
Relay Nodes in Wireless Sensor Networks: A Survey

Ataul Bari

University of Windsor

Course: 60-520

Instructor: Dr. Richard Frost

Date: November 28, 2005



Contents

1 INTRODUCTION 4

1.1 Brief History . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 Deployment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.5 Routing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.6 Relay Nodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 BACKGROUND INFORMATION 9

2.1 Challenges of Sensor Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2 Sensor Energy Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 Lifetime of Sensor Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.4 Routing in Sensor Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.5 Fault Tolerance in Sensor Networks . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.6 Node Placement and Coverage in Sensor Networks . . . . . . . . . . . . . . . . . . 18

2.7 Relay Nodes in Sensor Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3 RELAY NODES IN SENSOR NETWORKS: LITERATURE REVIEW 23

3.1 Relay Nodes in Flat Architectures . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2 Relay Nodes in Hierarchical Architectures . . . . . . . . . . . . . . . . . . . . . . . 27

3.3 Computational Complexity of Relay-Node-Placement Problem . . . . . . . . . . . . 34

4 DISCUSSION AND CONCLUSION 35

5 ACKNOWLEDGEMENT 36

2



Abstract

A sensor network is a network of low-powered, energy-constrained nodes equipped with sen-

sor(s) and wireless communication devices that are intended to sense some physical phenom-

ena from the area of deployment. Recent technological advances in the field of micro-electro-

mechanical systems (MEMS) have made the development of multi-functional sensor nodes tech-

nically and economically feasible. The sensor nodes in a sensor network are usually resource

constrained, which means they have limited energy, limited processing and memory capability as

well as limited transmission range. Sensor nodes are expected to operate in an unattended manner

with the help of lightweight batteries, which cannot be replaced or recharged. Therefore, the life

of a sensor network is usually defined by the time interval between which a certain amount of

critical nodes run out of their battery power. A great deal of research have focused on the energy

conservation in sensor networks so that the lifetime of the network is maximized. A major factor

for the power consumption in a sensor node is due to the its transmit electronics, which increases

with the increment of (1) the amount of data to be transmitted and (2) the distance between the

transmitter and the receiver. In the past few years, many researches have proposed various schemes

for minimizing such power consumption in sensor networks. One of them is to introduce some

special nodes, known as relay nodes, in sensor networks. The idea is to take some burden from

the sensor nodes by the relay nodes. The deployment of relay nodes in sensor networks has been

proposed for maximizing the network lifetime, energy-efficient data gathering, load-balanced data

gathering as well as making the network fault tolerant. This paper has focused on the literature

that has proposed the use of relay nodes in sensor networks.
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1 INTRODUCTION

A sensor network is a network of tiny, lightweight, battery-operated devices, known as sensor nodes.

Each sensor node in a sensor network is also equipped with wireless-communication devices. Sensor

networks are usually deployed with an intention of monitoring some kind of physical phenomena

from the territory of the deployment. For example, a sensor network may be deployed somewhere

to monitor the humidity or the temperature of the surrounding area. Or it may be deployed to detect

the presence or absence of some objects, as well as the movement of objects within a monitored area.

Each sensor node in a sensor network can sense only its vicinity. The readings from all sensor nodes

can be gathered, possibly at a distant location, to get a broader picture of the networked area, regarding

the attribute(s) being monitored. Typically, data generated by individual nodes are sent to a powerful

node, known as Base Station (BS) or sink, where the data can be aggregated and forwarded to the

user, possibly using the Internet, where the data can be further analyzed and useful information can be

extracted.

1.1 Brief History

Advancements in technologies from different research areas that have contributed to the research and

development of sensor networks are sensing, communication, and computing (including hardware,

software, and algorithms). Similar to the development of many other technologies, research and devel-

opment in sensor networks was initially driven by the requirement for defense applications [11]. For

example, the Sound Surveillance System (SOSUS) was deployed at strategic locations on the ocean

bottom to detect and track quiet submarines during the Cold War. Modern research on sensor networks

began in the late 70’s with the Distributed Sensor Networks (DSN) program at the Defense Advanced

Research Projects Agency (DARPA) with the identification of various technological components for

DSN in Distributed Sensor Nets workshop in 1978. A review of the research and advancements that

has been made on the sensor networks for the last three decades by the military and other organiza-

tions along with the technology trends that have impacted the development of sensor networks and a

discussion of new applications of sensor networks as well as the challenges of sensor networks can be

found in [11].

It is the recent technological advances in the field of micro-electro-mechanical systems (MEMS)

that have made the development of tiny, low-cost, low-powered and multifunctional sensor nodes

technically and economically feasible [2][11]. These nodes are usually equipped with a sensing unit,
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a processing unit, and an RF communication unit, and are operated by lightweight batteries. Although

the capability of individual sensor nodes is limited, a sensor network is usually able to perform bigger

tasks through the collaborative effort of a large number of nodes (hundreds or even thousands) that are

densely deployed within the sensing field.

1.2 Deployment

The nodes in a sensor network are deployed inside or very close to the phenomenon so that the sensing

task can be carried out effectively. The placement of sensor nodes in a network can be pre-determined

(e.g. deployment of sensor network in factories or in the body of human and animals or in robots)

or random (e.g. deployment of nodes by dropping them from helicopter/airplane or delivering them

in artillery shell or missiles) [2]. The capability of random deployment requires that self-organized

routing schemes and distributed-network algorithms be incorporated in a sensor network, which are

relatively complex. But at the same time, it is the ability of random deployment that makes a sensor

network suitable for using it in hostile territories as well as in disaster-relief operations.

1.3 Applications

There can be different kinds of sensors in a sensor network, e.g. sensors, which can measure humid-

ity, temperature, illumination, pressure, also, sensors that can detect movement including speed and

direction, or sensors that can determine object size and so on. This long list of currently-available sen-

sors and the special features of sensor networks make them suitable for a wide variety of applications

including military, security, health and environmental applications. For example, in military applica-

tions, sensor networks can be used for target detection, to monitor forces, equipment and ammunition,

to detect nuclear, biological or chemical attacks as well as for the surveillance of battlefields. For en-

vironmental applications, it can be used for habitat monitoring and detecting environmental pollution,

forest fire, flood and so on. Health applications include patient-condition monitoring, diagnostics,

and hospital-drugs administration. Sensor networks also find their way into factory applications (e.g.

inventory managements) and home applications (e.g. home automation) [2].

1.4 Issues

One of the basic characteristics of sensor networks is that they are expected to perform in an unat-

tended manner, i.e. without human intervention (as it may be deployed in hostile territories) and
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with limited energy resources (as sensor nodes are usually powered by a lightweight battery pack).

Replacing or recharging batteries in sensor networks is not feasible, either physically (if deployed

in hostile territories) or economically (as the network may contain a very large number of low-cost

nodes). Therefore, in many cases, the lifetime of a sensor network expires as soon as the critical nodes

run out of battery power. In addition to that, as the nodes use wireless media to communicate with

one another, as well as to communicate with the sink, bandwidth is also a scarce resource in sensor

networks. Such energy and bandwidth constraints, coupled with the typical deployment of a large

number of nodes, offers many challenges for the design, management, operation and maintenance of

sensor networks. And as the life of the network is determined by the life of the batteries, energy aware-

ness is of prime importance at each layer of the networking-protocol stack. Research on physical and

link layers have mainly focused on system-level power awareness such as dynamic voltage scaling,

radio-communication hardware, energy-aware MAC protocols etc. For the network layer, researchers

have mainly focused on load-balanced data gathering, setting up energy-aware topologies and efficient

routing of data from the sensor nodes to the sink or BS such that the network lifetime is maximized

[1].

1.5 Routing

There are a number of characteristics of sensor networks that make the routing in them a challenging

task, including:

1. The inability to apply classical IP-based protocols in sensor networks.

2. The flow of data from multiple sensor nodes to a single sink node.

3. Data redundancy.

4. The resource constraint of sensor nodes.

The resource constraint means sensor nodes have limited energy, limited processing and memory

capability as well as limited transmission power. Many routing algorithms have been proposed in the

past few years to address the challenges of routing in sensor networks. In general, these protocols

can be broadly classified into three major categories, flat-based routing, hierarchical-based routing

and location-based routing, based on the network structure [3]. Flat-based routing protocols treat all

nodes equally while hierarchical protocols take a cluster-based approach where some nodes are treated

as cluster heads. location-based protocols make use of location information for routings.
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1.6 Relay Nodes

One category of research on sensor networks has focused on the energy-management issues after the

network has been deployed, i.e. it considers that the placement of nodes is fixed by deployment,

and then aims to minimize the energy consumption so that the lifetime of the network is maximized.

Another category of research has focused on the placement of sensor nodes in a sensor network before

its deployment. The objective of this category of research is to address the node-placement problem in

sensor networks, which is to determine a set of locations for the sensor nodes within a sensor network

such that, if sensor nodes are placed at these locations, the network may remain operational with the

available energy resources, for a period of desired-lifetime, using a minimum number of nodes but

ensuring high coverage of the sensed area as well as resilience to failure [12].

In sensor networks, the transmission power dissipated by a sender node to transmit each bit of data

to a receiver node is given by α + βdm, where α and β are distance-independent constants, d is the

distance between sender and receiver and m is the path loss index such that 2 ≤ m ≤ 4. This cost

model makes direct communication between two distant nodes much more energy consuming than

communicating via a multi-hop path with smaller hop distance. The effect of multi-hop communi-

cations in sensor networks have been studied in many research papers in the past few years, on both

flat and hierarchical architecture of sensor networks. Reviews of these publications may be found in

[1][2][3].

Although multi-hop communication may reduce overall energy consumption, some nodes can be

overloaded and drain out their energy more quickly (and die), as compared to some other nodes in

the network. This may produce undesirable effect on the functionality of the networks, even causing

the network to become inoperable. Many studies have been conducted to address this problem and

various methods have been proposed to minimize the effect produced by the death of such burdened

nodes. One of the techniques that has been proposed to reduce the burden on the overloaded nodes is

to deploy some special nodes, known as relay nodes, within the network so that they can share some of

the load with the overloaded nodes. In addition to load sharing, effect of the deployment of relay nodes

in sensor networks, along with their placement problem in both flat and hierarchical architecture, has

also been been studied in different publications. These studies have focused on achieving varieties

of objectives, including balanced data gathering within the networks, maximizing the lifetime of the

networks and making a sensor network fault tolerant. Some authors have also proposed higher energy

provisioning of the relay nodes and used them as cluster heads in a hierarchical architecture.

This survey has focused on various aspects of deploying relay nodes in sensor networks that have
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been proposed in the literature. The rest of the survey is organized as follows, section 2 provides

some background information on sensor networks, section 3 discusses various deployment strategies

of relay nodes in sensor networks, and section 4 concludes the survey with some discussion.
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2 BACKGROUND INFORMATION

A sensor network is a network of low-powered, energy-constrained nodes equipped with sensor(s)

and wireless communication devices and are intended to sense some physical phenomena. A sensor

network is usually deployed with an objective of getting some physical/environmental data from the

territory of deployment (e.g. measuring humidity, temperature or detecting target) for a certain period

of time. The data generated by each sensor by sensing its vicinity is required to be sent to a central

point, known as base station or sink, from where the user can access the data, possibly through the

Internet, for further processing of the data and to extract useful information, depending upon the type

and nature of the application. A general layout of a sensor network is shown in Fig. 1. There is a wide

range of applications, for both military and civil purposes, where the use of sensor networks can be

very useful. A review of sensor networks may be found in [2].

Figure 1: A general layout of sensor network

A sensor node can be seen as a tiny computer that includes processors and memory. In addition,

a basic sensor node also includes a sensing unit, a transceiver unit (for wireless communication),

and a power unit. Some models of sensor nodes also include a location-finding system e.g. GPS.

The sensing unit includes sensors and analog-to-digital converters (ADCs) which are used to convert

analog signals into digital signals that can be passed to the processor, as shown in Fig. 2 (simplified

from [2]). The power unit is usually equipped with lightweight batteries from where energy can be

supplied to all the components of a sensor node [2].

