first 

introduce some definitions and notation and state Takahata’s theorem, then state and 

prove a corollary which is a weaker version of the theorem in terms of conditions more 

suited to the present context.  We then state and prove a second corollary which gives the 

central limit theorem result for a sequence of increasing sensing fields, which is the case 

of interest for us. The limiting regime here is different than that given in Takahata’s 

theorem, and so the result does require proof. We conclude with some discussion. 

 

Let     Z
d = n1,K,nd( ): ni ∈ Z, i =1,K,d{ } be the d-dimensional integer lattice, where   Z is 

the set of integers. Let   Ya{ }a ∈Zd  be a family of random variables indexed by elements of 
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  Zd . Such a family is called a random field on   Zd . We assume that E Ya[ ]= 0  and 

VAR Ya( )< ∞  for all   a ∈ Zd . Let 
  
ℑ = V ⊂ Zd : V < ∞{ } be the set of all finite subsets of 

  Zd , where V  denotes the number of elements in V . For each nonempty V ∈ ℑ, define 

     S V( )= Ya
a ∈V
∑              (5.13) 

 

When dealing with a family of dependent random variables (such as   Ya{ }a ∈Zd ), one needs 

a measure of the strength of dependence between different subsets of the family in order 

to characterize conditions under which a central limit theorem will be valid. Such 

conditions are referred to as mixing conditions in the literature. However, because of the 

boundedness assumptions, we can avoid the technical definitions of mixing, and instead 

rely on the notion of m-dependence. First, we define a metric on   Zd  by 

     a − b = max
1≤ i≤d

ni − mi ,          (5.14)  

where     a = n1,K,nd( ), b = m1,K,md( )∈ Zd , and for two subsets   V1, V2 ∈ ℑ , the distance 

between V1 and V2  as 

       D V1,  V2( )= min a − b : a ∈ V1,  b ∈ V2{ }.         (5.15) 

We say that the random field   Ya{ }a ∈Zd  is m-dependent if the two sets of random variables 

Ya{ }a ∈V1
 and Yb{ }b ∈V2

 are mutually independent whenever   D V1,  V2( )> m . 

 

With the notion of m-dependent defined, we now turn our attention to stating a central 

limit theorem result for the random field   Ya{ }a ∈Zd  due to Takahata [124]. Let Vn{ }n=1

∞  be 
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a sequence of elements of ℑ  and let Φ ⋅() be the standard normal cumulative distribution 

function; i.e., 

     Φ x( )=
1
2π

e−t 2 / 2dt
−∞

x∫ .           (5.16) 

Define 

     εn x( )= (P S Vn( )/σ Vn( )( )≤ x) − Φ x( ) ,        (5.17) 

where σ Vn( )= VAR S Vn( )( ), and 

     εn = sup
x

εn x( );           (5.18) 

i.e., εn  is the maximum absolute difference between the probability distribution function 

of S Vn( )/σ Vn( )  and that of a standard normal random variable. Then we have the 

following theorem, whose proof can be found in [124]: 

Theorem 5.1 [Takahata, 1983]. Suppose that 

(i)    for some M > 0 , E Ya
8 ≤ M < ∞  for all   a ∈ Zd ; 

(ii) the family   Ya{ }a ∈Zd  is m-dependent for some positive integer m; 

(iii) the sequence Vn{ }n=1

∞  satisfies Vn → ∞ as n → ∞; and 

(iv) liminf
n →∞

VAR S Vn( )( )/Vn > 0 . 

Then εn = O Vn
−1/ 2( ). 

Note that if conditions (i) - (iv) are satisfied, then not only is the distribution function of 

S Vn( )/σ Vn( ) converging pointwise to Φ ⋅() as n → ∞ (i.e., S Vn( )/σ Vn( ) is converging in 

distribution to a standard normal random variable), but also Theorem 5.1 gives an explicit 

rate of convergence.  
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Suppose that sensors are deployed at the vertices of an infinite grid but with deployment 

errors, where all errors are independent and identically distributed, and the sensing 

properties of all sensors are identical. Let the set of grid tile labels be   Zd  with the natural 

correspondence between labels and grid tiles (i.e., label i, j( ) corresponds to the grid tile 

in row i and column j of the grid). Let the sets Vn{ }n=1

∞  be defined as in Theorem 5.1, Xa  

be the area that is covered by sensors in the grid tile with label a, and Ya = Xa − E Xa[ ]. 

With S Vn( )= Ya
a ∈Vn

∑  defined as in Theorem 5.1, we have the following corollary. 

Corollary 5.2. Suppose that 

(i)   the support of the deployment error distribution is bounded; 

(ii) the sensing range is bounded; 

(iii) the sequence Vn{ }n=1

∞  satisfies Vn → ∞ as n → ∞; and 

(iv) liminf
n →∞

VAR S Vn( )( )/Vn > 0 . 

Then εn = O Vn
−1/ 2( ). 

Proof. We check the conditions of Theorem 5.1. Since the grid tile areas are bounded the 

random variables Ya  are all bounded and so condition (i) of Theorem 5.1 is clearly 

satisfied. By boundedness of the error distribution support and the sensing range, there is 

some dmax < ∞  such that Ya  and Yb  are independent whenever the grid tiles with labels a 

and b are more than dmax  away from each other in Euclidean distance. Therefore, it is 

easy to see that the family   Ya{ }a ∈Zd  is m-dependent for m = dmax , and so condition (ii) of 

Theorem 5.1 is satisfied. Conditions (iii) and (iv) of Theorem 5.1 are the same as 

conditions (iii) and (iv) of Corollary 5.2.                 
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For our purposes we wish to consider a sequence of sensing fields Fn{ }n=1

∞  of increasing 

size on the 2-dimensional plane, as opposed to an increasing sequence of subsets Vn{ }n=1

∞  

of a single infinite grid. One must note that Theorem 5.1 or Corollary 5.2 are not directly 

applicable to this situation because in the assumptions of Theorem 5.1 there is one 

underlying random field   Ya{ }a ∈Zd  and so each of the subsets in the sequence 

Ya{ }a ∈Vn
{ }

n=1

∞
 are subsets of the same random field. However, when considering a 

sequence of sensing fields, the distributions of the random variables associated with the 

sensing field grid tiles may change slightly when going from one sensing field to the next 

(by adding a grid tile, for example), since the addition of new sensors potentially affects 

the coverage distributions of some existing grid tiles. In other words, while the sensing 

field Fn  and the subset Vn  refer to the same set of grid tiles, the coverage distributions of 

the tiles in Fn  are affected only by sensors associated with grid vertices in Fn , while the 

coverage distribution of tiles associated with Vn  are potentially affected by any sensors 

that have been placed on the infinite grid. However, only tiles at or close to the edge of 

Vn  get affected by sensors outside the field, and this effect becomes diminishingly small 

as the size of the field grows.  

 

Let us start with the setup in Corollary 5.2. The sensing field Fn  is then the same set of 

indices as the set Vn , but the notation Fn  implies that no sensors have been placed (with 

error) at grid vertices outside the field corresponding to Fn . We say that a grid tile is a 
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boundary grid tile of the sensing field associated with the subset Vn  if there is a positive 

probability that at least one point in the tile can be covered by a sensor whose target grid 

vertex is outside the sensing field associated with Vn . We say that a grid tile is a 

boundary tile of the sensing field Fn  if it is a boundary tile of the sensing field associated 

with Vn . Note that the distribution of the covered area for a non-boundary tile is the same 

whether we are considering the field associated with Fn  or with Vn . Let Xna
'  denote the 

covered area of the grid tile associated with the index a ∈ Fn  and let Yna
' = Xna

' − E Xna
'[ ], 

for   a ∈ Fn; n ≥1. Let S Fn( )= Yna
'

i=1

n

∑  and σ Fn( )= VAR S Fn( )( ). The result that we want 

is for S Fn( )/σ Fn( )→ U  in distribution, where U  is normally random distributed. We 

assume that the conditions of Corollary 5.2 hold, so that S Vn( )/σ Vn( )→ Z  in 

distribution, where Z  is a standard normal random variable. Let Bn  denote the set of 

boundary indices of Vn  (or Fn ). Then we can write S Vn( )= S1 Vn( )+ e Vn( ) , where 

S1 Vn( )= Ya
a ∈Vn −Bn

∑  sums over non-boundary tiles and e Vn( )= Ya
a ∈Bn

∑  sums over boundary 

tiles. Similarly, we write S Fn( )  as S Fn( )= S1 Fn( )+ e Fn( ), where S1 Fn( )= Yna
'

a ∈Vn −Bn

∑  and 

e Fn( )= Yna
'

a ∈Bn

∑ . By the definition of the boundary set Bn  the two quantities S1 Vn( ) and 

S1 Fn( ) have the same distribution. Therefore, if the following conditions hold: 

     σ Vn( )/σ Fn( )→ c as n → ∞,  where c is a constant      (5.19) 

     e Vn( )/σ Vn( )→ 0 in distribution as n → ∞       (5.20) 

     e Fn( )/σ Fn( )→ 0 in distribution as n → ∞       (5.21) 
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then one can see that all of S Vn( )/σ Vn( ), S1 Vn( )/σ Vn( ), S1 Fn( )/σ Fn( ), and S Fn( )/σ Fn( ) 

will converge in distribution to a normally distributed random variable. The conditions 

(5.19)-(5.21) are not difficult to show if the number of boundary terms is of the same or 

smaller order than σ Vn( ), which is at least O Vn( ) by condition (iv) of Corollary 5.2. 

This is a reasonable condition but depends on the shape of the sensing field. In practice, 

for large grids, we expect that the number of boundary tiles should be no more than a few 

times the square root of the total number of tiles in the grid. 

 

5.2.  Triangular Grid-based Deployment with Bounded Uniform Errors 

In this section, we explore the coverage properties of a sensing field adopting triangular 

grid-based SN deployment assuming bounded uniform errors and a binary sensing disk 

model, by applying the general approach developed in Section 3. Let d  denote the length 

of the side of a triangular grid tile and rs  denote the radius of the sensing disks. 

According to Chapter 4, in the ideal case (no errors), to achieve full coverage with a 

minimum number of SNs, d is set to 3rs . However, due to random errors, SNs are 

uniformly deployed within error disks of radius R, centered at the grid vertices.  

 

To evaluate the average and variance of the sensing coverage area, we have to evaluate 

the average and variance for individual triangles, and covariance for triangle pairs. As 

discussed in Section 3, for a sensing field composed of M triangles, we do not have to 

evaluate the average and variance for M times, or the covariance for CM
2  times due to 
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locality of sensing coverage and uniformity of deployment errors. We next derive 

formulas for evaluating the average and variance of one triangle, and the covariance of 

two neighboring triangles. 