9



Figure 2: The components of a sensor node (simplified from [2], p. 399)

2.1 Challenges of Sensor Networks

Due to a number of factors, including the small size of sensor nodes, use of wireless-communication

media, limited non-replenishable energy sources, dense deployment of large number of sensor nodes

and inhospitable terrain of deployment, sensor networks pose many challenges in the design, operation

and maintenance of the networks in each layer of the networking protocol stack. The factors that have

contributed to the challenges include [3][2]:

• Network deployment in ad hoc manner: The network may be deployed in areas where no in-

frastructure is available, therefore, the nodes need to self-configure and self organize themselves

to form networks.

• Unattended operation and no human intervention: As the network may be deployed in inhos-

pitable territories or as the number of nodes deployed in sensor networks can be very large, it

may be physically or economically infeasible for any kind of human intervention after the de-

ployment of the networks. Therefore, if there is any change in the networking conditions, the

nodes need to reconfigure themselves to adapt to the changes.

• Limited power: Since the sensor nodes are operated by lightweight batteries and recharging or

replacing batteries may not be physically or economically feasible, the nodes need to use their

power efficiently by optimizing the cost of processing and communicating within the networks.

• Changes in network condition: Due to the nature of wireless media and inhospitable terrain, the

nodes and link failures are more frequent in sensor networks. The link status may also vary if

the nodes are mobile. Sensor networks need to be adaptive to such variable network conditions.

10



• Scalability: As large number of sensor nodes (usually, in order of hundreds or thousands) may

be densely deployed in sensor networks, the protocols need to be scalable to handle such large

number of nodes.

• Connectivity: The system needs to ensure that all the nodes are highly connected and no node

is isolated.

• Coverage: As each sensor node can only cover a limited physical area around its vicinity, it can

only provide a limited or partial view of the environment. To get the whole picture, the entire

area that is to be monitored needs to be covered by sensor nodes.

• Data Aggregation: Since a large number of nodes are closely deployed, sensor networks may

generate redundant data. Therefore, to reduce the number and/or volume of transmission, similar

packets from multiple nodes can be aggregated and a single packet may be transmitted so that

the energy dissipated by the transmitting node can be is minimized.

• Quality of Service: As conservation of energy is directly related to the lifetime of the network,

there may be a trade-off between the quality of the result and conservation of energy, espe-

cially where maximizing the lifetime is more important than the quality of data sent. Therefore,

energy-efficient schemes are needed to address the issue.

2.2 Sensor Energy Model

A sensor node typically consists of a sensing circuit, digital signal processor, and radio links [19]. The

most dominant factor in power consumption in sensor networks is due to the wireless communication.

The first-order radio model is discussed in [24], which is reviewed here.

The first-order radio model for energy dissipation in wireless communication is shown in Fig. 3

(redrawn from [24]). As shown in the Fig. 3, energy is dissipated at a rate of Eelec/bit for both

transmitting and receiving of data, which is required to run the circuitry of the transmitter and receiver.

In addition, to transmit each bit at a unit distance, the transmit amplifier also dissipates εamp amount

of energy. In [24], the numerical values for these factors are given as Eelec = 50nJ/bit and εamp =

100pJ/bit/m2. The energy loss due to channel transmission at a distance d is taken as dm, where m

is the path loss exponent, 2 ≤ m ≤ 4, for free space and short to medium-range radio communication

[42]. Therefore, energy dissipated to receive k bits is given by, ERx = Eelec ∗ k and energy dissipated

to transmit k bits at a distance d is given by, ETx(k, d) = Eelec ∗ k + εamp ∗ k ∗ dm.
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Figure 3: First order radio model ([24], p. 3006).

2.3 Lifetime of Sensor Networks

The sensor networks are deployed with a mission of getting information from a target territory over

a certain period of time. The lifetime of a sensor network is defined as the time from the inception

of the operation of the network, till a fraction of nodes drain out of their power, which results in

either a routing hole [44] within the network or a disconnected network, or a network with insufficient

coverage. In flat sensor networks, the lifetime may be taken as the time when first node dies, or the

last node dies or, more generally, a certain percent of nodes die. In terms of coverage, α lifetime of

a sensor network is defined as the length time interval during which, at least one node monitors a

minimum of α portion of the monitored region [58].

In the hierarchical sensor networks, the lifetime of sensor nodes and cluster heads are needed to

be considered separately as they have different impact on the functional ability of the network. For

example, if a sensor node dies, then the network suffers from the lack of sensing by this single node,

which may only have a limited impact due to the inherent data redundancy in sensor networks. But if

a cluster head dies, all the underlying sensor nodes of that cluster become inaccessible from the other

part of the network. Therefore, it may be required to pay more attention to secure sufficient lifetime

of the cluster head nodes.

In [42], the authors have discussed three different life times in a hierarchical sensor networks, N-

of-N lifetime (i.e. the mission fails if any cluster-head node dies), K-of-N lifetime (i.e. the mission

survives if a minimum of K cluster-head nodes are alive) and m-in-K-of-N lifetime (i.e. the mission
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survives if all m supporting nodes and overall a minimum of K gateway nodes are alive). More

information on lifetime including upper bounds on the lifetime can be found in [44] and [58] and an

analysis of energy consumption and lifetime of heterogeneous sensor networks can be found in [15].

2.4 Routing in Sensor Networks

Routing in sensor networks is a challenging task due to a number of inherent characteristics that

distinguish sensor networks from other wireless networks, e.g. mobile ad hoc networks or cellular

networks. The principal characteristics that contribute to the challenges may be summarized as follows

[3]:

• The number of sensor nodes deployed in sensor networks may be vary large. Considering

the high overhead for the maintaining node IDs for such a large number of nodes within the

network, building a global addressing scheme may not be suitable. Therefore, traditional IP-

based protocols may not be applied directly in sensor networks. Also, getting data is usually

more important in a sensor network than knowing the ID of the node that generated the data.

• In sensor networks, usually, the data flow is from multiple sensor nodes to a single, remotely-

located base station.

• Sensor nodes are constrained by energy, processing, and storage capabilities, hence, resource

management is very important in sensor networks.

• Once deployed, most of the sensor nodes are usually stationary, but some nodes may be allowed

to move around, depending upon the requirements of the application.

• The requirements for the design of sensor networks may change with application.

• In a typical sensor network, data collection is usually location based, therefore, position aware-

ness of sensor nodes is important.

• A large number of sensor nodes are usually densely deployed in a sensor network. As all sensor

nodes usually sense a common phenomena, it is highly probable to have redundant data. This

data redundancy is needed to be taken care of by the routing mechanism to ensure efficient

energy and bandwidth utilization.
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In addition to the routing challenges posed by the inherent characteristics of the sensor networks,

resource constraints of the sensor nodes, especially the energy constraint and the unpredictable and,

possibly, infrequent changes of the nodes and link status (e.g. due to node failure or mobility) and cor-

responding topology changes make routing in sensor network a nontrivial job. In the past few years,

many algorithms have been proposed to address these challenges for routing in sensor networks. The

routing strategies proposed in most of the literature mainly concentrated of minimizing the energy

consumption of the sensor nodes so that the lifetime of the network is maximized. Along with em-

ploying various standard tactics for routing in wireless networks, different papers have proposed to

employ sensor network specific tactics, such as clustering of sensor networks, data-centric approach,

load balancing, energy-efficient data gathering, data aggregation and in-network processing, nodes

role assignment etc. [3].

Routing protocols can be classified in a number of ways. For example, based on the network struc-

ture, most of the routing protocols can be classified into three major categories, flat-based routing (e.g.

[25][30]), hierarchical-based routing (e.g. [24][36][57]) and location-based routing (e.g. [7]) [3]. In

flat-based routing, all nodes are treated equally and are typically assigned with equal functionality

and role. Hierarchical protocols group sensor nodes into distinct clusters around some specific nodes,

known as cluster-head nodes. These cluster-head nodes are responsible for collecting data from the

respective cluster and forwarding them to the base station. Location information is used to route data

in location based routing protocols. In addition to that, in [3], Al-Karaki and Kamal have classified the

routing protocols, based on the protocol operation, into five categories, multi-path-based (e.g. [30]),

query-based (e.g. [30]), negotiation-based (e.g. [25]), QoS-based (e.g. [22]), and coherent-based (e.g.

[30]). The classification of routing protocols in sensor networks is shown in Fig. 4.

In [1], Akkaya and Younis have classified the routing protocols in sensor networks as data-centric,

hierarchical, location-based and network flow or QoS-based routing protocols. In the data-centric

protocols, routing is query-based and dependent on the naming of desired data. Hierarchical, and

location-based protocols are the same as above. And network flow or QoS-based routing protocols

model the network flow to meet some QoS requirement in routing [1]. A routing protocol can even

be classified as proactive, reactive, and hybrid, based on how a source finds a route to the destination.

Proactive protocols compute all routes beforehand, i.e. before routes are actually needed. Reactive

protocols compute routes on demand while, Hybrid protocols use a combination of both proactive and

reactive ideas. An overview of the proposed routing protocols, classified under different bases, may

be found in the survey papers [1][3].
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Figure 4: A taxonomy of routing protocols in sensor networks(Modified from [3], p. 7)

In a multi-hop flat network architecture, each node is typically assigned the same functionality

and plays the same role. Sensor nodes in a network, in addition to the sensing task, are expected to

collaborate together to perform the networking task. These protocols use a data-centric approach for

routing, as the number of such nodes is large and assigning a global identifier to each node is not

feasible. In this type of routing, the base station (also known as the sink) sends queries to a certain

region of the network. Upon reception of the queries, the sensor nodes located in the selected regions

send the data being queried, towards the base station using multi-hop path. An example of a flat sensor

network architecture with possible topology and routing is shown in Fig. 5. As the data is requested

through queries, attribute-based naming is used to specify the properties of data. The examples of flat

routing protocols includes Sensor Protocols for Information via Negotiation (SPIN) [25] and Directed

Diffusion [30], which are the two protocols that have inspired many other protocols that use similar

concepts [3].

It is well known that the hierarchical techniques offer advantages related to scalability and efficient

communication. And these architectural advantages are exploited to perform energy-efficient routing

in sensor networks. In hierarchical or cluster-based routing, sensor nodes are clustered around some

special nodes known as cluster heads. Each sensor node belongs to one distinct cluster and sends data

to only its own cluster head. Cluster heads, on the other hand, collect data from all the sensor nodes of

its own cluster, process data and send towards the base station. The cluster heads may also use multi

hop path to forward data towards the base station, where each cluster head also acts as router for the
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Figure 5: An example of Flat Routing in sensor networks

data forwarded by the neighboring cluster head nodes. An example of hierarchical sensor network

architecture with possible topology and routing is shown in Fig. 6.

One of the advantages of hierarchical architecture is that, higher-energy nodes can be used as

cluster heads, as these nodes are expected to perform data processing, take part in routing and transmit

to the base station (or to the next hop), which usually lies at a distant location. Sensor nodes, on the

other hand, can be low-energy nodes, as these nodes perform only the sensing (and transmitting to

the immediate cluster head only, which usually lies at a short distance) in the proximity of the target,

without participating in the routing. Even if the same capacity nodes are used as cluster heads, the

role of cluster heads can be rotated among the sensor nodes and the benefit of hierarchical architecture

can be exploited [24]. Clustering sensor networks contributes to the improvement of overall system

performance including scalability, network lifetime, and efficient energy utilization [3]. It has been

mentioned in literature that hierarchical routing can lower the energy consumption for intra-cluster

communication, as each sensor node transmit only to its immediate, closely located cluster head. It

may also lower the energy consumption for inter-cluster communication, as cluster heads can perform

data aggregation and fusion, therefore, the amount of data and the number of transmitted messages are

reduced [3][24][23][19][20] [36][41].
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Figure 6: An example of hierarchical routing in sensor networks

Most of the proposed hierarchical routing protocols use two-layer routing; one layer to select

cluster-heads and the other layer for routing. Examples of hierarchical-routing protocols include Low-

Energy Adaptive Clustering Hierarchy (LEACH) [24] , Threshold Sensitive Energy Efficient Sensor

Network (TEEN) [36] and Hybrid Energy-Efficient Distributed clustering (HEED) [41]. The LEACH

is a highly-referred approach for clustering in sensor networks that uses randomization to select clus-

ter heads. The TEEN protocol has applied the reactive approach in LEACH to further enhance the

energy efficiency in sensor networks. The HEED protocol has applied a distributed approach for the

selection of cluster heads. Publications describing the LEACH, the TEEN and the HEED protocols

are annotated in appendix A.

2.5 Fault Tolerance in Sensor Networks

Fault tolerance in sensor networks is all about keeping the network functional under the event of node

or link failures. In general, sensor nodes are prone to failure due to several reasons, e.g. running

out of battery power, physical damages (which may be caused by unattended operation and hostile

environmental condition) and malicious attacks. Also, there can be infrequent link failure, which may

occur due to the environmental interference or node mobility. The fault tolerance in sensor networks

attempts to ensure that failure of some nodes or link does not affect the overall task of the sensor

network. In other words, network should be able to sustain the functionality without interruption in
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the event of node or link failures.

To combat the node and/or link failure in networking, a traditional fault-tolerant approach is to

establish node/link disjoint path between the source and the destination. This approach ensures con-

nectivity in the networks in case of failure, i.e. if some links and/or nodes fail, the remaining network

still remains connected. A fault tolerant network should generally be at least 2-connected (i.e. for ev-

ery pair of source-destination nodes, at least two disjoint paths connect them), but can be k connected,

where k ≥ 2, depending upon the criticality of the fault in the network. Finding disjoint paths is an

important research area in networking. For example, computing minimum total cost disjoint paths in

networks has been studied in [53] and in wireless networks, in [50].

In sensor networks, the sensed data are transmitted to the base station, possibly using multi-hop

paths. In a flat architecture, sensor nodes themselves are responsible for routing the data. Therefore,

fault-tolerant schemes in this architecture need to take into consideration all the sensor nodes within

the network in the same way. But in hierarchical architectures, sensor nodes and cluster heads are

treated differently. Each sensor nodes belongs to only one cluster and sends data only to its own

cluster head in this architecture. Therefore, fault tolerance for sensor nodes attempts to ensure that

in case a cluster heads fails, the underlying sensor nodes are still able to communicate with some

other cluster head, so that the data generated by these nodes is not lost. And for the cluster heads, if

they are meant to form networks (instead of each cluster head directly transmit data, gathered from its

own cluster, to the base station) among themselves and use multi-hop routing to send data to the base

station, node/link disjoint paths are needed to be established between each pair of source-destination

cluster head nodes so that the functionality of the network is not disrupted in case of cluster head

failures. Fault tolerance in sensor networks is studied in various papers including [18][21] and [54].

A brief review of these papers can be found in section 3.

2.6 Node Placement and Coverage in Sensor Networks

Most of the research discussed so far has focused on the performance improvement of sensor net-

work with an assumption that the networks have already been deployed. The research on the node

placement and coverage problems in sensor networks, on the other hand, has focused on the efficient

deployment of sensor nodes within the networking field. As mentioned earlier, each sensor node in

a sensor network monitors a small area from its vicinity. The complete picture of the area, for the

attribute(s) being monitored, is constructed by putting together the data received from a large number

of sensor nodes that are dispersed throughout the sensing field. Obviously, no data can be obtained
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from a region if it it not covered by at least one sensor node (or if sensor node(s) covering the re-

gion get disconnected). This means that the placement of sensor nodes must take into consideration

the coverage of sensor networks. Coverage is an important area in sensor networks and it has been

studied in many papers, including [6][55][56] and [59].

Coverage can be measured in more than one way, based on the network model. A network model,

which can be either deterministic or probabilistic, specifies the area covered by a certain sensor at a

certain location. If the model is deterministic, then it specifies the area that is covered by the sensor.

If the model is probabilistic, then it specifies the probability that a phenomenon will be detected at

a given location. For the deterministic model, coverage is measured as the area that is covered by at

least one sensor. For the probabilistic model, example of coverage includes "the global minimum of

detection probabilities" [51]. A different coverage metric for the surveillance network has also been

proposed in [37].

As the radio transmission is inherently broadcast, therefore, the area around a sensor node within

its transmission range may be considered to be fully covered. Therefore, the area covered by each

sensor node can be seen as a unit disk, where the radius of the disk is the transmission range of the

node. Which means that the placement problem of sensor nodes in a sensor network with full coverage

may be reduced to the problem of finding the locations and the number of circular disk that can be

used to fully cover the monitored area. For example, Fig. 7(a) (redrawn from [51]) illustrates the idea

of covering a squire area with 6 equal circles. The problem of covering a square with equal circles has

been studied in a number of papers, including [38] and [39].

Figure 7: (a) Covering an area with 6 equal circle. (b) An sample solution of the art-gallery problem.
The guards are placed at locations x, y and z. The shaded zones indicates the area observed by guards
x and y while z observes all unshaded zones (as well as some portion of shaded zone). Three guards
can cover the entire gallery ([51], p. 17).

Another approach that has been explored for finding the locations of sensor nodes, in a type of sen-

sor network that has obstacles in the monitored area, is related to the well-known art-gallery problem.
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Given the plan of the interior of an art-gallery, the art-gallery problem attempts to find the minimum

number and placement of guards for guarding the gallery. An illustration of the art-gallery problem is

shown in Fig. 7(b) (redrawn from [51]). The figure shows a solution for the art gallery problem, where

guards at locations x, y and z is sufficient to cover the interior of the entire gallery [51]. The placement

problem of sensor nodes has also been addressed in [8] and [43]. These two papers are annotated in

Appendix A.

2.7 Relay Nodes in Sensor Networks

In a sensor networks, sensor nodes sense the environment and generate data. These data from all

sensor nodes are needed to be gathered and transmitted to/relayed towards the base station using

wireless media. Considering the transmission-energy-cost model of sensor networks, use of multi-

hop path for the routing has been preferred in most of the literature. The multi-hop routing strategy

has been proposed for both flat and hierarchical architectures.

In flat architectures, each sensor nodes shares the burden of routing. Which means that each sensor

node is responsible for sensing the environment and forwarding its own as well as other nodes data

towards the base station, provided the node has been selected to be a hop in the path of data gathering.

In hierarchical architectures, each sensor node belongs to only one cluster. Therefore, each sensor

nodes sends only its own data to the respective cluster-head node. The cluster-head nodes, on the

other hands, bear much more responsibilities, e.g. data gathering, data aggregation and routing. These

nodes may form networks among themselves and forward the data, gathered from its own cluster as

well as from other cluster heads, towards the base station, using multi-hop paths. Since all nodes

in sensor networks are battery operated, therefore all nodes are energy constrained. As the energy

conservation is directly related to the lifetime of sensor networks, multi-hop routing is preferable as

the energy dissipated by a source node in wireless communication, to send data to a destination node

at distance d, varies in terms of dm, where m is the path-loss exponent with a typical value between 2

to 4, depending upon the range of distances between the source and the destination. Therefore, energy

consumption is much higher in direct communication between to distant nodes as compared to that of

multi-hop communication between the same pair of nodes.

In sensor networks, all data flow from the sensor nodes towards the base station, whose location

is usually fixed. The nodes located further away from the base station use some intermediate nodes to

send data to the base station. In such data-gathering model, it is possible that some nodes are required

to relay more data, which they have received from the neighboring nodes, as compared to some other
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nodes. Therefore, these nodes may dissipate energy at a higher rate than the less-burdened nodes. For

example, in the minimum-energy transmission model [24], nodes located closer to the base station

need to relay data at much higher rate than the nodes located further away from the base station.

This uneven energy dissipation among the nodes may lead to the faster death of the burdened nodes,

assuming that initial energy provisioning for all nodes are equal. Such death of some nodes due to

the unbalanced energy dissipation may cause an undesirable effect on the functionality of the sensor

networks, as the dead nodes will neither be able to perform the sensing nor the routing. This may even

cause the network to lose its usefulness, even though many other nodes in the networks still retain

power and a careful load distribution could have utilized this power to prolong the useful lifetime of

the networks.

This problem has been addressed in many publications and different approaches have been pro-

posed to optimally balance the energy dissipation among all nodes in a sensor network [24][23][19][20]

[31][36][41] . One of these approaches is to use a special type of node in sensor networks, called relay

nodes, whose job is only to relay data generated by other sensor nodes, without sensing the environ-

ment. It has been shown in the literature that the introduction of relay nodes in sensor networks may

result in prolonged lifetime as they can remove some burden from the over loaded nodes. The relay

nodes may also shorten the transmission distance between a pair of distantly located nodes by acting

as a hop between them. The functionality of relay nodes is depicted in Fig. 7, which is redrawn from

[51], with some labeling added to it. Fig. 8(a), shows a traditional sensor network without relay nodes

deployed in it. In the given topology, nodes x, y, p and w are bearing higher data load and also trans-

mitting to a larger distances, as compared to the other nodes in the network. Therefore, these nodes

are expected to die fast. The same network, with some relay nodes added to it is shown in Fig. 8(b).

As sown in the Fig. the resulting topology has taken away some burden from these overloaded nodes,

and also has reduced the transmission distances of these nodes.

In general, similar to the sensor nodes, relay nodes are also battery-operated devices capable of

wireless communication. But the type of relay nodes proposed in different publications is not unique.

Some have suggested that the relay nodes should be of equal capabilities as sensor nodes, even a

sensor nodes can be assigned the role of relay node (as proposed in [13]). On the other hand, some

others have suggested that relay nodes should be of higher capabilities than the sensor nodes in terms

of initial energy provisioning, the transmission range and the data processing (data gathering, data

aggregation) capability. Higher capability relay nodes are mainly suggested in cluster-based sensor

networks, where higher energy provisioned relay nodes take the role of cluster heads. Use of relay
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Figure 8: Use of relay nodes in flat sensor networks ([51], p. 1)

nodes in hierarchical networks is shown in Fig. 9, which is redrawn from [19].

Figure 9: Use of relay nodes in hierarchical sensor networks ([19], p. 1848)

The coverage and placement problem of relay nodes (which is in some way, similar to the cov-

erage and placement problem of sensor nodes) has also been addressed in the literature. It has been

suggested that the deployment of relay nodes in sensor networks may achieve extended network life-

time, energy efficiency and balanced data gathering as well as, providing fault tolerance in sensor

networks [8][9][12][13][14] [16][19][28][42][43][51]. This survey has focused on the uses of relay

nodes in sensor networks. In the following section, the deployment of relay nodes in sensor networks,

as proposed in the literature, is reviewed.
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3 RELAY NODES IN SENSOR NETWORKS: LITERATURE

REVIEW

In the past few years, a number of research papers have focused on the deployment of relay nodes in

sensor networks. The main purpose of such deployment, as studied in these papers, may be summa-

rized as follows:

• Extending the lifetime of sensor networks.

• Energy-efficient data gathering in sensor networks.

• Balanced data gathering in sensor networks.

• Providing fault tolerance in sensor networks.

In some studies, relay nodes are assumed to be of similar capability to sensor nodes, while some

others have used special, higher-energy-provisioned nodes as relay nodes. In addition, relay nodes are

proposed to be used in the flat architectures as well as in the hierarchical architectures. The following

subsections describe the literature that has proposed the use of relay nodes in sensor networks in any

of the above-mentioned scenarios. The first set of publications proposed the use of relay nodes in flat

architectures, which is followed by a set of publications that has proposed to use them in hierarchical

architectures. The last set has focused on the issues relating to the complexity of the relay-node-

placement problems.

3.1 Relay Nodes in Flat Architectures

The idea of deploying relay nodes in sensor networks was first introduced by Cheng et al. in 2001

[9], which was based on flat architectures. They have proposed to use relay nodes for maintaining

connectivity, by using minimum-per-node transmission power. They have concentrated on a specific

class of sensor network, called the biomedical class of sensor networks, where the location of sensor

nodes are predetermined and fixed. They have solved the optimization problem based on a NP-Hard

problem [34], known as Steiner Minimum Tree with Minimum number of Steiner Points [34], and

proposed heuristics to get approximate solutions. In 2003, Dasgupta et al. proposed the use of relay

nodes, in [13], to maximize the lifetime of sensor networks, but instead of considering that the nodes’

positions are fixed (as in [9]), they have allowed node mobility and provided an integer solution to the
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optimization problem. In [16], Falck et al. (2004) have attempted to achieve balanced data gathering

against sufficient coverage, using relay nodes in sensor networks and have solved the optimization

problem by Linear Programming (LP). In the last paper in this category [12], Coleri and Varaiya

(2005) have focused on achieving a desired network lifetime using minimal total energy and have

formulated the problem in LP, assuming the placement of sensor nodes and their sampling rate are

predetermined and fixed. And for the placement problem, they have proposed an NLP formulation

and an approximation algorithm. Following are brief reviews of the literature:

• In [9], Cheng et al. (2001) focused on maintaining connectivity in sensor networks by intro-

ducing a small number of relay nodes within the networks, and studied the impact of using

these relay nodes on the total power consumption for maintaining minimum-power topology,

i.e. maintaining connectivity within a sensor network using minimum-per-node transmission

power. Mainly, they have tried to find the answers of two questions: firstly, if one or two sen-

sor nodes are introduced, how does it improve the topology and secondly, given a restricted

transmission power, what are the number of relay nodes that are required to maintain the global

connectivity.