 

Figure 5.1 illustrates a triangular area and three sensing disks corresponding to a 

deployment instance of three SNs. Note that more SNs may cover part of the triangle, 

depending on the error radius R . 

 

 

 

 

Figure 5.1 A triangle and three associated sensing disks 
 
 

Both Eq.(5.3) and Eq.(5.10) are composed of  2N −1 terms. The only potential source of 

complexity comes from the computation of the N terms of P(Am )  in Eq.(5.3) and P(Bm ) 

in Eq.(5.10),   m =1,K,N  (the remaining terms being obtained by multiplication). For 

bounded errors, not all N  SNs will cover a given point (or two points in the case of 

P(Bm )) in the field. With some simple calculation, one can derive the number of SNs that 

could contribute to the coverage of points in a triangle. For example, if R + rs <
3

2
d , at 

most 3 SNs will provide coverage to points in a triangle; if R + rs < d , at most 6 SNs will 

provide coverage to points in a triangle; if R + rs < 3d , at most 12 SNs will provide 

coverage to points in a triangle, and so on. Therefore, out of all items in Eq.(5.3) and Eq. 

D1 D2

D3
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(5.10), the first few terms would dominate and many of the rest become zero. This 

property can be used to further reduce the computation complexity. A nice feature of 

Eq.(5.3) and Eq.(5.10) is that we can obtain an error bound on the approximation if some 

terms are neglected in the computation.  

 

The probability P(Am )  is equal to the probability that the distance between the point x 

and the SN Sm  is less than or equal to rs. This is satisfied if Sm  is within the intersection 

of the disk of radius rs centered at ),( vu , denoted by Ou,v , and the error disk centered at 

the grid vertex corresponding to Sm , denoted by Em , as depicted in Figure 5.2. 

 

r s

 

Figure 5.2 A disk centered at x and an error disk 
 

Therefore we have, 

            
  
P(Am ) =

area(Em IOu,v )
πR2                                                                                  (5.22) 

 

As the area of the intersection of two circles of given radii has a closed form, P(Am )  can 

be efficiently computed for any SN Sm  and point x. 
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The probability P(Bm ) is equal to the probability that the distance from the point x and/or 

y to the SN Sm  is less than or equal to rs. This is satisfied if Sm  is within the intersection 

of the disk of radius rs centered at x denoted by Ox , and the error disk centered at the grid 

vertex corresponding to Sm , denoted by Em , or the intersection of the disk of radius rs 

centered at y denoted by Oy , and the error disk centered at the grid vertex corresponding 

to Sm as depicted in Figure 5.3. 

R r s

Ox

Ei

r s

 

Figure 5.3 A disk centered at x, a disk centered at y and an error disk 
 

Therefore we have, 

 
  
P(Bm ) =

area(Em IOx ) + area(Em IOy ) − area(Em IOx IOy )
πR2                                (5.23) 

 

We derive the closed form formula to calculate the intersection of three disks in Eq. 

(5.23), P(Bm ) can be efficiently computed for any SN Sm , the point x and y. 

 

Next, we further evaluate the covariance between pairs of triangle areas. As deployment 

errors of individual SNs are independent, two areas will have zero covariance if they do 
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not share any SN. For example, if R + rs <
3

2
d , a given triangle has non-zero covariance 

with 12 triangles, as demonstrated by Figure 5.4. Furthermore, we do not have to evaluate 

the covariance for a given triangle 12 times since the covariance only depends on the 

distance between triangles and their orientation. For example, in Figure 5.4 the triangles 

1, 2 and 3 have the same covariance with the triangle in the center. The triangles 4, 5, 7, 

8, 10, and 11 have the same covariance with the triangle in the center. So do the triangles 

6, 9, and 12. We can group pairs of triangular areas into three types, as illustrated in 

Figure 5.4. 

 

Figure 5.4 The neighbouring triangles and the calculation of their covariance 
 

5.3.  Numerical Results and Discussion 

In this section, we present numerical results of the coverage properties of grid-based 

deployment with bounded uniform errors derived above. We verify the correctness of the 

average coverage and the variance of coverage obtained in Section 4 by simulating the 

grid-based deployment with random errors using Monte Carlo, in which 100,000 

deployment instances are randomly generated. For each deployment instance, the covered 

area is obtained by conducting numerical integration over the sensing field. For the sake 

of conciseness, we use the coverage percentage to represent the sensing coverage quality. 
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We then develop the approaches to solving the practical design problem of finding the 

minimum number of SNs to obtain a given coverage percentage c at a probability p. 

 

To verify the correctness of the derivations in Section 5.2, we consider a WSN composed 

of 11 rows and 11 columns of SNs. That is, the sensing field consists of 200 small 

triangular areas. We fix the sensing radius rs at 10. Thus, the average coverage of the 

sensing field is a function of the error disk radius R and the length of the grid tile d.  We 

first study how R impacts the average coverage. We conduct four groups of experiments 

by setting d=16, d=18, d=20 and d=22. In each experiment, the value of R varies from 0 

to 8. The empirical CDF of the coverage percentage from simulations and the CDF of the 

coverage percentage generated from the parameters obtained by analytical programs are 

plotted in Figure 5.5. The average coverage percentage and the variance as a function of 

R are presented in Figure 5.6 and Figure 5.7, respectively. 

       

 (a) CDF function of the sensing coverage when d=16 (b) CDF function of the sensing coverage when d=18 
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Figure 5.5 Comparison of empirical CDF and analytical CDF 
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Figure 5.6 The average coverage percentage vs. the radius of the error disks 
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Figure 5.7 The variance of coverage vs. the radius of the error disks (log) 
 

In Figure 5.6 and Figure 5.7, the results from the analytical derivations in Section 5.2 and 

from simulations match very well. Having demonstrated the accuracy of analytical 

(c) CDF function of the sensing coverage when d=20 (d) CDF function of the sensing coverage when d=22 
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derivations, in the remainder of this section, we will only present the numerical results 

based on the analytical study of Section 5.2, which can be more efficiently obtained. 

Table 5.1 summarizes the average coverage percentage, the variance, the coverage 

percentage with different probabilities, i.e., 80%, 90% and 95%.  We make the following 

observations of the sensing coverage properties. 

 

Table 5.1 The coverage properties with four scenarios 
 

Distance 
between SNs 

( d ) 

Error 
bound 

Average 
Coverage 

Percentage 

Variance 80% 
Coverage 

90% 
Coverage 

95% 
Coverage 

2 99.93 5.57E-08 99.90 99.90 99.89 
4 98.08 1.12E-05 97.65 97.53 97.42 
6 94.25 5.66E-05 93.28 93.01 92.77 

16 

8 90.07 1.30E-04 88.60 88.19 87.84 
2 97.55 3.93E-06 97.30 97.23 97.17 
4 92.97 3.03E-05 92.26 92.06 91.89 
6 88.00 7.70E-05 86.87 86.55 86.28 

18 

8 83.35 1.46E-04 81.80 81.37 80.99 
2 88.18 8.51E-06 87.80 87.70 87.60 
4 84.13 3.40E-05 83.37 83.17 82.98 
6 79.79 7.38E-05 78.68 78.38 78.10 

20 

8 75.63 1.24E-04 74.19 73.80 73.45 
2 74.84 7.35E-06 74.49 74.40 74.31 
4 73.30 2.68E-05 72.64 72.45 72.29 
6 70.62 5.76E-05 69.64 69.37 69.13 

22 

8 67.54 9.70E-05 66.27 65.92 65.61 
 

First of all, the results show a very appealing feature of grid-based deployment, which is 

that the sensing coverage is rather resilient to random errors. For example, when d =18 

and R = 2, the coverage percentage is no less than 97% with probability 95%. Note that 

when R = 2, to achieve 100% coverage, 68% more SNs  are required to be deployed [52]. 

In other words, 68% extra SNs can only increase the sensing coverage by no more than 

3%. We conclude that sacrificing a little coverage can make the network much more 
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affordable. A similar observation has been made earlier for a randomly deployed WSN in 

[118].  

 

In addition, the average coverage and the coverage percentages at different confidence 

levels monotonically decrease with R for the range considered. This is a useful 

characteristic to solve for the maximum R allowed for a given d and a given coverage 

requirement. For example, if the required coverage is 85% with probability 95%, and d is 

20, the maximum R should be no greater than 3.52. The maximum R as a function of d 

(when the probability is 95%) is plotted in Figure 5.8. Note that when d is 20 (22), the 

coverage cannot reach 95% (85%) or more no matter how small R is.  
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Figure 5.8 The maximum error radius vs. the length of grid tiles 
 
 

As seen in results, the distance between SNs also affects the coverage properties. The 

average coverage percentage is a monotonically decreasing function of d. So are the 

coverage percentages at different confidence levels. This characteristic can be used to 

answer another practical question, namely, what is maximum d or what is the minimum 

deployment density in order to satisfy a given coverage percentage for a given d? The 

maximum d as a function of R (with probability 95%) is plotted in Figure 5.9.  
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Figure 5.9 The maximum d vs. the radius of the error disks 
 

5.4.  Deployment Problem and Design Algorithm 

In previous sections, we propose a generic analysis approach and demonstrate its usage in 

specific deployment scenarios. Another important utility of this generic tool is for 

designing practical grid-based SN deployment solutions. 

 

A general grid-based SN deployment problem is to find the minimum number of rows 

and columns of SNs so as to provide high-quality sensing coverage over a given field. 

For example, one needs a SN deployment to provide no less than 85% coverage over a 

square field of 200*200 at 95% probability. We have two remarks on solving this 

problem. Firstly, the union of small triangles should encompass the square field, as 

shown in Figure 5.10. In case of a large-scale deployment, the coverage properties of the 

square area can be effectively approximated by the coverage properties of the union area 

of a large number of triangles. Secondly, to find the minimum number of rows and 

columns, we can start with some initial values of rows and columns that will provide a 

coverage property no better than the requirement. We then increment the values of row 

and/or column by 1 each time and evaluate the coverage property, until the coverage 
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requirement is satisfied. The efficiency of this method depends on how close the initial 

value of rows and columns is to the optimal value. This idea is implemented in the 

procedure as follow.  

(1) Initialize d so that the coverage is surely worst than the required quality. 

(2) Calculate the initial value of rows as ROW= 2 ×
200

3d
⎡ 
⎢ ⎢ 

⎤ 
⎥ ⎥ +1; the initial value of 

columns as COL= 200
d

+ 0.5
⎡ 
⎢ ⎢ 

⎤ 
⎥ ⎥ +1;  

(3) Evaluate the coverage property of a WSN with ROW, COL and d. 