For the network model, the authors have considered only the biomedical class of sensor net-

works, where sensor locations are usually pre-determined & fixed. On such network model,

they have proposed a solution to the problem of “maintaining connectivity with minimum-per-

node transmission power in wireless sensor networks”(quoted from [9]). They have formulated

this problem using a network optimization problem called Steiner Minimum Tree with Mini-

mum number of Steiner Points. This problem was studied in [34] and has shown to be NP-Hard.

Cheng et al. in [9] have proposed two approximate algorithms to solve the connectivity prob-

lem in sensor networks. They have introduced relay sensors within the network to provide

connectivity so that transmission power of each sensor can be kept low. The parameters that

are considered for the optimization are the “total-per-node minimum power needed to maintain

connectivity” and “the maximum degree in the minimum-power topology maintained by the

first parameter” (quoted from [9]).

Through performance study by simulation, they have claimed to have shown that, with the use

of 1 or 2 relay nodes, total consumed power for maintaining minimum-power topology as well

as maximum degree for the minimum-power topology is reduced, especially where the topology

is sparse. They also have claimed that by restricting the transmission power of individual sensor
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nodes while ensuring connectivity with the relay nodes will achieve similar results. A technical

report of their work can be found in [10].

• In [13], Dasgupta et al. (2003) have focused on maximizing the lifetime of sensor networks by

studying topology-aware nodes’ placement problem and the nodes’ role-assignment problem in

sensor networks.

They have referred to the work done in [10], [14], [37] and [46] for studying the impact of

topology-aware design on the performance of sensor networks and mentioned that most of these

works assumed that the nodes are stationary and the locations are pre-determined. They have

stated that this assumption may not be appropriate for a wide variety of applications of sensor

networks. Then they have referred to the work done on mobile sensor networks in [29] and

[48] and pointed out that although the approach proposed in [29] and [48] for the placement of

sensor nodes in mobile sensor networks may lead to high coverage, it does not address clearly

how the lifetime of the network is affected by such placement. And then they have studied the

impact of topology-aware nodes’ placement on the lifetime of sensor networks and proposed a

new approach to maximize the lifetime of sensor network.

They have considered a sensor-network model consists of sensor nodes and relay nodes, where

all nodes are of similar capabilities. They have allowed the nodes to assume either the role of

relay nodes, or the role of sensor nodes. The roles of relay nodes include the aggregation of

multiple incoming data packets into one single outgoing packet and transmission of the data

packets. The sensor nodes, on the other hands, sense the environment and generate packets

of data. With such a network model, they have focused on the placement of the nodes within

the network and assigning roles to the nodes in such a way that the lifetime of the network is

maximized and the coverage of the entire region is ensured. They have called it the maximum-

lifetime sensor-deployment problem with coverage constraints and have proposed an algorithm

for the solution of the problem that were motivated by the force-directed/potential-field based

approaches in robotics/graph drawing [4]. They have called the proposed algorithm the Sensor

Placement and Role assignment for energy-efficient Information Gathering (SPRING). With a

given location for the BS and an initial assignment of role as well as placement of nodes, the

objective of SPRING is to find the location along with the assignment of roles for the nodes so

that system lifetime is maximized.

They have claimed that their algorithm is the first to solve the coverage-preserving problem of
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sensor deployment where the objective is to maximize the system lifetime. They have used the

Maximum Lifetime Data Gathering with Aggregation (MLDA) algorithm, proposed by Kalpakis

et al. in [31], for the purpose of performance evaluation of the SPRING and claimed that it

can improve the lifetime of data-gathering schedule when compared to the random approach for

node deployment.

They also have pointed out that for the networks where the placement of nodes can be controlled,

the positions and the role of each node can be computed beforehand at some centralized point. In

addition to that, they have predicted that with the recent work done on the localization in sensor

networks [5], it may also be possible to implement their approach in a distributed manner.

• In [16], Falck et al. (2004) have focused on balanced data gathering against sufficient coverage

of the monitored area in a sensor networks. The have considered a multi-hop network model

consisting of sensor nodes and relay nodes and a base station. The relay nodes are less-energy-

constrained compared to the sensor nodes. Data are to be gathered at the base station and the

location of sensor nodes and the base station are pre-determined. The objective was to achieve

balanced data gathering against sufficient coverage of the monitored area.

They have cited the work done in [32][40] that has proposed non-liner solutions for the balanced

data-gathering problem. They have also cited the work done in [13] that has proposed an Integer

Program for maximizing the sensor-network lifetime. Then the authors have claimed that their

solution is different from these works, as they have formulated the problem as a linear program-

ming problem, which attempts to find the optimal routes for the data generated by the sensors

towards the base station. In addition, they also have studied the effect of deploying a small num-

ber of less energy-constrained relay nodes within the network and proposed an approximation

algorithm for their placement.

With some experimental results, the authors claimed to have demonstrated that for reasonable

balancing factor values, coverage could increase significantly, without considerable decrease in

the average amount of data gathered per node. They also have claimed to achieve considerable

improvement in the value of the balanced data-gathering objective function with the introduction

of some higher-energy-provisioned relay nodes within the networks.

• In [12], Coleri and Varaiya (2005) have focused on achieving a desired network lifetime using

minimum total energy in a sensor network that contains relay nodes. In their model, the sensor

nodes may also take part in routing. They have attempted to achieve the goal of maximizing
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the network lifetime by determining the optimal locations along with the optimal energy provi-

sioning of the relay nodes within the networks. To formulate the problem, they have assumed

that the sensor nodes’ placement and their sampling rate are predetermined and fixed. With

this assumption, they have proposed two different formulation, one Linear Programming (LP)

and the other Non-Linear Programming (NLP). For the LP formulation, they have attempted to

minimize the total cost with a further assumption that the locations of the relays are also prede-

termined. The NLP formulation attempts to reach the same goal but with no prior assumption

about the locations of the relay nodes. For the NLP, they have proposed a polynomial time

approximation algorithm and claimed a performance ratio of 2 for their proposed algorithm.

They also have included some simulation results of their approach and claimed that they have

demonstrated the validity for optimality ratio and effectiveness of their approach.

3.2 Relay Nodes in Hierarchical Architectures

The deployment of relay nodes in hierarchical architecture was first proposed in 2003, in two different

publications, [19] and [42]. In [19], Gupta and Younis focused on the issue of load-balancing and

proposed an algorithm for load-balanced-clustering of hierarchical sensor networks (The performance

evaluation of their approach was published in [20]). They have called the relay nodes gateway nodes.

The other paper that has introduced relay nodes in hierarchical sensor networks was by Pan et

al. (2003) [42]. In their publication, they have called the relay nodes as aggregation nodes (AN),

and have attempted to maximize the topological network lifetime of sensor networks. Their approach

has focused on arranging the base stations (BS) and optimizing inter-AN relaying. In the same year

(2003), Gupta and Younis published another paper that has included relay nodes in hierarchical sensor

networks, but has focused on fault-tolerant issues [18]. Their approach has focused on recovering the

underlying sensor nodes from a cluster whose cluster head has died. Subsequently, in 2004, Tang and

Xue in [21], focused on optimizing the number of relay nodes that can be used in a sensor network

such that the connectivity and fault-tolerance can be ensured.

This survey has identified 4 papers that have studied the use of relay nodes in sensor networks

during the year 2005. In [54], Tang, Hao and Sen (2005) focused on the issue of scalability as well as

the extended lifetime of sensor networks using relay nodes and have proposed formulation for solving

the problem. In [43], Patel et al. (2005) addressed the placement problem of sensor nodes, relay nodes

and base station in sensor networks and formulated a solution to achieve minimal number of sensor
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nodes, minimal total cost and energy consumption as well as maximal energy utilization and lifetime

of the network. In [28], Hou et al. (2005) focused on prolonging the lifetime of sensor networks with

energy provisioning and deploying relay nodes within the networks. And in [35], Liu, Wan, and Jia

(2005) have addressed the issue of fault tolerance in sensor networks, using a minimal number of relay

nodes. They have attempted to solve a similar problem as in [28], but their approach was based on

different assumptions regarding the functionality of sensor nodes and the requirement of connectivity

among the nodes as compared to the work in [28]. Following are brief reviews of these publications:

• In [19], Gupta and Younis (2003) have addressed the issue of load balancing in sensor networks

and have proposed an algorithm for clustering the sensor nodes around some higher-powered

relay nodes, acting as cluster heads, to achieve the objective. In their literature, they have called

the relay nodes gateway nodes.

They have focused on classes of sensor networks architectures where energy-constrained sensor

nodes have not been deployed uniformly due to the inhospitable environmental condition. They

have introduced the notion of deploying relatively-less energy-constrained gateway nodes within

such networks and proposed load balancing among these nodes to extend the network lifetime.

In their network model, the deployed gateway nodes group sensor nodes into distinct clusters

and each acts as a cluster head of its own cluster. Each sensor node belongs to only one cluster

and sends data to its cluster head (which is a gateway node). The gateway nodes gather data,

perform data fusion and relay the data to the command node (which may be a base station).

For a sensor network where the sensor nodes and gateway nodes are not uniformly distributed,

some gateway nodes can be overloaded (e.g. gateway nodes in a cluster where the sensors are

densely populated). This will result in faster consumption of energy from these nodes, causing

them to die fast. The death of gateway node(s) will normally require either re-clustering of the

network, which may add more overhead to the system, or inactivation of the sensors covered by

the dead gateway node(s), which is undesirable for the effectiveness of the system. The authors

have formulated this problem and proposed an optimization heuristics algorithm that clusters

the sensor nodes (with gateway nodes as cluster heads) and balanced load among these gateway

nodes.

Through experimental results, the authors have claimed that, as compared to the shortest-distance

approach, their method have shown better performance for both in terms of standard deviation

of load per cluster and average communication energy per cluster. The authors also have a sep-
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arate paper on the performance evaluation of load balanced clustering, which may be found in

[20].

• In [42], Pan et al. (2003) have attempted to maximize the topological network lifetime of sensor

networks by arranging the base stations (BS) and by optimal inter-aggregation node (AN) relay-

ing. They have proposed a two-tired sensor network model where sensor nodes lie in the lower

tier and the Application Nodes (ANs) & and the Base Stations (BSs) lie in the upper tier. In their

proposed model, the sensor nodes in the networks form clusters and send their readings directly

to the respective AN. In each cluster, there is at least one AN that receives the data from the sen-

sor nodes of the respective cluster, aggregates the data and sends it towards the BS. Assuming

that the location of BSs are relatively flexible, the authors have focused on the process of topol-

ogy control of ANs and BSs with an aim to maximize the topological lifetime of the network.

Their algorithms are based on Computational Geometry that finds the optimal locations of the

BSs under three topological definitions, N-of-N lifetime (i.e. mission fails if any gateway node

dies), K-of-N lifetime (i.e. mission survives if a minimum of K gateway nodes are alive) and

m-in-K-of-N lifetime (i.e. mission survives if all m supporting nodes and overall a minimum of

K gateway nodes are alive), all based on the criticality of the mission. They also have claimed

to establish theoretical upper and lower bounds on the maximal topological lifetime of sensor

networks.

For the inter AN relaying, they have considered two kinds of relaying, parallel relaying, where

an AN can forward to multiple ANs and serialized relying, where each AN relays to only one

other AN and claimed that applying the relay techniques could further extend the topological

lifetime of the network.