(4) If the coverage property does not satisfy the requirement,  

       Let ROW=ROW-1; COL=COL-1;d= max 200
ROW −1

×
2
3

, 200
COL −1.5

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ , calculate 

the value of rows as ROW= 2 ×
200

3d
⎡ 
⎢ ⎢ 

⎤ 
⎥ ⎥ +1 ; the value of columns as 

COL= 200
d

+ 0.5
⎡ 
⎢ ⎢ 

⎤ 
⎥ ⎥ +1, return to (3). 

            Else 

              Done; 

For the problem above, we can initialize d as 20 when R=4 by looking at the Table 5.1. 

Finally, we solve for the number of rows and columns as 13 and 12 respectively, and the 

distance between SNs is optimized as 19.25.  
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Figure 5.10 The square field is encompassed by the union of small triangles 
 

5.5.  Summary  

In this chapter, we first propose a generic approach to evaluating the average and 

variance of the sensing coverage area, for a variety of deployment scenarios. The generic 

approach can be used with all types of grid shape, various random error distributions, and 

different sensing models. We further prove that the sensing coverage area of a grid-based 

large-scale WSN follows the normal distribution. We apply the generic approach to one 

specific case, namely, the triangular grid-based deployment with bounded uniform errors 

and a binary sensing disk model. We derive the closed form formulas to calculate the 

normal distribution parameters.  Numerical results are obtained and verified by Monte 

Carlo simulation results. Our proposal can not only be used to analyze the sensing 

coverage properties of a given deployment scenario, it can also be used to solve practical 

problems of efficient grid-based SN deployment planning for sensing coverage. A design 

procedure is developed. This research provides a generic tool to plan large-scale WSN 

deployment in practice. In general, the grid-based SN deployment is resilient against 

deployment errors. We therefore advocate adopting this deployment method whenever 

possible in practice.  



 

 

 

Chapter 6.   NON-DETERMINISTIC RELAY NODE 

DEPLOYMENT STRATEGIES 

 

In Chapter 4 and Chapter 5, we have investigated SN deployment approaches in concerns 

of sensing area coverage. In a heterogeneous two-tier WSN, RNs form a communication 

backbone to relay traffic from SNs to the BS.  

 

RN deployment affects two important properties of a WSN, i.e., the communication 

connectivity and the system lifetime. Therefore, it is desired that the group of RNs can 

provide strong communication connectivity to SNs and such connectivity lasts for as long 

as possible. Assuming devices can be deliberately placed on the sensing field, some 

research efforts have attempted to minimize the number of RNs with constraints of 

network connectivity [55, 57-62], or minimize the number of RNs with constraints of 

network connectivity and system lifetime [63-65, 67]. However the methodologies and 

solutions therein are not applicable in situations where deliberate device placement is not 

feasible. For example, the sensing field is hostile or inaccessible to humans, or the 

sensing field is so large that a great number of devices are deployed. In such cases, 

devices can be deployed randomly according to a density function. As such, the positions 

of devices cannot be precisely known or controlled. A well designed deployment density 

function becomes a viable approach to efficient device deployment [69]. 
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Uniform random deployment is the most commonly considered random deployment 

strategy in the literature. However, as described as in Chapter 2, it is inefficient from an 

energy perspective due to the biased energy consumption rate (BECR) phenomenon, 

when RNs operate in either the single-hop manner or the multi-hop manner. To solve the 

BECR problem associated with uniform random deployment, we propose two novel 

random deployment strategies for RNs in both communication models, namely, lifetime-

oriented deployment and hybrid deployment. We then analyze and compare the three 

deployment strategies (uniform, lifetime-oriented, and hybrid). Both theoretical analysis 

and simulated evaluation show the new deployment strategies can effectively alleviate 

the BECR problem and extend the system lifetime. To the best of our knowledge, this is 

the first effort to optimize the random device deployment (by the density function) in 

order to extend the lifetime of a large-scale heterogeneous WSN. An abbreviated version 

of this chapter have appeared in [119, 120]. 

 

The remainder of this chapter is organized as follows. In Section 6.1, random RN 

deployment strategies are proposed for the single-hop communication case and the 

impact of RN deployment on connectivity and lifetime is explored. In Section 6.2, 

random RN deployment strategies are proposed for the multi-hop communication case. In 

Section 6.3, the performance of three RN deployment strategies is evaluated and 

compared. In Section 6.4, we discuss some practical issues, such as the extensibility of 

our work and the implementation methods. The chapter is summarized in Section 6.5.   
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In addition to assumptions and models presented in Chapter 3, in this chapter, we assume 

that SNs are uniformly deployed on the sensing field, either in a grid pattern or in a 

uniform random manner. The satisfactory sensing coverage is supported by the group of 

SNs.  

 

6.1.  Random Deployment Strategies in Single-hop Communication Case 

In this section, we propose and examine deployment solutions for the following problem. 

Given a WSN as modeled in Chapter 3, how should one deploy a given number, NRN, of 

RNs so that the network lifetime is maximized? We will address this problem assuming 

RNs communicate with the BS in a single-hop manner. In the next section, we will 

address the same problem in case that RNs communication with the BS in multi-hop 

manner. In the following of the chapter, we use polar coordinates to specify locations on 

the sensing field.  

 

We will first study the pros and cons of the connectivity-oriented deployment strategy. 

We then propose two novel deployment strategies, namely, lifetime-oriented deployment 

and hybrid deployment. 

 

6.1.1.   Connectivity-Oriented Deployment 

Uniform deployment is the mostly used deployment model in the literature [104, 121-

125]. Assume NRN  RNs are deployed uniformly in a sensing site A of area |A|. For any 

SN, the probability that it can reach at least one RN in one hop is 
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pR =1− 1− πrSN
2 | A |( )N RN                                                                                                 (6.1) 

If a connectivity probability σ 0  for any SN is required, i.e., pR ≥ σ 0 , the minimum 

number of RNs is expressed as: 

NRN
u{min} = ln(1−σ 0) /ln(1− πrSN

2 | A |)                                                                                (6.2) 

 

Compared with other random deployments, this strategy provides identical and maximal 

connectivity everywhere in the WSN. In other words, for a given connectivity 

requirement σ 0 , this strategy will require the least number of RNs (illustrated in Section 

6.3). We therefore refer to it as the Connectivity-Oriented Deployment strategy. 

However, due to the BECR phenomenon discussed above, it suffers fundamentally from 

an energy efficiency perspective. 

 

6.1.2.  Lifetime-Oriented Deployment 

We also refer to this strategy as a weighted random deployment. Consider two regions of 

a WSN, one far from the BS and another close to the BS. Assume there is the same 

number of nodes (SNs and RNs) in each of them. As the active RNs in the farther region 

dissipate energy faster than their peers in the closer region due to the longer transmission 

range, the overall system becomes unusable even though much energy is left in RNs in 

the near region. To allow nodes in both regions to function for the same length of time, 

the node deployment density should reflect the different energy dissipation rates. That is, 

more RNs should be deployed as one gets farther from the BS. When one CH dies, 

another RN can take over its role. 
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Denote the integral of ERN (d,0) over the sensing area A by D = ERN (u,0)ududv
A∫ . For the 

nodes in different regions of the network to function for the same period, the RN 

deployment density at a point (d,θ) ∈ A  should be proportional to the energy dissipation 

rate of an active RN at a distance d from the BS. As such, the RN deployment density 

function is  

f (d,θ) = ERN (d,0) /D = c1 + gα2d
m( )nl /D if (d,θ) ∈ A                                                  (6.3)  

and f (d,θ) = 0  otherwise. If NRN  RNs are deployed according to the density function 

(6.3), the probability that an SN at point (d,θ)  can reach one or more RNs in one hop is 

pR (d,θ) =1− 1− f (u,v)
O(d ,θ )∫ ududv( )N RN

                                                                       (6.4)     

where O(d,θ) is a circle centered at (d,θ)  with radius rSN. If rSN is relatively small, the 

probability can be approximated by 

  pR (d,θ) ≈1− 1− πrSN
2 f (d,θ)( )N RN                                                                                     (6.5)       

 

Assume the connectivity σ 0  is required. Then letting pR (d,θ) = σ 0  and using the 

approximation in (6.5), we have  

1− 1− πrSN
2 f (d,θ)( )N RN = σ 0                                                                                             (6.6) 

 

Plugging (6.3) into (6.6) and solving for d, we get 

d0 =
D ⋅ (1− (1−σ 0)1/ N RN )

ngα2lπrSN
2 −

c1

gα2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 
1/ m

                                                                                (6.7) 
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The formula (6.7) defines a cutoff distance in the sensing area. We define the region B as  

B = {(d,θ) | (d,θ) ∈ A,d < d0}                                                                                         (6.8) 

 

In this region, the probability of connectivity of an SN is less than σ 0 , while an SN 

outside of B has connectivity probability higher than σ 0 .  Assuming a square sensing area 

with the BS at the center, the cutoff circle and region B are illustrated in Figure 6.1.  

 

 

Figure 6.1 An illustration of weighted random deployment  
 

If we set the right side of (6.7) equal to zero and solve for NRN , we have 

NRN
w{min} = ln(1−σ 0) /ln(1− c1nlπrSN

2 /D)                                                                          (6.9) 

 

That is, if RNN  is less than {min}w
RNN , the deployment according to (6.3) will not be able to 

meet the connectivity requirement in the sub-area inside the cutoff circle. 

 

Note that in order to obtain a numerical solution to a specific application scenario, one 

does not need to evaluate the number of SNs associated with one RN, n, which appears in 

many formulas above since it will be cancelled out from the denominator and numerator. 

B
A

Cutoff circle formed 
by points satisfying 
(6.7). Connectivity is 
weaker inside B than 
outside it. 
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6.1.3.  Hybrid Deployment 

The weighted random deployment of RNs according to the density function (6.3) can 

counteract the BECR phenomenon. However, this benefit will be fully realized only if the 

connectivity of SNs is satisfied in the network. If the number of given RNs, NRN, is less 

than NRN
w{min} , the number of SNs without connectivity may be too high for the network to 

function properly. 

 

The objective of the hybrid deployment is to optimize RN deployment by balancing the 

concerns of connectivity and lifetime extension. If NRN < NRN
u{min} , there is no way to 

guarantee the connectivity in the first place. If NRN ≥ NRN
w{min} , the weighted random 

deployment as defined by (6.3) can provide sufficient connectivity. If 

NRN
u{min} ≤ NRN < NRN

w{min}, the weighted random deployment alone will not be able to satisfy 

the connectivity. In this case, the hybrid deployment tries to maximize the system 

lifetime while satisfying the connectivity requirement. To this end, the hybrid 

deployment is designed in two steps. Firstly, we design the deployment of NRN
l  RNs to 

extend the lifetime in a weighted random manner defined by (6.3). Since the connectivity 

of an SN in the weak connectivity region B is less than σ 0, in the second step we arrange 

the deployment of NRN
c  RNs exclusively in B so as to meet the connectivity requirement 

everywhere in the network (overall, the RNs in B are deployed uniformly when the RNs 

deployed in the two steps are combined together). The number of RNs deployed in the 
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two steps should be equal to the given number NRN. We next study how NRN should be 

optimally split between NRN
l  and NRN

c .  