The authors have also included some experimental results in the paper and claimed that their

experimental evaluation has demonstrated the essentiality of the topology control process as

well as validated the optimality of their approaches.

• In [18], Gupta and Younis (2003) have addressed the issue of fault tolerance in cluster-based

sensor networks and proposed a mechanism for recovering sensor nodes that belongs to a cluster

whose cluster head has failed. As in [19], they have called the relay nodes as gateway nodes and

considered a two-tired cluster based sensor network architecture where higher-powered gateway

nodes act as cluster heads in the upper tier. The sensor nodes lie in the lower tier of the network

and each can communicate with only one gateway node, which is the cluster head of the cluster
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where the sensor node belongs. Being the cluster heads, the gateway nodes acts as a manager of

the underlying sensor nodes as well as relay data to the sink node. The authors have pointed out

that failure in gateway nodes are more severe to this kind of system. This is due to the reason that

the underlying sensors covered by the failed gateway node will become inaccessible, although

they will be fully functional. Considering such scenarios, they have proposed a mechanism

to recover the sensor nodes underlying a failed gateway node, without requiring a full-scale

re-clustering and without requiring any redundant gateway nodes deployment.

They have proposed a two-phase fault tolerant approach, detect and recover. For the gateway

nodes, they have considered different type of failures including complete failure, link failure

and range failure. Their idea is to perform periodic check on the status of the gateway nodes so

that the system can learn about the failure of any gateway node. Their scheme includes creation

of backup information during the clustering phase, which can be used to re-assign sensor nodes

managed by the any failed gateway node, therefore eliminating the necessity of a full-scale

re-clustering involving the entire network.

They have presented experimental validation of their mechanism and have claimed that the

experiment has demonstrated that their mechanism can provide the system resilience to the

communication faults as well as the ability to recover the sensor nodes under faulty cluster

heads, without requiring re-configuration.

• In [21], Hao, Tang and Xue (2004) have focused on the problem of relay-node placement in

two-tired, cluster-based, wireless sensor networks so that the network become fault-tolerant.

In a two-tired network, sensor nodes lie in the lower tier and relay nodes lie in the upper tier.

These relay nodes are used as cluster heads and are responsible for collecting data from the

sensor nodes of their respective cluster, aggregating received data, forming connected topology

and transmitting the data towards the sink using multi-hop routing. The authors have formulated

a fault-tolerant scheme for such networks for finding the minimum number of relay nodes such

that each sensor node is connected with at least two relay nodes and the relay nodes network

itself is two connected. They also have proposed a polynomial-time approximation algorithm to

solve the problem and claimed that the worst-case performance of their solution is bounded by

O(Dlog n) times of the size of an optimal solution. Here, n denotes the number of sensor nodes

in the network and D denotes the (2,1) - Diameter of the network (defined in the paper), formed

by a sufficient set of possible positions for relay nodes.
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They also have included some simulation results and have claimed that the result of the simula-

tion demonstrated the validity of the proposed performance ratio of their approach.

• In [54], Tang, Hao and Sen (2005) have focused on the scalability as well as the extended

lifetime of sensor networks. They have considered a two-tired, cluster based wireless sensor

networks model that contains relay nodes in the upper tier and the sensor nodes in the lower

tier. The relay-nodes form a connected topology, serve as cluster heads and are responsible for

receiving data from the sensor nodes of their respective cluster, aggregating received data and

transmitting aggregated data towards the sink or base station using multi-hop paths. Considering

such a network model, the authors have proposed two schemes for the placement of relay nodes

within the network.

The first scheme focused on placing minimum number of relay nodes within the networks in

such a way that each sensor node is connected with a minimum of one relay node and the relay

nodes network itself is connected. They have formulated this optimization problem and named

it as Connected Relay Node Single Cover (CRNSC) problem.

In the second scheme, the authors have claimed to address the issue of fault tolerant by enabling

the network to survive from single fault. The scheme makes the network two-connected in both

tiers such that each sensor node can communicate with at least two relay nodes and the network

of the relay nodes are two connected. They have formulate this optimization problem and named

it as 2-Connected Relay Node Double Cover (2CRNDC) problem.

For the solution, they have proposed two approximation algorithms for each problem. Using the

concept discussed in [26] and [39], they claimed to have proven that, in terms on the number

of relay nodes used, the performance for CRNSC problem is bounded by 8 and 4.5 from the

optimal solution (for proposed two approximate solutions respectively). And for the 2CRNDC

problem, the bounds are claimed to be 6 and 4.5 (for the proposed two approximate solutions

respectively).

They also have included some simulation results and have claimed that the result of the simu-

lation demonstrated the validity of the proposed performance ratio of their proposed algorithms

for both problems.

• In [43], Patel et al. (2005) have addressed the placement problem of sensor nodes, relay nodes

and base station in sensor networks to achieve a number of objectives including minimizing the
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number of deployed sensor nodes, total cost and energy consumption and, at the same time,

maximizing energy utilization and lifetime of the network. They have considered a network

model containing sensor nodes, relay nodes and the base stations and focused on the joint prob-

lem of the placement of these nodes within the network in a way such that “(i) each point of

interest in the sensor field is covered by a subset of sensors of desired cardinality (ii) the result-

ing sensor network is connected and (iii) the sensor network has sufficient bandwidth” and have

claimed to find the solution for “bandwidth-constrained energy-efficient routes while ensuring

desired level of coverage, connectivity and robustness” (quoted texts are cited from [43]).

The authors have proposed a number of deployment strategies and claimed that these strategies

can optimally determine the placements of sensor and relay nodes as well as the placement of the

base stations while ensuring coverage, connectivity, bandwidth and robustness. Some of the ob-

jectives taken into consideration by them are “minimizing the number of sensor nodes deployed,

minimizing the total cost, minimizing the energy consumption, maximizing the network lifetime

and maximizing the network utilization” (quoted from [43]). They have proposed a formula-

tion for minimum sensor placement (MEP) problem, minimum cost placement (MCP) prob-

lem, minimum energy placement problem, maximum lifetime placement (MLP) problem and

maximum utilization placement (MUP) problem. They also have formulated an integer linear

programming solution for the placement problems for both reliable and unreliable/probabilistic

detection models.

The practicality, effectiveness and performance of proposed strategies have been studied through

simulations and comparisons between the proposed approaches have been presented. They have

claimed that determining strategic placements techniques may produce better result where a

modest number of nodes are to be deployed and some information about the terrain (e.g. floor

plan of the application area) are made available.

• In [28], Hou et al. (2005) have focused on prolonging the lifetime of sensor networks with

energy provisioning to the existing nodes and deploying relay nodes within the networks. They

have considered a two-tired, cluster-based wireless sensor networks model that contain aggrega-

tion and forwarding (AFN) nodes and relay nodes (RNs) in the upper tier and the sensor nodes

in the lower tier. They have focused on mainly two aspects, provisioning additional energy to

the existing nodes and deployment of AFNs and RNs to prolong the lifetime of the network

by mitigating the geometric deficiency of the network with the use of these nodes. They have
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named this joint problem as Energy Provisioning-Relay Node Placement (EP-RNP) problem

and formulate the problem into a mixed-integer nonlinear programming problem (MNLP). Then

they have proposed a polynomial-time heuristic algorithm, called ’SPINDS’, for for getting the

solution of the problem. They claimed to have used “a number of novel algorithmic design

techniques in the design of SPINDS that effectively transforms a complex MINLP problem into

linear programming (LP) problems without losing critical points in its search space” (quoted

from [28]). As described in the paper, the SPINDS attempts to enhance the network lifetime by

moving an RN to a better location in an iterative way. And it is the iterative process that enables

SPINDS to transform the original MNLP problem into LP with polynomial run time. They also

have presented some numerical results to justify the competitiveness of SPINDS for solving the

EP-RNP problem.

• In [35], Liu, Wan, and Jia (2005) have addressed the issue of fault tolerance in sensor networks.

They have cited the work done in [21] but mentioned that their work is different from the work

of [21] as they have made different assumptions regarding the functionality of sensor nodes and

the requirement of connectivity among the nodes. They have considered a two-tired wireless

sensor network model where relay nodes are deployed in the upper tier and used to forward data

packets from the sensor nodes towards the sink node. Considering such network model, they

have attempted to solve the problem of finding the optimal number relay nodes as well as their

placement within the network so that the network becomes fault tolerant. They have considered

two cases, the first one, in which the goal is to ensure that the network become connected and

the second one, in which the goal is to ensure that the network become 2-connected. For both

cases, they have attempts to find the placement and the minimum number of relay nodes that is

to be used in a given sensor network to achieve the goal.

In the first case, they have proposed a (6 + ε) approximation algorithm, where ε > 0. For

the second case, they have added some relay nodes within the networks and proposed two ap-

proximation algorithms, one with (24 + ε) -approximation and the other with (6/T + 12 + ε)-

approximation, where T is the ratio of relay node to the sensor node in the previous case.

Using mathematical deductions, they claimed to have proven the validity for optimality ratio of

their approach.
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3.3 Computational Complexity of Relay-Node-Placement Problem

This survey has found that the complexity issue for the relay-node-placement problem has been ad-

dressed by Suomela (2005), in his Master’s thesis [51] and subsequently, in another of his papers in

[52]. Followings are brief reviews of these publications:

• In his Master’s thesis [51], Suomela (2005) has studied the complexity of relay-node-placement

problem in sensor networks and, considering different problems for the optimization, proposed

some algorithms to find k − optimal solutions of the problems. He has considered sensor-

network model where the sensor nodes collect data and route collected data to a sink node. In

addition, the network contains relay nodes, which are nodes with no sensors and are used only to

forward data. In this thesis, the author has focused on placement of relay nodes so that the data

can be collected efficiently. To optimize the balanced data gathering, the author has used the

method proposed in [16], where the utility function used was "a weighted sum of the minimum

and average amounts of data collected from each sensor node"(quoted from [51]).

The author has studied the optimization problem of relay node placement in two different senses,

maximizing the utility, given a fixed number of relays and minimizing the number of relays,

given a target value of the utility function. The k − approximate version of both problems has

also been studied and “a number of classes of simplified relay placement problems, including

a planar problem with a simple cost model for radio communication ”(quoted from [51]) has

been defined. The author claimed to has proven that all such classes, and in some cases even the

approximation, are NP-hard.

The author also has proposed an algorithm to find k-optimal solutions and claimed that it may

be used for solving finite and planar relay placement problems with moderate size problem

instances.

• In [52], Suomela (2006) has focused on finding the computational complexity of the relay-

node-placement problem in sensor networks. The goal this work has been the optimization of

“balanced data gathering, where the utility function is a weighted sum of the minimum and

average amounts of data collected from each sensor node” (quoted from [52]). A number of

problem classes have been defined for this purpose and claimed to have shown that “all of these

problem classes are NP-hard, and that in some cases even finding approximate solutions is NP-

hard” (quoted from [52]).
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4 DISCUSSION AND CONCLUSION

In recent years, the use of relay nodes in sensor networks has drawn a lot of attention from researchers

around the world. In sensor networks, the use of relay nodes has been proposed for maximizing

the network lifetime, energy-efficient data gathering, load-balanced data gathering as well as making

the network fault tolerant. Most of the research has focused on improving the performance of sensor

networks using relay nodes in hierarchical architectures, while some have focused on flat architectures.

In addition, some papers have addressed the placement problem and the computational complexity of

the placement problem of relay nodes in sensor networks. The architectures, the focus areas, the roles

played by the relay nodes and solution methodologies adopted by the literature have been summarized

in Table 11.

In general, the solution methodologies proposed in the literature have been applied to small scale,

simulation-based experiments only and the performance of these methodologies in real-world prob-

lems needs further investigation.

1In the column “Refer-to”, only few references are shown. Other relevant papers that the publication has referred to
may by found in the review of the respective paper in Section 3 and in the annotations in Appendix A
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Ref. Year Architecture Role Focus Solution/Model Placement Refer-to Comment

[9] 2001 Flat Relaying Network connectivity with Heuristics Yes [33] First propose

min. per node trans. power relay nodes

[13] 2003 Flat Relaying Lifetime-maximization Integer program, Yes [4][9]

and coverage by placement placement algorithm [31][34]

[19] 2003 Hierarchical Cluster Head Load-Balancing Clustering no [49][7]

among relay nodes algorithm

[42] 2003 Hierarchical Cluster head Maximizing the topological LP and Yes [7][47]

network lifetime Algorithm [46][37]

[18] 2003 Hierarchical Cluster Head Fault Tolerance Algorithm/scheme No [49][7]

and recovery [19]

[16] 2004 Flat Relaying load balanced LP and Yes [13][6] Brief on

data gathering Approx. algo. [42][32] placement

[21] 2004 Hierarchical Cluster Head Fault Tolerance, Approximation Yes [19][18]

Network connectivity algorithm [9][42]

[54] 2005 Hierarchical Cluster Head, Fault Tolerance, scalability Approximation Yes [9][17]

extended lifetime algorithm [47][55]

[28] 2005 Hierarchical Relaying Prolonging lifetime, MINLP, algorithm Yes [27][49]

mitigate geometric deficiency to convert to LP

[43] 2005 Hierarchical Cluster Head Coverage, cardinality, ILP Yes [28][13]

bandwidth and connectivity [45][56]

[12] 2005 Flat Relaying Desired Lifetime with LP/NLP, appr. algo. Yes [9][28] Sensor nodes

minimum total energy lifetime/placement [14][6] also route

[35] 2005 Hierarchical Cluster Head Fault Tolerance Approximation Yes [19][18]

Network Connectivity algorithm [21][42]

[51] 2005 Flat Relaying Computational k-approximation Yes [16][13] Master’s thesis

Complexity algorithm [42][39]

[52] 2006 Flat Relaying Computational Similar classes as Yes [2][16] Problems shown

complexity relay placement prob. as NP-hard

Table 1: Summery of relay nodes in sensor networks
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APPENDIX A

Annotations of Important Papers

1. I.F. Akyildiz, W. Su, Y. Sankarasubramaniam, and E. Cayirci. Wireless sensor networks: a survey. Computer

Networks, 38:393–422, 2002 [2].

In this paper, Akyildiz et al. (2002) have surveyed the current state of the sensor networks. Sensor networks consists

of low-cost, low-powered tiny sensor nodes that are capable of sensing, processing and communicating via wireless

links. Sensor network is a result of recent advancement in the fields of micro-electro-mechanical systems (MEMS)

technology, wireless communications, and digital electronics. In a sensor network, usually a large number of sensor

nodes are deployed either within or very close to the phenomena of interest with a target of getting environmental

data. The sensor nodes locations may not be pre-determined, which means the location can be random. Therefore,

the algorithms and the protocols used by the network need to have self-organizing capabilities. Also, the networks

functionality is dependent on the cooperative effort of the sensor nodes.

This paper has identified some application areas for sensor networks in different fields including military appli-

cations, environmental applications, health applications and home applications. The paper has also named some

factors influencing the design of a sensor networks, such as fault tolerance, scalability, production costs, operat-

ing environment, topology, hardware constraints, transmission media and power consumption. The authors have

also reviewed the sensor network’s layered communication architecture along with the algorithms and protocols

proposed for each layer in the literature. They also have included a table containing a list of current sensor net-

works research projects and have discussed some open research issues for different layer of the sensor network

architecture.

2. X. Cheng, D-Z. Du, L. Wang, and B. B. Xu. Relay Sensor Placement in Wireless Sensor Networks. IEEE Trans-

actions on Computers, 2001. http://citeseer.ist.psu.edu/cheng01relay.html [9].

In this paper, Cheng et al. (2001) focused on maintaining connectivity in sensor networks by introducing a small

number of relay nodes within the networks, and studied the impact of using these relay nodes on the total power

consumption for maintaining minimum-power topology, i.e. maintaining connectivity within a sensor network

using minimum-per-node transmission power. Mainly, they have tried to find the answers of two questions: firstly,

if one or two sensor nodes are introduced, how does it improve the topology and secondly, given a restricted

transmission power, what are the number of relay nodes that are required to maintain the global connectivity.

For the network model, the authors have considered only the biomedical class of sensor networks, where sensor

locations are usually pre-determined & fixed. On such network model, they have proposed a solution to the problem

of “maintaining connectivity with minimum-per-node transmission power in wireless sensor networks”(quoted

from [9]). They have formulated this problem using a network optimization problem called Steiner Minimum Tree

with Minimum number of Steiner Points. This problem was studied in [34] and has shown to be NP-Hard.

Cheng et al. in [9] have proposed two approximate algorithms to solve the connectivity problem in sensor networks.

They have introduced relay sensors within the network to provide connectivity so that transmission power of each

sensor can be kept low. The parameters that are considered for the optimization are the “total-per-node minimum
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power needed to maintain connectivity” and “the maximum degree in the minimum-power topology maintained by

the first parameter” (quoted from [9]).

Through performance study by simulation, they have claimed to have shown that, with the use of 1 or 2 relay nodes,

total consumed power for maintaining minimum-power topology as well as maximum degree for the minimum-

power topology is reduced, especially where the topology is sparse. They also have claimed that by restricting

the transmission power of individual sensor nodes while ensuring connectivity with the relay nodes will achieve

similar results. A technical report of their work can be found in [10].

3. P. Cheng, C-N. Chuah, and X. Liu. Energy-aware node placement in wireless sensor network. In Proc. of IEEE

Global Telecommunications Conference, volume 5, pages 3210–3214, 2004 [8].

In this paper, Cheng, Chuah and Liu (2004) have focused on sensor placement problem and data transmission

pattern (in terms of network lifetime and total power consumption) problem in sensor networks and formulate

nonlinear program to solve these problems. Considering a region with a given finite number of sensor/aggregation

nodes and certain coverage requirement, they have attempted to optimize the network lifetime and the application-

specific total cost. At first, they have proposed strategies for the lifetime or total-cost optimization in a linear

network and derived a performance bound on that. Then they have extended it to a planer graph using star mode

heuristics. They also have claimed that their strategies can be applied in different tiers of hierarchical sensor

networks.

4. C.-Y. Chong and S. P. Kumar. Sensor Networks: Evolution, Opportunities, and Challenges. Proc. of the IEEE,

1(8):1247–1256, 2003 [11]

In this survey paper, Chong and Kumar (2003) have presented an overview on the history and development of the

sensor networks over the period of time. They have reviewed the research and advancement that has been made

on the sensor networks for the last three decades by the military and other organizations along with the technology

trends that have impacted the development of sensor networks. They have discussed about the new applications

of sensor networks, such as traffic monitoring, habitat monitoring, etc. and the challenges for the development of

such applications in sensor networks. The challenges that the authors have discussed in the paper include Network

discovery, control and routing, collaborative signal and information processing, tasking and querying, and security.

In addition, the authors have also presented research result of some sensor network algorithms, such as localized

algorithms and directed diffusion, distributed tracking in wireless ad hoc networks etc.

5. Coleri and Varaiya (2005): Coleri, S. and Varaiya, P. (2005) Optimal Placement of Relay Nodes in Sensor Net-

works, submitted to ICPP [12].

In this paper Coleri and Varaiya (2005) have focused on achieving a desired network lifetime using minimum

total energy in a sensor network that contains relay nodes. In their model, the sensor nodes may also take part in

routing. They have attempted to achieve the goal of maximizing the network lifetime by determining the optimal

locations along with the optimal energy provisioning of the relay nodes within the networks. To formulate the

problem, they have assumed that the sensor nodes’ placement and their sampling rate are predetermined and fixed.

With this assumption, they have proposed two different formulation, one Linear Programming (LP) and the other

Non-Linear Programming (NLP). For the LP formulation, they have attempted to minimize the total cost with a
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further assumption that the locations of the relays are also predetermined. The NLP formulation attempts to reach

the same goal but with no prior assumption about the locations of the relay nodes. For the NLP, they have proposed

a polynomial time approximation algorithm and claimed a performance ratio of 2 for their proposed algorithm.

They also have included some simulation results of their approach and claimed that they have demonstrated the

validity for optimality ratio and effectiveness of their approach.

6. K. Dasgupta, M. Kukreja, and K. Kalpaki. Topology-aware placement and role assignment for energy-efficient

information gathering in sensor networks. In Proc. of Eighth IEEE International Symposium on Computer and

Communication, pages 341–348, 2003 [13].

In this paper, Dasgupta et al. (2003) have focused on maximizing the lifetime of sensor networks by studying

topology-aware nodes’ placement problem and the nodes’ role-assignment problem in sensor networks.

They have referred to the work done in [10], [14], [37] and [46] for studying the impact of topology-aware design on

the performance of sensor networks and mentioned that most of these works assumed that the nodes are stationary

and the locations are pre-determined. They have stated that this assumption may not be appropriate for a wide

variety of applications of sensor networks. Then they have referred to the work done on mobile sensor networks

in [29] and [48] and pointed out that although the approach proposed in [29] and [48] for the placement of sensor

nodes in mobile sensor networks may lead to high coverage, it does not address clearly how the lifetime of the

network is affected by such placement. And then they have studied the impact of topology-aware nodes’ placement

on the lifetime of sensor networks and proposed a new approach to maximize the lifetime of sensor network.

They have considered a sensor-network model consists of sensor nodes and relay nodes, where all nodes are of

similar capabilities. They have allowed the nodes to assume either the role of relay nodes, or the role of sensor

nodes. The roles of relay nodes include the aggregation of multiple incoming data packets into one single outgoing

packet and transmission of the data packets. The sensor nodes, on the other hands, sense the environment and

generate packets of data. With such a network model, they have focused on the placement of the nodes within

the network and assigning roles to the nodes in such a way that the lifetime of the network is maximized and the

coverage of the entire region is ensured. They have called it the maximum-lifetime sensor deployment problem

with coverage constraints and proposed algorithm for the solution of the problem that were motivated by the force-

directed/potential-field based approaches in robotics/graph drawing [4]. They have called the proposed algorithm

the Sensor Placement and Role assignment for energy-efficient Information Gathering (SPRING). With a given

location for the BS and an initial assignment of role as well as placement of nodes, the objective of SPRING is to

find the location along with the assignment of roles for the nodes so that system lifetime is maximized.

They have claimed that their algorithm is the first to solve the coverage-preserving problem of sensor deployment

where the objective is to maximize the system lifetime. They have used the Maximum Lifetime Data Gathering with

Aggregation (MLDA) algorithm, proposed by Kalpakis et al. in [31], for the purpose of performance evaluation of

the SPRING and claimed that it can improve the lifetime of data-gathering schedule when compared to the random

approach for node deployment.

They also have pointed out that for the networks where the placement of nodes can be controlled, the positions and

the role of each node can be computed beforehand at some centralized point. In addition to that, they have predicted
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that with the recent work done on the localization in sensor networks [5], it may also be possible to implement their

approach in a distributed manner.

7. E. Falck, P. Floréen, P. Kaski, J. Kohonen, and P. Orponen. Balanced data gathering in energy-constrained sensor

networks, 2004. In S. Nikoletseas and J. D. P. Rolim, editors, Algorithmic Aspects of Wireless Sensor Networks:

First InternationalWorkshop (ALGOSENSORS 2004, Turku, Finland, July 2004), volume 3121 of Lecture Notes

in Computer Science, pages 59–70, Berlin Heidelberg, 2004. Springer-Verlag [16].

In this paper, Falck et al. (2004) have focused on balanced data-gathering against sufficient coverage of the mon-

itored area in a sensor networks. The have considered a multi-hop network model consisting of sensor nodes and

relay nodes and a base station. The relay nodes are less-energy-constrained compared to the sensor nodes. Data

are to be gathered at the base station and the location of sensor nodes and the base station are pre-determined. The

objective was to achieve balanced data gathering against sufficient coverage of the monitored area.

They have cited the work done in [32][40] that has proposed non-liner solutions for the balanced data-gathering

problem. They have also cited the work done in [13] that has proposed an Integer Program for maximizing the

sensor-network lifetime. Then the authors have claimed that their solution is different from these works, as they

have formulated the problem as a linear programming problem, which attempts to find the optimal routes for the

data generated by the sensors towards the base station. In addition, they also have studied the effect of deploying a

small number of less energy-constrained relay nodes within the network and proposed an approximation algorithm

for their placement.