 

Allocation of RNs for the two steps is a constrained optimization problem. As NRN
l  

increases, NRN
c  has to be decreased. However, if c

RNN  is too small, the connectivity of the 

sparse area of the network is at risk. In the following, we consider an arbitrary nRN
l < NRN 

for the first step. To satisfy the connectivity in region B, we derive the number of RNs 

needed in the second step nRN
c  (enhance connectivity in region B) as a function of nRN

l . 

By summing nRN
l  and nRN

c  (function of nRN
l ), we obtain the total number of RNs nRN as a 

function of nRN
l . We prove that nRN is a non-decreasing function of l

RNn . Therefore, we 

can easily solve for NRN
l  for a given NRN numerically. 

 

Assume that nRN
l  RNs have been deployed according to (6.3). We define the RN density 

at a position (d,θ)  as the product of the number of RNs deployed and the density 

function ),( θdf . To make the connectivity in B meet the minimum requirement, the RN 

density in B should be leveled up to the RN density level of points (d0,θ)  on the 

boundary of B. The number of RNs needed in the second step is  

nRN
c = nRN

l ⋅ f (d0,v) − nRN
l ⋅ f (u,v)( )ududv

B
∫

⎡ 

⎢ 
⎢ 

⎤ 

⎥ 
⎥                                                               (6.10) 

 

Plugging (6.3) into (6.10), we have 

nRN
c =

nglα2nRN
l

D
d0

m − um( )ududv
B
∫

⎡ 

⎢ 
⎢ 

⎤ 

⎥ 
⎥                                                                             (6.11) 
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Summing l
RNn  and c

RNn , the total number of RNs deployed is  

nRN = nRN
l +

nglα2nRN
l

D
d0

m − um( )ududv
B
∫

⎡ 

⎢ 
⎢ 

⎤ 

⎥ 
⎥                                                              (6.12) 

 

Lemma 1: nRN is an non-decreasing function of l
RNn .  

Proof: Pick two integer numbers 1l
RNn  and 2l

RNn  where 21 l
RN

l
RN nn < . Consider two 

deployments in which 1l
RNn  and 2l

RNn  RNs are deployed in the first step, respectively. We 

have the following cases: 

 

(1) If both deployments satisfy the connectivity requirement, i.e., {min}12 w
RN

l
RN

l
RN Nnn ≥> , no 

RNs are needed for the second step, and the argument holds. 

 

(2) If the first deployment does not meet the connectivity requirement, while the second 

one does, then 121{min}1 l
RN

l
RN

l
RN

w
RN

c
RN nnnNn −≤−≤  RNs are needed to be deployed to 

compensate for the density in the sparse areas, and the argument holds. 

 

(3) If both deployments do not satisfy the connectivity requirement, then deploy 1c
RNn and 

2c
RNn  RNs, respectively, to satisfy the connectivity requirements according to formula 

(6.11). As illustrated in Figure 6.2, the average number of RNs in the area B2 (B area 

for the second deployment) is the same for both deployments as they just meet the 

connectivity requirement. The number of RNs from the second deployment in the 
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area B1 (B area for the first deployment excluding B2) is more than that from the first 

deployment since the first deployment just meets the connectivity requirement, and 

the second deployment provides better connectivity. In the rest of the area, the 

number of RNs is determined by the first step of each deployment only and the first 

deployment will have fewer RNs. Summing the numbers of RNs in the three parts, 

the argument holds.                                                                                                       ■  

 

 

 

 
 
 
 
 

Figure 6.2 Comparison of two deployments 
 

In the second step, l
RNRN

c
RN NNN −=  RNs will be deployed in the region B according to 

the density function in Eq.(6.13), 

g(d,θ) =
f (d0,θ) − f (d,θ)

( f (d0,θ) − f (u,v))ududv
B∫

if (d,θ) ∈ B

0 otherwise

⎧ 
⎨ 
⎪ 

⎩ ⎪ 
                                           (6.13) 

 

After the second step, the RN density becomes uniform everywhere in B and the 

connectivity is satisfied everywhere. Finally, the overall deployment density function for 

one-time deployment can be written as 

h(d,θ) =

f (d0,θ)
f (d0,θ) B + f (u,v)ududv

A−B∫
if (d,θ) ∈ B

f (d,θ)
f (d0,θ) B + f (u,v)ududv

A−B∫
if (d,θ) ∈ A − B

⎧ 

⎨ 
⎪ ⎪ 

⎩ 
⎪ 
⎪ 

                                     (6.14) 

B2 represents the area to be compensated 
in the second phase of both deployments. 
B1, which does not include B2, denotes the 
area that is only compensated in the 
second phase of the first deployment.  

B 2

B 1
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6.2.  Random Deployment Strategies in Multi-hop Communication Case 

In this part, we study the three random deployment strategies with the multi-hop 

communication model. 

 

6.2.1.  Connectivity-Oriented Deployment 

The connectivity-oriented deployment in the multi-hop communication case is the same 

as the one in the single-hop case, in terms of the density function and connectivity 

property. It suffers fundamentally from an energy efficiency perspective due to the BECR 

phenomenon. 

 

6.2.2.  Lifetime-Oriented Deployment 

Due to the aggregation effect of traffic relaying in the multi-hop communication model, 

deriving an optimal density function is more challenging than in the single-hop case. We 

present a derivation of a heuristic sub-optimal deployment density function. We show 

that the lifetime is increased by up to more than 3 times by using the heuristic weighted 

deployment compared to the uniform deployment in our experimental setup. We first 

consider a circular sensing field of radius R, with the BS fixed at the center. We discuss 

how to extend the methodology to an arbitrary convex sensing field in Section 6.4.  

 

The average deployment density in a given area should depend on two factors, namely 

the average total energy consumption rate in the area and the size of the area. The energy 

consumption rate of an area is the total energy consumed by RNs in the area per round of 
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data collection. To overcome the BECR problem, the average density over an area should 

be proportional to the energy consumption rate and inversely proportional to the size of 

the area. For example, in Figure 6.3, consider two arbitrary shells, B1 and B2, with the BS 

at the center. The size of B1 is larger than that of B2. Due to the BECR phenomenon, 

suppose that RNs in B1 and B2 have the same energy consumption per round. Then B2 

should have higher deployment density so that the expected numbers of RNs are the same 

in the two areas.  

 

 

 

 

 

Figure 6.3 A sensing site: the density function is proportional to the energy consumption 
rate, and is inversely proportional to the size of areas. 

 
 

We therefore define the Energy Consumption Intensity (ECI) of an area as the ratio of the 

energy consumption rate of the area to the size of the area. For an arbitrary point (d,θ)  

and a small positive value ε, we can form a disk of radius ε with (d,θ)  at the center.  We 

define the ECI of position (d,θ) , i.e., ECI (d,θ)  as the limit of the ECI of the disk as ε 

goes to 0. In fact, as the traffic is symmetric with respect to the BS, ECI (d,θ)  does not 

depend on θ . The concept of ECI (d,θ)  is the basis for deriving the weighted random 

deployment density function. The principle is that the density function should be 

proportional to the ECI at any position. 

 

B1 

B2 
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To obtain the ECI, we next derive the amount of inter-cluster traffic and intra-cluster 

traffic at different parts of the network. We first define a parameter hRN as hRN =h*rRN, 

where h is between 0 and 1. In Figure 6.4, we construct the shell Am of width hRN lying 

between the two dotted circles in the sensing field. The area which is outside of Am 

(farther from the BS) is referred to as Aout, and the area which is inside of Am (closer to 

the BS) is referred to as Ain. Three types of traffic relay (between RNs) are of interest, 

first from Aout to Am, second from Am to Am, and third from Aout to Ain directly. When h 

=1, the direct relay from Aout to Ain does not exist and some relay happens from RNs in 

Am to other RNs in Am. As h becomes smaller (the width of the shell decreases), the relay 

from Aout to Ain directly becomes more common and so more traffic from RNs in Aout will 

not be relayed by RNs in Am. At the same time, less traffic from RNs in Am will be 

relayed to other RNs in Am. By empirically choosing the value of h appropriately, the 

amount of traffic relayed from Aout to Ain directly and the amount of traffic relayed 

between RNs inside the shell Am are largely cancelled out by each other. In such a case, 

we can approximate the volume of inter-cluster traffic relayed by RNs in the shell Am by 

all traffic generated by RNs in Aout. We will explore the optimal value of h in Section 6.3. 

Also, the average intra-cluster traffic volume handled by the RNs in any sub-area is 

proportional to the size of the sub-area under consideration. That is, the intra-cluster 

traffic handled by RNs in the shell Am is the traffic originated by SNs located in the same 

shell. Following the same logic, the relay traffic transmitted from Aout to Am is the sum of 

the aggregated traffic generated by SNs in Aout. The approximations on the inter-cluster 

and intra-cluster traffic volume of the shell Am are the basis for the following derivation. 
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Figure 6.4 The physical meaning of the effective radius of RNs 
 

With hRN, we partition a sensing field with radius R into three areas as shown in Figure 

6.5. The part which is surrounded by the inner broken circle of radius rRN is the first area, 

denoted by A1. In this area, an RN is able to transmit to the BS in one hop. The shell 

between the two broken circles of radius of R-hRN and rRN respectively, is the second area, 

denoted by A2. In this area, traffic is relayed from far to near. The remaining part, which 

is between the bounding solid circle of radius R and the broken circle of radius R-hRN , is 

the third area, denoted by A3. The inter-cluster relay traffic is negligible in area A3. The 

three areas are defined as, 

A1 = (d,θ) | 0 ≤ d ≤ min(rRN ,R),0 ≤ θ ≤ 2π{ }                                                                 (6.15) 

A2 =
(d,θ) | rRN < d ≤ R − hRN ,0 ≤ θ ≤ 2π{ }

φ

⎧ 
⎨ 
⎩ 

if R > rRN + hRN

otherwise
                                 (6.16) 

A3 =
(d,θ) | max(rRN ,R − hRN ) < d ≤ R,0 ≤ θ ≤ 2π{ }

φ

⎧ 
⎨ 
⎩ 

if R > rRN

otherwise
                            (6.17) 

 

 

 

 

hRN 

Aout 

Am 
Ain 

          Relay from Aout to Am 
 
          Relay from Am to Am 
 
          Relay from Aout to Ain 
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Figure 6.5 Partitioning of a sensing site 
 
 

Note that, if R ≤ rRN, A2 and A3 shrink to null sets, and if rRN  < R ≤ hRN +rRN, A2 shrinks to 

a null set. Without loss of generality, we consider the case where R > hRN +rRN. The other 

two cases are easily addressed following the same line of logic. 