With some experimental results, the authors claimed to have demonstrated that for reasonable balancing factor

values, coverage could increase significantly, without considerable decrease in the average amount of data gathered

per node. They also have claimed to achieve considerable improvement in the value of the balanced data-gathering

objective function with the introduction of some higher-energy-provisioned relay nodes within the networks.

8. G. Gupta and M. Younis. Fault-tolerant clustering of wireless sensor networks. In Proceedings of IEEE WCNC ,

pages 1579–1584, 2003 [18].

In this paper, Gupta and Younis (2003) have addressed the issue of fault tolerance in cluster-based sensor networks

and proposed a mechanism for recovering sensor nodes that belongs to a cluster whose cluster head has failed. As

in [19], they have called the relay nodes as gateway nodes and considered a two-tired cluster based sensor network

architecture where higher-powered gateway nodes act as cluster heads in the upper tier. The sensor nodes lie in

the lower tier of the network and each can communicate with only one gateway node, which is the cluster-head of

the cluster where the sensor node belongs. Being the cluster heads, the gateway nodes acts as a manager of the

underlying sensor nodes as well as relay data to the sink node. The authors have pointed out that failure in gateway

nodes are more severe to this kind of system. This is due to the reason that the underlying sensors covered by the

failed gateway node will become inaccessible, although they will be fully functional. Considering such scenarios,

they have proposed a mechanism to recover the sensor nodes underlying a failed gateway node, without requiring

a full-scale re-clustering and without requiring any redundant gateway nodes deployment.

They have proposed a two-phase fault tolerant approach, detect and recover. For the gateway nodes, they have

considered different type of failures including complete failure, link failure and range failure. Their idea is to
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perform periodic check on the status of the gateway nodes so that the system can learn about the failure of any

gateway node. Their scheme includes creation of backup information during the clustering phase, which can be

used to re-assign sensor nodes managed by the any failed gateway node, therefore eliminating the necessity of a

full-scale re-clustering involving the entire network.

They have presented experimental validation of their mechanism and have claimed that the experiment has demon-

strated that their mechanism can provide the system resilience to the communication faults as well as the ability to

recover the sensor nodes under faulty cluster heads, without requiring re-configuration.

9. G. Gupta and M. Younis. Load-balanced clustering of wireless sensor networks. In IEEE International Conference

on Communications, volume 3, pages 1848–1852, 2003 [19].

In this paper, Gupta and Younis (2003) have addressed the issue of load balancing in sensor networks and have

proposed an algorithm for clustering the sensor nodes around some higher-powered relay nodes, acting as cluster

heads, to achieve the objective. In their literature, they have called the relay nodes gateway nodes.

They have focused on classes of sensor networks architectures where energy-constrained sensor nodes have not

been deployed uniformly due to the inhospitable environmental condition. They have introduced the notion of

deploying relatively-less energy-constrained gateway nodes within such networks and proposed load balancing

among these nodes to extend the network lifetime. In their network model, the deployed gateway nodes group

sensor nodes into distinct clusters and each acts as a cluster head of its own cluster. Each sensor node belongs

to only one cluster and sends data to its cluster head (which is a gateway node). The gateway nodes gather data,

perform data fusion and relay the data to the command node (which may be a base station).

For a sensor network where the sensor nodes and gateway nodes are not uniformly distributed, some gateway

nodes can be overloaded (e.g. gateway nodes in a cluster where the sensors are densely populated). This will result

in faster consumption of energy from these nodes, causing them to die fast. The death of gateway node(s) will

normally require either re-clustering of the network, which may add more overhead to the system, or inactivation

of the sensors covered by the dead gateway node(s), which is undesirable for the effectiveness of the system. The

authors have formulated this problem and proposed an optimization heuristics algorithm that clusters the sensor

nodes (with gateway nodes as cluster heads) and balanced load among these gateway nodes.

Through experimental results, the authors have claimed that, as compared to the shortest-distance approach, their

method have shown better performance for both in terms of standard deviation of load per cluster and average

communication energy per cluster. The authors also have a separate paper on the performance evaluation of load

balanced clustering, which may be found in [20].

10. B. Hao, J. Tang, and G. Xue. Fault-tolerant relay node placement in wireless sensor networks: formulation and

approximation. In Workshop on High Performance Switching and Routing (HPSR), pages 246–250, 2004 [21].

In this paper, Hao, Tang and Xue (2004) have focused on the problem of relay-node placement in two-tired, cluster-

based, wireless sensor networks so that the network become fault-tolerant.

In a two-tired network, sensor nodes lie in the lower tier and relay nodes lie in the upper tier. These relay nodes

are used as cluster heads and are responsible for collecting data from the sensor nodes of their respective cluster,

aggregating received data, forming connected topology and transmitting the data towards the sink using multi-hop
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routing. The authors have formulated a fault-tolerant scheme for such networks for finding the minimum number

of relay nodes such that each sensor node is connected with at least two relay nodes and the relay nodes network

itself is two connected. They also have proposed a polynomial-time approximation algorithm to solve the problem

and claimed that the worst-case performance of their solution is bounded by O(Dlog n) times of the size of an

optimal solution. Here, n denotes the number of sensor nodes in the network and D denotes the (2,1) - Diameter

of the network (defined in the paper), formed by a sufficient set of possible positions for relay nodes.

They also have included some simulation results and have claimed that the result of the simulation demonstrated

the validity of the proposed performance ratio of their approach.

11. W. Heinzelman, A. Chandrakasan, and H. Balakrishnan. Energy efficient communication protocol for wireless

micro-sensor networks. In Proc. of the 33rd HICSS, pages 3005–3014, Maui, Hawaii, 2000 [24].

In this paper, Heinzelman et al. (2000) have proposed a self-organizing, adaptive clustering protocol for cluster

based sensor networks, called Low-Energy Adaptive Clustering Hierarchy (LEACH) protocol. In a sensor network,

the base station usually located at a distant place from the sensor nodes. Therefore, transmitting data to the base

station is costly. The LEACH protocol attempts to minimize the overall energy usage by distributing the the burden

of transmitting data to the base station among all nodes within the networks in different time points. In this scheme,

the sensor nodes organize themselves into local clusters and one node takes the role of a cluster head. Each sensor

node may belongs to only one cluster. The cluster head is responsible for collecting data from the sensor nodes

belongs to its own cluster and send collected data to the base station. Since this action consumes energy at a much

higher rate than ordinary sensor nodes, the basic idea of LEACH protocol is to randomly rotate the cluster head to

ensure that the energy consumptions are evenly distributed among all the nodes in the network. The protocol also

uses data aggregation in the cluster head so that the amount of data transmitted to the base station is reduced.

With the simulation result presented in the paper, the authors have claimed that LEACH could reduce the energy

consumption by a factor of 8x as compared to the direct transmission and minimum transmission-energy routing.

12. Y. T. Hou, Y. Shi, H. D. Sherali, and S. F. Midkiff. On Energy Provisioning and Relay Node Placement for Wire-

less Sensor Networks. In IEEE International Conference on Sensor and Ad Hoc Communications and Networks

(SECON), volume 32, 2005 [28].

In this paper, Hou et al. (2005) have focused on prolonging the lifetime of sensor networks with energy provisioning

to the existing nodes and deploying relay nodes within the networks. They have considered a two-tired, cluster-

based wireless sensor networks model that contain aggregation and forwarding (AFN) nodes and relay nodes (RNs)

in the upper tier and the sensor nodes in the lower tier. They have focused on mainly two aspects, provisioning

additional energy to the existing nodes and deployment of AFNs and RNs to prolong the lifetime of the network by

mitigating the geometric deficiency of the network with the use of these nodes. They have named this joint problem

as Energy Provisioning-Relay Node Placement (EP-RNP) problem and formulate the problem into a mixed-integer

nonlinear programming problem (MNLP). Then they have proposed a polynomial-time heuristic algorithm, called

’SPINDS’, for for getting the solution of the problem. They claimed to have used “a number of novel algorithmic

design techniques in the design of SPINDS that effectively transforms a complex MINLP problem into linear

programming (LP) problems without losing critical points in its search space” (quoted from [28]). As described

in the paper, the SPINDS attempts to enhance the network lifetime by moving an RN to a better location in an
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iterative way. And it is the iterative process that enables SPINDS to transform the original MNLP problem into

LP with polynomial run time. They also have presented some numerical results to justify the competitiveness of

SPINDS for solving the EP-RNP problem.

13. H. Liu, P. Wan, and W. Jia. Fault-Tolerant Relay Node Placement in Wireless Sensor Networks. In COCOON, 2005.

submitted for journal publication, also available at http://www.public.asu.edu/˜jtang3/Doc/FTRP_HPSR04.pdf [35].

In this paper, Liu, Wan, and Jia (2005) have addressed the issue of fault tolerance in sensor networks. They

have cited the work done in [21] but mentioned that their work is different from the work of [21] as they have

made different assumptions regarding the functionality of sensor nodes and the requirement of connectivity among

the nodes. They have considered a two-tired wireless sensor network model where relay nodes are deployed in

the upper tier and used to forward data packets from the sensor nodes towards the sink node. Considering such

network model, they have attempted to solve the problem of finding the optimal number relay nodes as well as their

placement within the network so that the network becomes fault tolerant. They have considered two cases, the first

one, in which the goal is to ensure that the network become connected and the second one, in which the goal is

to ensure that the network become 2-connected. For both cases, they have attempts to find the placement and the

minimum number of relay nodes that is to be used in a given sensor network to achieve the goal.

In the first case, they have proposed a (6 + ε) approximation algorithm, where ε > 0. For the second case, they

have added some relay nodes within the networks and proposed two approximation algorithms, one with (24 + ε)

-approximation and the other with (6/T + 12 + ε)-approximation, where T is the ratio of relay node to the sensor

node in the previous case.

Using mathematical deductions, they claimed to have proven the validity for optimality ratio of their approach.

14. A. Manjeshwar and D. P. Agarwal. TEEN: a routing protocol for enhanced efficiency in wireless sensor networks.

In Proceedings 15th International Parallel and Distributed Processing Symposium, pages 2009–2015, 2001 [36].

In this paper, Manjeshwar and Agarwal (2001) have focused on extending the lifetime of cluster based sensor

networks. They have classified the sensor networks into two categories, based on the mode of functioning of the

network, proactive sensor networks and reactive sensor networks. In a proactive sensor networks, data collection

is passive i.e. data are collected at some predetermined regular intervals. On the contrary, in the reactive sensor

networks, data collection is active i.e. the collection is triggered by an event (e.g. a change in the value of a

parameter that a sensor node is sensing).

In the paper, the authors also have introduced a protocol for such cluster based reactive sensor networks. They have

called the protocol the Threshold Sensitive Energy Efficient Sensor Network (TEEN) protocol. In this protocol,

sensor nodes are required to transmit only when there is a significant change in the environment that they are

currently sensing. The protocol uses two threshold values, called hard threshold and soft threshold. Hard threshold

is the absolute value of a sensed attribute beyond which a sensor node needs to transmit. Soft threshold is a small

change in the value of the sensed attribute that triggers a sensor node to transmit. According to the authors, using

only the Hard Threshold, the protocol can achieve the reactive property but using both the thresholds, the protocol

can achieve the reactive property as well as can minimizes the power consumption in a sensor network.
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They have compared the performance of their protocol with the protocols proposed in [23] and claimed that their

protocol performed better than the methods proposed in [23].

15. Y. Ossama and F. Sonia. HEED: A Hybrid, Energy-Efficient, Distributed Clustering Approach for Ad Hoc Sensor

Networks. IEEE Transactions On Mobile Computing, 3(1):366–379, 2004 [41].

In this paper, Ossama, Y. and Sonia, F. (2004) have considered a quasi-stationary, location-unaware cluster based

sensor network model, where all nodes in the network have equal significance and sensor nodes can have multiple

power levels. They have focused on clustering and selecting cluster heads on such networks with an aim of pro-

longing network lifetime. They have proposed a distributed clustering approach, called Hybrid Energy-Efficient

Distributed clustering (HEED). In HEED, the cluster heads are selected periodically, probabilistically and the selec-

tion is primarily based on the availability of the residual energy of each node. They also have proposed to include

a secondary clustering parameter in their method (e.g. node proximity to its neighbors or node degree), to reduce

the intra-cluster communication cost with an objective of increasing energy efficiency and further prolonging the

network lifetime. Nodes may use this secondary parameter to select the cluster it should be belongs to such that

the communication cost is minimized.