 

In A1, the expected number of SNs is 22 / RrN RNSN . Substituting for n in (3.7), the expected 

total energy spent on intra-cluster communication by all RNs in A1 is 

E intra
(1) = c1 + gα2rRN

m( )NSN lrRN
2 /R2                                                                                  (6.18) 

 

All traffic generated by SNs outside of A1 must be relayed by a RN in A1 to reach the BS. 

The expected traffic relayed by RNs in A1 is gNSN l(R2 − rRN
2 ) /R2. Substituting for lrelay in 

(3.8), the expected total energy spent on inter-cluster relay by RNs in A1 is 

E inter
(1) = c2gNSN l(R2 − rRN

2 ) /R2                                                                                     (6.19) 

 

We make the approximation that the ECI at any position (d,θ)  in A1 is the same and so is 

given by 

A3 

A2 

A1 (rRN) 

R-hRN 

R 

d 

hRN hRN 
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ECI(1)(d,θ) =
E intra

(1) + E inter
(1)

πrRN
2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ =

NSN l
πR2 c1 + gα2rRN

m + c2g
R2

rRN
2 −1

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟                              (6.20) 

 

The integral of ECI(1)(d,θ) over A1, denoted by )1(J , is 

J(1) =
NSN l
R2 c1rRN

2 + gα2rRN
2+m + c2g R2 − rRN

2( )( )                                                                 (6.21) 

 

In A2, the ECI at different positions might be largely differentiated, as RNs at different 

positions relay different amounts of traffic. We propose to approximate the ECI at point 

),( θd  by the ECI of the shell between the two dotted circles of radius (d - hRN /2) and (d 

+hRN /2) (see Figure 6.5), which is calculated as the sum of the energy consumption for 

intra-cluster communication, E intra
(2)(d)  and the energy consumption for the inter-cluster 

relay, E inter
(2)(d) , by RNs in the shell, divided by the size of the shell, i.e., 

ECI(2)(d,θ) =
E intra

(2)(d) + E inter
(2)(d)

π d + hRN /2( )2 − d − hRN /2( )2( )
⎛ 

⎝ 

⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
                                                               (6.22) 

 

Similar to (6.18), the energy consumption for intra-cluster traffic in the shell for each 

round of data collection is approximated as 

E intra
(2)(d) =

2 c1 + gα2rRN
m( )NSN ldhRN

R2
                                                                               (6.23) 

 

The energy consumption for inter-cluster traffic in the shell for each round of data 

collection can be approximated by  
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E inter
(2)(d) = c2gNSN l R2 − (d + hRN /2)2

R2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟                                                                        (6.24) 

 

Plugging (6.23) and (6.24) into (6.22), we have,  

ECI(2)(d,θ) =
NSN l
πR2 c1 + gα2rRN

m +
c2g

2dhRN

R2 − d +
hRN

2
⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

2⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

⎡ 

⎣ 
⎢ 
⎢ 

⎤ 

⎦ 
⎥ 
⎥ 
                                         (6.25) 

 

The integral of ECI(2)(d,θ)  over A2, denoted by )2(J , is 

( )( )
( ) ( ) ( )

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −−+
+−−+

−−+

=

24
22

)(
33

2
2

22
21

2
)2(

RNRNRN
RNRN

RNRN
m

RN

SN hRhrrhRRgc

rhRrgc

R
lNJ

α

                        (6.26)  

     

For A3, the traffic of inter-cluster relaying is negligible. Similar to A1, the ECI at any 

position (d,θ)  in A3 is 

ECI(3)(d,θ) =
c1 + gα2rRN

m( )NSN l
πR2

                                                                                       (6.27) 

 

The integral of ECI(3)(d,θ)  over A3, denoted by J(3), is 

J(3) =
c1 + gα2rRN

m( )NSN l(2R − hRN )hRN

R2                                                                              (6.28)      

 

Let J = J(1) + J(2) + J(3). We propose the density function for the three areas as follows. 

f (d,θ) =
ECI(1)(d,θ) /J,
ECI(2)(d,θ) /J,
ECI(3)(d,θ) /J

⎧ 

⎨ 
⎪ 

⎩ 
⎪ 

    
if (d,θ) ∈ A1

if (d,θ) ∈ A2

if (d,θ) ∈ A3

                                                                     (6.29) 
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In the following, we discuss the properties of the deployment density in (6.29) in terms of 

connectivity. If NRN RNs are deployed according to the density function in (6.29), we use 

(6.5) to approximate the probability that an SN, at point (d,θ) , can reach one or more 

RNs in one hop. For an SN whose transmission disk is in Ai, for i = 1, 2, 3, the 

connectivity probability is 

pR
(i)(d,θ) =1− 1− πrSN

2 ECI( i)(d,θ) /J( )N RN                                                                        (6.30) 

 

In A1, if a connectivity probability σ 0  is required, letting pR
(1)(d,θ) = σ 0  and solving for 

NRN , we have  

NRN
w{min1} = ln 1−σ 0( )/ln 1− πrSN

2 ECI(1)(d,θ) /J( )                                                              (6.31) 

  

If NRN ≥ NRN
w{min1} , the deployment according to (6.29) will be able to meet the 

connectivity requirement in A1.  

 

Now, pR
(2)(d,θ) is a decreasing function in [rRN, R-hRN]. Thus, an SN at distance R-hRN has 

the least connectivity probability, pR
(2)(R − hRN ,θ), while an SN at distance rRN from the 

BS has the highest connectivity probability, pR
(2)(rRN ,θ) . Following (6.31), we set 

NRN
w{min 2} = ln 1−σ 0( )/ln 1− πrSN

2 ECI(2)(R − hRN ,θ) /J( )                                                    (6.32) 

NRN
w{min 2−} = ln 1−σ 0( )/ln 1− πrSN

2 ECI(2)(rRN ,θ) /J( )                                                         (6.33) 
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If NRN < NRN
w{min 2−} , the deployment according to (6.29) will not be able to meet the 

connectivity requirement anywhere in A2 while if NRN ≥ NRN
w{min 2} , the connectivity 

requirement is met everywhere in A2. If NRN
w{min 2−} ≤ NRN < NRN

w{min 2} , the connectivity 

requirement is only partially met in A2. In this case, letting pR
(2)(d,θ) = σ 0, we can solve 

for d using Newton’s method since pR
(2)(d,θ) is a decreasing function of d on [rRN, R-hRN]. 

The solution d0 defines a cutoff distance inside the sensing area A2. We define the region 

B as 

B = {(d,θ) | d0 < d ≤ R − hRN }                                                                                       (6.34) 

 

In the region B, the connectivity probability of an SN is less than σ 0  while in A2 - B, an 

SN has connectivity probability at least σ 0 . The cutoff circle and region B (tinted area) 

are illustrated in Figure 6.6.  

 

 

 

 

 

 

Figure 6.6 The connectivity in B is not satisfied 
 

For A3, we similarly define 

NRN
w{min 3} = ln 1−σ 0( )/ln 1− πrSN

2 ECI(3)(d,θ) /J( )                                                             (6.35) 

 

d0

B

rRN
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Then letting NRN
w{min} = max{NRN

w{min1},NRN
w{min 2},NRN

w{min 3}} , if NRN ≥ NRN
w{min}  the connectivity 

of SNs is satisfied everywhere in the network. 

 

6.2.3.  Hybrid Deployment 

For the same reason as stated in Section 6.1.3, we design a hybrid deployment for the 

multi-hop communication case. As in Section 6.1.3, the hybrid deployment is designed in 

two steps, where allocation of RNs for the two steps is a constrained optimization 

problem: as NRN
l  increases, NRN

c  has to be decreased. We next derive nRN
c  as a function of 

nRN
l . In the set A1, the number of RNs needed is 

nRN
c1 = max 0,ln(1−σ 0) /ln(1− rSN

2 /rRN
2 ) − nRN

l J(1) /J( )                                                      (6.36) 

 

Similarly, in A3, the number needed is       

nRN
c3 = max 0,ln(1−σ 0) /ln(1− rSN

2 /(2RhRN − hRN
2 )) − nRN

l J(3) /J( )                                     (6.37) 

 

For the set A2, we examine the compensation deployment in two cases. The first case is 

NRN
w{min 2−} ≤ NRN < NRN

w{min 2}  and the second case is NRN < NRN
w{min 2−} . In the first case, the 

connectivity is partially satisfied in A2. We define the RN density at a position (d,θ)  as 

the product of the number of RNs deployed and the density function f (d,θ). To make the 

connectivity in the set B in (6.34) meet the minimum requirement, the RN density in B 

should be leveled up to the RN density level of points (d0,θ) on the boundary of B. The 

number of RNs needed in the second step is  
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nRN
c2 = nRN

l ⋅ f (d0,v) − nRN
l ⋅ f (u,v)( )ududv

B
∫

⎡ 

⎢ 
⎢ 

⎤ 

⎥ 
⎥                                                           (6.38) 

 

Plugging (6.22) and (6.29) into (6.38), we have 

( ) ( ) ( )
⎥
⎥
⎥
⎥
⎥

⎥

⎤

⎢
⎢
⎢
⎢
⎢

⎢

⎡

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −−+
+−−

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +−−−

=

24
22

2
))2/()()((

33
0

0
2

2
2

0

2
0

22
0

2

2
2

2

RNRN
RN

RN

SN
l
RN

RNRN

RN

SN
l
RN

c
RN

hRhddhRR
JhR

lNgnc

d
hdRdhR

JhR
lNgnc

n                      (6.39-1) 

 

In the second case, the connectivity is not satisfied anywhere in A2. The number of RNs 

in the second step is 

nRN
c2 = NRN

u{min} − nRN
l( )

R − hRN( )2 − rRN
2( )

R2

⎡ 

⎢ 

⎢ 
⎢ 

⎤ 

⎥ 

⎥ 
⎥                                                                    (6.39-2) 

 

Summing l
RNn  and ci

RNn , the total number of RNs deployed is 

nRN = nRN
l + nRN

c1 + nRN
c2 + nRN

c3 . 

 

Lemma 2: nRN  is a non-decreasing function of nRN
l .  

Proof: Pick two integers 1l
RNn  and 2l

RNn  where 21 l
RN

l
RN nn > . Consider two deployments in 

which nRN
l1  and 2l

RNn  CHs are deployed in the first step, respectively. We have the 

following cases: 
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(1) If both deployments satisfy the connectivity requirement, i.e., {min}21 w
RN

l
RN

l
RN Nnn ≥> , 

then no RNs are needed for the second step, and the argument holds. 

 

(2) If the second deployment does not meet the connectivity requirement, while the 

first one does, then 212{min}2 l
RN

l
RN

l
RN

w
RN

c
RN nnnNn −≤−≤  RNs are needed to be 

deployed to compensate for the density in the sparse areas, and the argument 

holds. 

 

(3) If both deployments do not satisfy the connectivity requirement, then deploy 

1c
RNn and 2c

RNn  RNs, respectively, to satisfy the connectivity requirements according 

to formulas (6.36), (6.37) and (6.39). As illustrated in Figure 6.7, a sensing field is 

partitioned into A1, A2 and A3 as in Section 6.2.2 (see (6.15)-(6.17) and Figure 

6.5). The area A2 is further cut into three parts B1, B2, and B3, where B1 is the B 

area for the first deployment (Eq. (6.34)), B1 and B2 together are the B area for the 

second deployment, and B3 is the rest of A2. The expected number of RNs in B1 is 

the same for both deployments since both deployments just meet the connectivity 

requirement. The expected number of RNs in B2 of the first deployment is not less 

than that of the second deployment because the second deployment just meets the 

connectivity requirement while the first one provides better connectivity. The 

expected number of RNs in B3 of the first deployment is again not less than that of 

the second deployment as both deployments provide good connectivity in the first 

place and 21 l
RN

l
RN nn > . For a similar reason, the expected number of RNs in the area 
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A1 and A3 of the first deployment is not less than that of the second deployment. 

Summing the numbers of RNs in all parts, the argument holds.                           ■ 

 

Figure 6.7 Comparison of two hybrid deployments 
 

 

For the compensation deployment, the number of RNs for each part can be calculated 

using formulas (6.36), (6.37) and (6.39). The density function for areas A1 and A3 is 

uniform. The density function for the region B in A2 in the first case is 

g(d,θ) =
f (d0,θ) − f (d,θ)
( f (d0,θ) − f (u,v))ududv

d 0

R−h RN∫0

2π∫
                                                          (6.40-1) 

 

In the second case, the density function for all of A2 is  

g(d,θ) =
NRN

u{min} /πR2 − nRN
l f (d,θ)

(NRN
u{min} /πR2 − nRN

l f (u,v))ududv
d0

R−h RN∫0

2π∫
                                              (6.40-2) 

 

After the second step, the RN density becomes uniform everywhere in B and the 

connectivity is satisfied everywhere.  

 

6.3.  Performance Evaluation 
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In this section, we will evaluate the three deployment strategies using simulations. We 

are interested in the energy utilization and the system lifetime of the different deployment 

strategies. Therefore, two metrics are used to measure the performance. The first is the 

utilization of energy in the system, i.e., the ratio of the total consumed energy of RNs to 

the total initial energy. The other metric, denoted by Normalized DCR, is the number of 

data collection rounds normalized to the initial energy of a RN (the unit is Joul) before 

the network lifetime expires.  

 

As RNs are densely deployed, energy is wasted if all of them work simultaneously. A 

clustering algorithm is used to select CHs from redundant RNs, so that some RNs can 

connect all SNs while other RNs go to sleep. Most existing clustering algorithms are 

designed for homogenous networks and they assign the role of CH to identical nodes in 

rotation [104, 122, 124, 125, 126]. Such schemes cannot be directly applied or extended 

to the case of heterogeneous networks. To conduct a convincing performance evaluation 

and a fair comparison of the deployment strategies, we propose a simple and effective 

idealized clustering scheme for heterogeneous WSNs. 

 

6.3.1.  Clustering Scheme 

Assuming every RN sets up a neighboring SN table upon initialization, the operation of 

our scheme is briefly described as follows: 

a) An RN is elected as a CH if it covers the most uncovered SNs, and it broadcasts an 

ADVERTISEMENT message to its neighboring RNs. 
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b) An RN goes to sleep if all of its neighboring SNs are covered by active CHs (known 

from the ADVERTISEMENT messages). 

c) A CH keeps functioning until its energy is exhausted. In this case, the clustering 

scheme is locally invoked to select other CHs. The election gives preference to the 

RNs which cover the most uncovered SNs. 

d) Depleted RNs will not be involved in any further operations. 

 

The scheme has the following desirable properties. First, it ensures that each SN is able to 

reach a CH, unless all neighboring RNs are out of energy. Second, the clustering scheme 

tries to minimize the number of CHs. Third, the CH duty cycle is rotated in an on-

demand manner. Only a CH which is going out of energy needs to invoke a local CH 

selection procedure.  

 

After CHs have been locally selected in the network to connect SNs directly, the CHs 

execute the Bellman-Ford algorithm to set up the paths to the BS. For simplicity we use a 

constant link cost so shortest paths correspond to minimum hop paths. If there are two or 

more shortest paths to the BS, the one with less traffic is chosen. 

 

6.3.2.  Simulation Setup 

We simulate a WSN of 10,000 SNs on a disk sensing field with radius 500m, in which 

the BS is located at the center. The parameters used in the simulations are listed in Table 

6.1. Therein, 0σ  is calculated to ensure (with probability greater than 0.9999) that the 
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ratio of total connected SNs in an initial deployment is not less than q. All experimental 

results presented are the average of 30 runs. 

 

Table 6.1 The parameters of the simulated WSN 
 
 

 

 

 

 

 

6.3.3.  Comparison of Deployment Strategies in the Single-hop Case 

In this section, we explore and compare the performance of the three strategies in the 

single-hop communication case, as derived in Section 6.1. The three strategies are 

conducted on the same network while NRN varies from 450 to 4000. The minimum 

numbers of RNs required to guarantee connectivity with a high probability (beyond 

0.9999) in the connectivity-oriented deployment and the lifetime-oriented deployment are 

509 (Eq. 9) and 2630 (Eq. 16), respectively. Figure 6.8 and Figure 6.9 present, 

respectively, the average energy utilization and system lifetime (Normalized DCR) by 

using the three strategies.  

 

 

 

1α  50e-9 (J/bit) m  2 

2α  10e-12 (J/bit/m2) g  0.2 

β  50e-9 (J/bit) γ  1e-12 (J/bit) 

SNN  10,000 R 500 (m) 

RNr  90 (m) SNr  30 (m) 

q 0.8 0σ  0.84 

l  2000 (bits)   
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Figure 6.8 Comparison of three deployment strategies by energy utilization in the single-
hop case  

 
 

 

 

 

 

 
Figure 6.9 Comparison of three deployment strategies by DCR in the single-hop case 

 
 

As can be seen in Figure 6.8 and Figure 6.9, the hybrid deployment strategy performs 

uniformly better than the connectivity-oriented deployment in terms of both energy 

utilization and normalized system lifetime, while its performance is also better, though 

quite similar to, that of the lifetime-oriented deployment strategy. For the connectivity-

oriented deployment, when NRN = 450, the energy utilization is only 14% and the DCR is 

only 21. The energy utilization climbs up to 32%, 34%, 45%, and 50% when NRN 

increases to 500, 550, 1000, and 1500 respectively. Correspondingly, the normalized 

DCR increases to 49, 56, 124 and 196. After that, the growth of energy utilization 

becomes much slower as the number of RNs increases. The energy utilization reaches 

54% when NRN = 4000.  
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In our experiments, when NRN is small, the lifetime-oriented deployment provides shorter 

lifetime and lower energy utilization than the connectivity-oriented deployment, since it 

provides only weak connectivity in the part of the sensing field nearer to the BS. For 

example, when NRN = 450, in the 30 runs the connectivity is so poor in some cases that 

the deployment does not function at all. On the other hand, one should perhaps not expect 

improved energy utilization or extended system lifetime when the number of deployed 

sensors cannot even provide the desired connectivity using the connectivity-oriented 

deployment. When the number of RNs gets larger, the lifetime-oriented deployment 

enjoys fast performance improvement and outperforms the connectivity-oriented strategy 

on both lifetime and energy utilization. When NRN = 4000, the lifetime-oriented 

deployment provides a normalized DCR lifetime of 741 and energy utilization of 79%, 

compared with a normalized DCR of 543 and energy utilization of 54% in case of the 

connectivity-oriented deployment. Both measurements are improved by more than 35%. 

Of course, using the lifetime-oriented deployment the desired connectivity is not 

achieved until at least 2630 RNs are deployed.  

 

In these experiments the hybrid deployment is the preferred deployment strategy of the 

three, as it provides both energy efficiency and lifetime extension at least as good as that 

provided by the lifetime-oriented deployment, while also satisfying the connectivity 

requirement whenever the connectivity-oriented deployment does so. When NRN ≤ 509, 

the hybrid deployment is equal to the connectivity-oriented deployment as the number of 

RNs allocated for the first step will be 0. All RNs are used to meet the minimal 
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connectivity (Section 6.1.3). When 509 < NRN < 2630, the hybrid deployment provides 

better performance than the lifetime-oriented deployment since it reconciles the needs of 

lifetime extension and connectivity. The advantage becomes less significant as NRN 

increases due to the fact that the connectivity issue becomes a less serious problem as NRN 

approaches 2630. When NRN > 2630, the hybrid deployment is reduced to the lifetime-

oriented deployment. 

 

We remark that, for all the deployment strategies, the energy utilization appears to 

approach a saturation level as the number of RNs increases, while the normalized DCR 

grows approximately linearly. Under this observation, the performance of the 

connectivity-oriented deployment can be characterized as having a lower energy 

utilization saturation level and a smaller DCR growth slope compared to the lifetime-

oriented or hybrid deployment performance curves. The energy wastage from the 

connectivity-oriented deployment, exemplified by its low energy utilization saturation 

level, is due to the BECR problem. 

 

6.3.4.  Comparison of Deployment Strategies in the Multi-hop Case 

The derivation of the lifetime-oriented deployment in Section 6.2.2 depends on an ad hoc 

parameter h. We first investigate how this design parameter affects the performance of 

the lifetime-oriented deployment strategy and determine the best value for the simulation 

setup above. We then present and discuss some simulation results on the performance of 

the three deployment strategies.  
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6.3.4.1. Impact of the Parameter h 

We implement the lifetime-oriented deployment strategy using different values of h from 

0.4 to 1.0. To make the comparison fair and effective, the number of RNs to be deployed 

is set to 2500, which is greater than {min}w
RNN  for all cases ( {min}w

RNN  is a function of h). In other 

words, with 2500 RNs deployed by the weighted density function, the connectivity 

requirement is satisfied for all cases. The results are presented in Figure 6.10.  
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Figure 6.10 Comparison of the lifetime-oriented deployments with different h by energy 
utilization and DCR 

 
 

The results for both the energy utilization and the system lifetime (Normalized DCR) 

indicate the same trend. First of all, the weighted random deployment performs the best at 

h = 0.75 for the given setup. Generally speaking, the performance varies slightly when h 

is between 0.6 and 1. From 0.75 to 1, the performance of the weighted random 

deployment degrades gradually as h increases. From 0.75 to 0.40, the performance 

degrades as h decreases and the drop accelerates for h ≤ 0.5. We expect that the drop will 

continue as h decreases further. In the experiments which follow, we always use h = 0.75 

for the weighted random strategy and corresponding hybrid strategy.  
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6.3.4.2.  Comparison of Deployment Strategies 

In this section, we explore and compare the performance of each of the strategies from 

Section 6.2. Some key properties of the connectivity-oriented deployment and the 

weighted deployment (when h = 0.75) are given in Table 6.2. Each of the three strategies 

is always implemented on the same network and we increase NRN from 509 to 3000. 

(According to (6.2), if the number of RNs is less than 509, none of the strategies can 

provide a fully functioning network upon startup with high probability.)  

Table 6.2 Key properties of deployment strategies. 
 

 
 

 

Figure 6.11 and Figure 6.12 present the results for the average energy utilization and 

Normalized DCR by using the three strategies.  
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Figure 6.11 Comparison of three deployment strategies by energy utilization in the multi-
hop case 
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Figure 6.12 Comparison of three deployment strategies by DCR in the multi-hop case 
 

For the connectivity-oriented deployment, the energy utilization is almost unchanged at 

around 21% as the number of RNs increases from 509 to 3000. The energy wastage due 

to the BECR problem is clearly exemplified. The Normalized DCR does increase, in an 

approximately linear fashion, as the number of RNs increases, though the increase is slow 

relative to the other strategies. The overall poor performance of the connectivity-oriented 

deployment illustrates the critical importance of the RNs closer to the BS when using 

multi-hop transmission. 

 

In contrast, since the weighted density function reflects the energy consumption at 

different locations, not only from the local traffic, but also from the traffic relayed from 

far to near, the lifetime-oriented deployment exhibits much better performance as NRN 

increases. The energy utilization increases rapidly from 24% when NRN  = 750 to 66% 

when NRN  = 1500. The rate of increase becomes less when NRN  > 1500 and reaches 75% 

when NRN  = 3000. Its benefits to the Normalized DCR are better realized when NRN is 

larger and the connectivity is provided with high probability. As a result, the Normalized 

DCR increases much faster than for the connectivity-oriented deployment as NRN gets 

larger. When NRN = 3000, the utilization of the lifetime-oriented deployment is more than 
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three times of that of the connectivity-oriented deployment, and similarly for the 

Normalized DCR. However, when NRN = 509, the deployment according to the weighted 

random density function cannot satisfy the connectivity requirement, and the initial 

network is unusable. 

 

As in the single-hop case, the hybrid deployment is the preferred deployment strategy of 

the three. When NRN = 509, the hybrid deployment is equal to the connectivity-oriented 

deployment as the number of RNs allocated for the first step is 0. In this case all RNs are 

used to meet the minimal connectivity (Section 6.2.3). When 509 < NRN < 1500, the 

hybrid deployment provides better performance than the lifetime-oriented deployment 

since it reconciles the needs of lifetime extension with the connectivity. The advantage 

becomes less significant as NRN  increases due to the fact that the connectivity issue 

becomes a less serious problem as NRN  approaches {min}w
RNN  = 1495. When NRN  > {min}w

RNN , 

there is no difference between the hybrid deployment and lifetime-oriented deployment. 

The general trend of the weighted density function is that positions farther away from the 

BS receive less density. It may be that there exist other decreasing functions in a simple 

form that can provide similar performance. If so, one can avoid going through the 

derivations of Section 6.2.2. We investigate this by considering two decreasing functions 

of simple form as optional deployment density functions. We conduct experiments using 

them and compare the results with those of the weighted density function.  

 

The first is a quadratic density function. Consider a shell of width ε (a small value) at 

distance d. A quick estimate of the traffic passing by the RNs in the shell is 
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approximately equal to the traffic generated from SNs farther than d (from the BS).  The 

expected number of SNs whose distance from the BS is equal to or greater than d is 

proportional to (R2 - d2), and so is the traffic volume passing by the shell. We therefore 

propose a quadratic density function given by 

f (d,θ) =
2(R2 − d2)

πR4                                                                                                      (6.41) 

 

Another simple function we consider is the linear density function given by 

f (d,θ) =
3(R − d)

πR3                                                                                                         (6.42) 

 

We implement the deployment according to the density functions (6.29), (6.41) and 

(6.42) with 2000, 2500 and 3000 RNs. The density functions are first plotted and 

compared in Figure 6.13. Results are presented in Figure 6.14 and Figure 6.15.  
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Figure 6.13 Three deployment density functions 
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Figure 6.14 Comparison of three density functions by energy utilization              
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Figure 6.15 Comparison of three density functions by DCR 
 

Generally speaking, the weighted density function given by (6.29) performs the best of 

the three functions in all cases. Both the linear density function and quadratic function 

overcome the BECR problem to some degree. However, the performance of the linear 

function performs always better than the quadratic function. Actually, the formula (6.25), 

which determines the deployment in A2 (from radius 90m to 432.5m) is composed of a 

linear function of d and a inverse function of d. It partially explains the advantage of the 

linear function over the quadratic function. 

 

6.4.  Practical Issues 
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In this section, we address two practical issues with random deployment strategies. We 

first discuss how to apply the derivations in Sections 6.1 and 6.2 to a sensing field of a 

more general shape. We then briefly discuss the implementation of random deployment 

strategies in practice. 

 

6.4.1.  General Sensing Field 

We first remark that the validity of the derivations for the deployment strategies in the 

single-hop communication case is not limited to any particular shape of the sensing field. 

On the other hand, the derivations in Sections 6.2.2 and 6.2.3 assume a sensing field 

which is a disk with the BS at the center. However, the method and the derivations can be 

extended to the case where the sensing field is of arbitrary convex shape and the BS is at 

an arbitrary position or even outside the sensing field, as long as RNs can be deployed 

anywhere on the same planar (not restricted to the sensing field). For example, in Figure 

6.16(a), SNs are uniformly deployed in a sensing field S, represented by the solid 

irregularly shaped region, and the BS is outside of S. In such a case, draw two lines 

(broken lines in Figure 6.16(a)) from the BS tangent to the boundary of S. Thus, we can 

determine a RN deployment density function for the area surrounded by the irregular 

curve and the tangent lines, denoted by S’, which encompasses the sensing field S. We 

first derive the ECI of each position in S’, which indicates the expected energy 

consumption rate. The overall deployment density function is the ECI divided by the 

integral of ECI over S’. 
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Figure 6.16 Irregularly shaped sensing site with the BS is outside of it. 
 
 

To find the ECI function, we start by cutting S’ into “pie slices” by drawing line 

segments from the BS to the boundary of S’ such that in any given slice the points on the 

same boundary of S (there are two boundaries in figure 6.16(b)) are all at a similar 

distance from the BS. As such, we can approximate the intersection of a slice with S’ by 

an arced wedge which just contains the intersection, as magnified in Figure 6.16(b). In 

order to obtain the ECI for a point a in Figure 6.16(b), we first construct a (in-wedge) 

shell around a of width hRN so that a has an equal distance to the two sides of the shell, 

similar to Figure 6.4. The energy consumption of RNs inside the wedge is due to the local 

intra-cluster traffic, and the inter-cluster traffic from the area which are further away, 

either inside or outside of the wedge. Note that in practice, traffic inside the wedge would 

be partially routed through RNs outside the wedge. On the other hand, some traffic 

outside the wedge will be routed through the RNs in the shell. We argue that these two 

inverse traffic flows would be largely cancelled out. Therefore, we can approximate that 

the energy consumption at points in the wedge is due to receiving, transmitting and 

BS

S'

(a) RNs are to be deployed in S’. (b) A wedge contains a slide out of S’ (c) The wedge is expanded to a full disk. 
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relaying information from (some) sensors contained in wedge, but not from sensors 

outside the wedge. Now imagine expanding the wedge into a disk, as denoted by the 

dotted circle in Figure 6.16(c). As the traffic amount increases proportionally to the size 

of the field, in other words, when the wedge is expanded into a full disk, the energy 

consumption rate and the area are amplified by the same factor. According to the Eqs. 

(6.18)-(6.27), the ECI of the shell around a in Figure 6.16(b) is equal to the ECI of the 

shell centered at a’ in Figure 6.16(c) as long as their distances to the BS are the same. As 

we use the ECI of the shell to approximate the ECI of the point, the ECI at the point a in 

Figure 6.16(b) is the same as the ECI at the point a’ in Figure 6.16(c) The ECI function 

as derived in (6.18)-(6.27) in Section 6.2.2 can now be used for the disk in Figure 6.16(c) 

without modification except for the non-sensing sub area between the S area and the BS. 

For the non-sensing part, the derivation is essentially the same; except that the expected 

intra-cluster traffic comes from this part is 0.  

 

The hybrid deployment can be further derived once the weighted density function is 

determined. As the lemma 2 holds for any disk sensing field, we argue it also holds for 

any wedges, except that the exact number of RNs scales with the angle of the wedge. 

Therefore, the lemma 2 holds for any convex sensing field which can be seen as a 

combination of a group of wedges. Therefore, to construct the hybrid deployment density 

function, we can start from a small nRN
l  and construct the lifetime-oriented deployment 

density function, and then evaluate the number of RNs, c
RNn , required to compensate for 

the connectivity and the respective deployment density function.  We then increment nRN
l  

iteratively until the sum of nRN
l  and c

RNn  is equal to a given number RNN . 
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To verify this idea, a group of experiments is conducted on a square sensing field. The 

side length is set to be 886.2 so that the area of the square field is the same as that of the 

disk field considered in Section 6.3. The BS is fixed at the middle of one edge. All other 

parameters are kept the same as in Section 6.3.  Figure 6.17 and Figure 6.18 present the 

results of the three strategies. We observe that the performance improvement by the 

lifetime-oriented deployment and hybrid deployment over the connectivity-oriented 

deployment is more significant in the case of the square field compared to that in the case 

of the disk field. This may be due to the greater radial asymmetry of the square and 

therefore a higher degree of unbalance in the energy consumption rates. 
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Figure 6.17  Comparison of three deployment strategies by energy utilization with the 
square sensing field (multi-hop communication)              
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Figure 6.18 Comparison of three deployment strategies by DCR with the square sensing 
field (multi-hop communication) 
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6.4.2.  Implementation 

A few methods can be used in practice to implement random deployment as dictated by a 

density function. One is a variable rate leaky bucket method. For example, consider a 

transportation tool used to deploy RNN RNs on a row-by-row basis. The transportation 

tool will keep track of the integral of the density function over the area it has swiped. If 

the increment of the integral reaches RNN1 , the transportation tool drops one RN. As 

well, the movement of the RNs in the direction of inertia when traveling from the 

transportation tool to the sensing field should be taken into consideration. Figure 6.19 

demonstrates the variable rate leaky bucket method.        

 

                                                                                     

                                                                    

 

Figure 6.19 An illustration of the variable rate leaky bucket method 

 

6.5.  Summary 

RN deployment is a fundamental issue in WSNs. The number and positions of RNs 

determine the usability of a system in terms of connectivity, lifetime, cost, etc.  In this 

chapter, we study the impacts of random RN deployment on connectivity and lifetime in 

a large-scale heterogeneous WSN. We first examine the BECR problem with the uniform 

random deployment in both single-hop and multi-hop WSNs. This problem results in low 

energy utilization of RNs and unnecessarily short system lifetime. To overcome the 

The integral of the density function in each square swiped
by the transportation tool is 1/NRN, one RN is dropped 
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BECR problem, we propose two novel deployment strategies for each case, namely, 

lifetime-oriented deployment and hybrid deployment (balancing connectivity and lifetime 

goals). The performance study of the deployment strategies shows the new strategies 

have significant advantages to the connectivity-oriented deployment, which is the only 

random deployment strategy used in the literature. When the number of RNs is relatively 

small, the hybrid deployment is the preferred solution as it reconciles the concerns of 

lifetime with connectivity. When the number of RNs is large, the hybrid deployment is 

the same as the lifetime deployment, and they both significantly outperform the 

connectivity-oriented deployment. This chapter provides a guideline for non-

deterministic RN deployment of typical large-scale heterogeneous WSNs. 

 

 

 



 

 

 

Chapter 7.   CONCLUSIONS & FUTURE WORK 

 

7.1.  Conclusions 

Device deployment is an important engineering problem in implementing WSN 

applications. The types, numbers, and locations of devices have to be judiciously planned 

so that performance requirements such as sensing coverage quality, network connectivity, 

lifetime, and reliability are all met while keeping the cost affordable. This problem is 

particularly important for large-scale WSN applications, in which a large number of 

devices will be employed. Due to expensive labour cost, the inaccessibility of the sensing 

field, and the characteristics of terrain, deliberate placement of devices by humans or 

machines can be very difficult, or even completely infeasible. In these situations, 

deployment errors are inevitably incurred in the deployment exercise. As a result, it is 

necessary to take these deployment errors into consideration when the device deployment 

plan is conducted. In this thesis, we propose a large-scale WSN deployment framework 

under which deployment errors are incorporated into the deployment models and the 

problem formulations. We also propose a series of methods and tools to address a set of 

deployment problems.  

 

We propose a deployment framework in the context of two-tier heterogeneous WSNs. 

The two-tier architecture associates different utilities to different types of devices and 
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allows for effectively utilizing the distinct functionalities, capacities, and features of 

different devices. As the two tiers accomplish non-overlapping functionalities, the 

optimization conducted for one tier has little impact on the performance of the other tier. 

One of the great benefits of this decoupling of functionalities into different tiers is that it 

encourages design reuse.   

 

The lower tier of the network, which consists of sensor nodes (SNs), mainly addresses 

sensing coverage concerns. On the other hand, network connectivity is facilitated by the 

upper tier of the network, which is essentially a communication backbone composed of 

RNs. At the same time, the deployment of relay nodes (RNs) has to take into 

consideration energy consumption due to data transmission so as to satisfy system 

lifetime requirements. Although reliability is not explicitly addressed, the large-scale 

deployment methods examined in this thesis, i.e., random deployment and grid-based 

deployment, are highly reliable in practice. First, for the SN deployment of the first tier, 

coverage reliability is achieved naturally by addressing deployment errors with a grid-

based SN deployment. Second, for random RN deployment in the second tier, we craft 

the deployment density function so that an SN is connected to RNs at a very high and 

quantified probability. At the same time, our proposed density function extends the 

lifetime of the communication backbone in a probabilistic sense. In other words, the 

network connectivity and the system lifetime would be little affected if one or a few RNs 

malfunction or are misplaced. 

 



Chapter8. BIBLIOGRAPHY                                                                                                                                               

                                                           159  

In this research, we propose appropriate deployment methods for four distinct 

deployment problems. 

 

In the first problem (Chapter 4), we assume SNs are deployed in a grid pattern. We first 

address deployment errors, aiming at providing complete sensing coverage even in the 

worst-case error scenario. By examining the causes of deployment errors and their 

characteristics, a reduced length/increased deployment density is derived. While this 

method provides complete sensing coverage, the significant cost increase makes it 

inapplicable or less favoured in many applications.  

 

In the second deployment problem (Chapter 5), we attempt to reduce the grid-based SN 

deployment cost. Our objective is to provide high quality sensing coverage at an 

affordable cost when complete coverage is not necessary and would prove expensive. 

Therefore, we have to examine the probabilistic properties of sensing coverage. We first 

propose a generic approach to deriving the average and variances of the sensing coverage 

area. This generic approach can apply to a wide spectrum of deployment scenarios, 

including all shapes of deployment grids, all kinds of deployment error models, and 

various sensing models. We then prove that the sensing coverage provided by grid-based 

SN deployment in the presence of deployment errors follows approximately a normal 

distribution. We observe that the grid-based SN deployment is resilient to deployment 

errors in terms of reasonable degradation of the quality of sensing coverage. Based on our 

study, we strongly advocate a grid-based deployment of SNs in practice whenever it is 

possible.  
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We further study RN deployment looking at concerns of connectivity and system lifetime 

extension. The Biased Energy Consumption Rate (BECR) problem with uniform 

deployment is examined. The location-dependent unbalanced energy consumption rate 

problem cuts short the system lifetime; this is mainly due to different communication 

range in the single-hop communication case and/or various communication traffic loads 

in the multi-hop communication case. Therefore, RN deployment density functions are 

subject to optimization so as to provide robust connectivity to SNs and achieve balanced 

energy dissipation at the same time. The core of the optimization is that the density 

function is designed to reflect the energy dissipation rate. To do so, we approximate the 

energy consumption rate of RNs as a function of their locations. The single hop case and 

multi-hop case are both addressed in Chapter 6.  

 

7.2.  Technical Trends and Future Work 

Recently, we have witnessed a fast growth in the portfolio of WSN devices. These 

devices can sense different physical characteristics, have different power supplies, have 

different communication capabilities, and can be used in a large variety of applications. 

By adopting compatible communication protocols, these devices can work together to 

fulfill various application requirements. This trend towards diverse devices with 

compatible communication will continue. Evidence of this is the industry Zigbee alliance, 

whose members focus on IEEE802.15.4-based WSN systems and applications, which has 

expanded from 15 promoters in 2002 to more than 200 members in 2007. The availability 

of these diverse devices and their proliferation in the near future not only makes the 
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heterogeneous network composition we describe in this thesis not only feasible, but also a 

favourable design choice.   

 

Another technical trend of WSNs is the vast expansion of the scale of the network in trial 

deployments. Some of the examples include the Trio testbed reported in [127] and 

VigilNet, studied in [84]. The Trio tested is composed of 557 Telos sensor devices [128], 

7 gateway nodes, and a base station. The VigilNet consists of 200 XSM motes [129]. 

These outdoor deployments stress the system software, networking protocols, and 

management tools for large scale WSNs. However, we argue that in a practical large 

scale deployment, the overall system effectiveness is highly affected by the deployment 

strategy, which are not stressed by these trial deployments. Our research serves as 

complementary work towards large-scale WSN applications. 

 

It is very encouraging to observe the robustness of the sensing area coverage provided by 

the grid-based SN deployment with random errors in Chapter 5. Moreover, the grid-based 

deployment is simple and efficient. In the future, it would be desirable to extend our work 

in three aspects. First, we would like to extend our study of probabilistic properties of the 

sensing area coverage to incorporate other types of deployment errors identified in 

Chapter 4, including horizontal misalignment and vertical misalignment. Such an 

extension will provide a complete insight into the SN deployment in practice. Second, in 

Chapter 5 we implicitly assume all sensor nodes are operational all the time. It is 

interesting to investigate the coverage property if sensor nodes work in duty cycles. We 
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would like to examine this deployment approach for other sensing coverage criteria, such 

as discrete point coverage and crossing coverage.  

 

We derived density functions to control RN deployment so as to provide sound 

connectivity and extend the system lifetime. Our design is simple and efficient. However, 

the engineering implementation of the density function is yet to be solved. We envision 

that the actual deployment exercise will be conducted in some sort of grid pattern, but 

further studies along these lines are necessary to turn our theory into practice. 

 

Furthermore, we are also interested in developing an automotive network planning 

software package that utilizes the research in this thesis. This software package will allow 

the WSN solution providers and WSN system integrators to provide cost-effective, 

lifetime-guaranteed and application-specific network planning solutions for various 

application scenarios. The software package will include (1) the provisioning plan 

engine; (2) a user-friendly interface to display the provisioning solution; (3) an API 

interface that enables a provisioning control system to instruct the deployment efforts 

according to the optimized deployment plans. Upon successful completion of this project, 

we will promote the simulation-proven techniques to a commercially viable stage.  

 

7.3.  Concluding Remarks 

While there is clearly more work to be done, this thesis presents significant technical 

advances in the device deployment design of large-scale WSN applications. Among other 

things, our research is pioneering in three aspects. First, our research is the only program 
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we are aware of that addresses the coverage-guaranteed grid-based SN deployment 

problem. Second, for the first time, we find and prove that the sensing coverage provided 

by grid-based SN deployment with random errors has approximately a normal 

distribution. Moreover, the formulas to evaluate the average and the variance of the 

normal distribution are so generic that they can be applied to a wide spectrum of 

deployment scenarios. Third, our RN deployment proposals can effectively balance the 

energy consumption rate across the network. Both the single-hop communication case 

and the multi-hop communication case are addressed, with no dependence on the 

availability of device location information.  In short, the model presented in this thesis 

represents a significant advance in balancing communication, lifetime, and coverage 

requirements for large-scale WSN deployments in the face of device deployment errors. 
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