The authors claimed to have proven that the HEED protocol terminates in O(1) iteration. They have compared

the performance of their approach with the protocols proposed in [24] and claimed that their approach performed

better than the methods proposed in [24] .

16. J. Pan, Y. T. Hou, L. Cai, Y. Shi, and S. X. Shen. Topology Control for Wireless Sensor Networks. In Proc. of

Ninth Annual International Conference on Mobile Computing and Networking, pages 286–299, 2003 [42].

In this paper, Pan et al. (2003) have attempted to maximize the topological network lifetime of sensor networks

by arranging the base stations (BS) and by optimal inter-aggregation node (AN) relaying. They have proposed

a two-tired sensor network model where sensor nodes lie in the lower tier and the Application Nodes (ANs) &

and the Base Stations (BSs) lie in the upper tier. In their proposed model, the sensor nodes in the networks form

clusters and send their readings directly to the respective AN. In each cluster, there is at least one AN that receives

the data from the sensor nodes of the respective cluster, aggregates the data and sends it towards the BS. Assuming

that the location of BSs are relatively flexible, the authors have focused on the process of topology control of

ANs and BSs with an aim to maximize the topological lifetime of the network. Their algorithms are based on

Computational Geometry that finds the optimal locations of the BSs under three topological definitions, N-of-N

lifetime (i.e. mission fails if any gateway node dies), K-of-N lifetime (i.e. mission survives if a minimum of K

gateway nodes are alive) and m-in-K-of-N lifetime (i.e. mission survives if all m supporting nodes and overall a

minimum of K gateway nodes are alive), all based on the criticality of the mission. They also have claimed to

establish theoretical upper and lower bounds on the maximal topological lifetime of sensor networks.

For the inter AN relaying, they have considered two kinds of relaying, parallel relaying, where an AN can forward

to multiple ANs and serialized relying, where each AN relays to only one other AN and claimed that applying the

relay techniques could further extend the topological lifetime of the network.

The authors have also included some experimental results in the paper and claimed that their experimental evalu-

ation has demonstrated the essentiality of the topology control process as well as validated the optimality of their

approaches.
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17. M. Patel, R. Chandrasekaran, and S. Venkatesan. Energy Efficient Sensor, Relay and Base Station Placements for

Coverage, Connectivity and Routing. In 24th IEEE International Performance Computing and Communications

Conference (IPCCC), pages 581–586, 2005 [43].

In this paper, Patel et al. (2005) have addressed the placement problem of sensor nodes, relay nodes and base

station in sensor networks to achieve a number of objectives including minimizing the number of deployed sensor

nodes, total cost and energy consumption and, at the same time, maximizing energy utilization and lifetime of

the network. They have considered a network model containing sensor nodes, relay nodes and the base stations

and focused on the joint problem of the placement of these nodes within the network in a way such that “(i)

each point of interest in the sensor field is covered by a subset of sensors of desired cardinality (ii) the resulting

sensor network is connected and (iii) the sensor network has sufficient bandwidth” and have claimed to find the

solution for “bandwidth-constrained energy-efficient routes while ensuring desired level of coverage, connectivity

and robustness” (quoted texts are cited from [43]).

The authors have proposed a number of deployment strategies and claimed that these strategies can optimally

determine the placements of sensor and relay nodes as well as the placement of the base stations while ensuring

coverage, connectivity, bandwidth and robustness. Some of the objectives taken into consideration by them are

“minimizing the number of sensor nodes deployed, minimizing the total cost, minimizing the energy consumption,

maximizing the network lifetime and maximizing the network utilization” (quoted from [43]). They have proposed

a formulation for minimum sensor placement (MEP) problem, minimum cost placement (MCP) problem, minimum

energy placement problem, maximum lifetime placement (MLP) problem and maximum utilization placement

(MUP) problem. They also have formulated a integer linear programming solution for the placement problems for

both reliable and unreliable/probabilistic detection models.

The practicality, effectiveness and performance of proposed strategies have been studied through simulations and

comparisons between the proposed approaches have been presented. They have claimed that determining strategic

placements techniques may produce better result where a modest number of nodes are to be deployed and some

information about the terrain (e.g. floor plan of the application area) are made available.

18. J. Suomela. Relay Placement in Sensor Networks. Masters thesis, University Of Helsinki, Department of Computer

Science, 2005 [51].

In this thesis, Suomela (2005) has studied the complexity of relay-node-placement problem in sensor networks and,

considering different problems for the optimization, proposed some algorithms to find k−optimal solutions of the

problems. He has considered sensor-network model where the sensor nodes collect data and route collected data

to a sink node. In addition, the network contains relay nodes, which are nodes with no sensors and are used only

to forward data. In this thesis, the author has focused on placement of relay nodes so that the data can be collected

efficiently. To optimize the balanced data gathering, the author has used the method proposed in [16], where the

utility function used was "a weighted sum of the minimum and average amounts of data collected from each sensor

node"(quoted from [51]).

The author has studied the optimization problem of relay node placement in two different senses, maximizing

the utility, given a fixed number of relays and minimizing the number of relays, given a target value of the utility

function. The k − approximate version of both problems has also been studied and “a number of classes of
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simplified relay placement problems, including a planar problem with a simple cost model for radio communication

”(quoted from [51]) has been defined. The author claimed to has proven that all such classes, and in some cases

even the approximation, are NP-hard.

The author also has proposed an algorithm to find k-optimal solutions and claimed that it may be used for solving

finite and planar relay placement problems with moderate size problem instances.

19. J. Suomela. Computational Complexity of Relay Placement in Sensor Networks, 2006. Accepted for the SOFSEM

2006 conference [52].

In this paper, Suomela (2006) has focused on finding the computational complexity of the relay-node placement

problem in sensor networks. The goal has been the optimization of "balanced data gathering, where the utility

function is a weighted sum of the minimum and average amounts of data collected from each sensor node"(quoted

from [52]). A number of problem classes have been defined for this purpose and it has been claimed to have

shown that "all of these problem classes are NP-hard, and that in some cases even finding approximate solutions is

NP-hard "(quoted from [52]).

20. J. Tang, B. Hao, and A. Sen. Relay node placement in large scale wireless sensor networks. Computer Communi-

cations, In Press, 2005. http://authors.elsevier.com/sd/article/S0140366405000459 [54].

In this paper Tang, J., Hao, B. and Sen (2005) have focused on the scalability as well as the extended lifetime of

sensor networks. They have considered a two-tired, cluster based wireless sensor networks model that contains

relay nodes in the upper tier and the sensor nodes in the lower tier. The relay-nodes form a connected topology,

serve as cluster heads and are responsible for receiving data from the sensor nodes of their respective cluster,

aggregating received data and transmitting aggregated data towards the sink or base station using multi-hop paths.

Considering such a network model, the authors have proposed two schemes for the placement of relay nodes within

the network.

The first scheme focused on placing minimum number of relay nodes within the networks in such a way that

each sensor node is connected with a minimum of one relay node and the relay nodes network itself is connected.

They have formulated this optimization problem and named it as Connected Relay Node Single Cover (CRNSC)

problem.

In the second scheme, the authors have claimed to address the issue of fault tolerant by enabling the network to

survive from single fault. The scheme makes the network two-connected in both tiers such that each sensor node

can communicate with at least two relay nodes and the network of the relay nodes are two connected. They have

formulate this optimization problem and named it as 2-Connected Relay Node Double Cover (2CRNDC) problem.

For the solution, they have proposed two approximation algorithms for each problem. Using the concept discussed

in [26] and [39], they claimed to have proven that, in terms on the number of relay nodes used, the performance

for CRNSC problem is bounded by 8 and 4.5 from the optimal solution (for proposed two approximate solutions

respectively). And for the 2CRNDC problem, the bounds are claimed to be 6 and 4.5 (for the proposed two

approximate solutions respectively).

They also have included some simulation results and have claimed that the result of the simulation demonstrated

the validity of the proposed performance ratio of their proposed algorithms for both problems.
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APPENDIX B

List of Researchers

Following is a list of some of the researchers who have contributed to the development of sensor networks, especially by

incorporating relay nodes in sensor networks. The list is arranged in alphabetical order by the last name of the researchers.

• Peng Chang

University of California, Davis, CA 95616

e-mail: pcheng@ece.ucdavis.edu

• Xiuzan Cheng

University of Minnesota, Minneapolis, MN 55455, USA

e-mail: cheng@cs.umn.edu

• Koustuv Dasgupta

University of Maryland Baltimore County, Baltimore, MD 21250

e-mail: dasgupta@csec.umbc.edu

• Ding-Zhu Du

University of Minnesota, Minneapolis, MN 55455, USA

e-mail: cheng@cs.umn.edu

• Sinem Coleri Ergen

University of California, Berkeley, CA 94720

e-mail: csinem@eecs.berkeley.edu

• Emil Falak

University of Technology, P.O. Box 5400, FI-02015, Helsinki, Finland

e-mail: emil.falak@hut.fi

• Gaurav Gupta

University of Maryland Baltimore County, Baltimore, MD 21250

email: gagupta1@cs.umbc.edu

• Bin Hao

Arizona State University, Tempe, AZ 85287, USA

e-mail: binhao@asu.edu

• Y. Thomas Hou

Verginia Tech, VA 24061, USA

e-mail: thou@vt.edu

• Wendi Heinzelman

University of Rochester, Hopeman 307, Box 270126 Rochester, NY 14627 USA

e-mail: wheinzel@ece.rochester.edu
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• Hai Liu

City University of Hong Kong, Kowloon, Hong Kong

e-mail: liuhai@cs.cityu.rdu.hk

• Jianping Pan

University of Waterloo, Waterloo, ON N2L 3G1, Canada

e-mail: jpan@bbcr.uwaterloo.ca

• Maulin Patel

University of Texas at Dallas, Richardson, Texas 75083–0688

e-mail: maulin@student.utdallas.edu

• Jian Tang

Arizona State University, Tempe, AZ 85287, USA

e-mail: binhao@asu.edu

• Jukka Suomela

University of Helsinki, P.O. Box 68, FI-00014, Helsinki, Finland

e-mail: jukka.suomula@helsinki.fi

• Pravin Varaiya

University of California, Berkeley, CA 94720

e-mail: varaiya@eecs.Berkeley.edu

• Mohamed Younis

University of Maryland Baltimore County, Baltimore, MD 21250

email: younis@cs.umbc.edu
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APPENDIX C

Sample of Contact with Researchers

From: Jukka Kohonen <kohonen@cs.Helsinki.FI>

Subject: Re: Your paper on"Balanced Data Gathering in Energy-Constrained Sensor Networks"

Date: Thu, 29 Sep 2005 22:34:01 +0300 (EEST)

To: Bari A <bari1@uwindsor.ca>

On Thu, 29 Sep 2005, Bari A wrote:

> I am a graduate student from the University of Windsor, Ontario, Canada and is

> doing a survey on "Placement of relay node in wireless sensor networks". While

> searching for the papers, I have found, on the web, one of your paper titled as

> "Balanced Data Gathering in Energy-Constrained Sensor Networks".

>

> I was wondering if you have published the paper in some journal or conference,

> and if so, can you please give me the detailed reference of the publication. In

> addition, I’d like to know if you have done any additional work on it, so that I

> can refer to it.

Hi Bari,

Thanks for your interest! The paper you mention was indeed published in a conference (ALGOSENSORS 2004). A

detailed reference would be:

Emil Falck, Patrik Floréen, Petteri Kaski, Jukka Kohonen, and Pekka Orponen: "Balanced data gathering in

energy-constrained sensor networks." In S. Nikoletseas and J. D. P. Rolim, editors, Algorithmic Aspects of Wireless

Sensor Networks: First International Workshop (ALGOSENSORS 2004, Turku, Finland, July 2004), volume 3121 of

Lecture Notes in Computer Science, pages 59–70, Berlin Heidelberg, 2004. Springer-Verlag.

There’s also an extended version, "Exact and approximate balanced data gathering in energy-constrained sensor

networks", which is soon coming out in the journal "Theoretical Computer Science" by Elsevier. A preprint can be seen

at www.sciencedirect.com. But that work might fall out of your scope as it does not directly deal with relay placement.

We have also have some newer results, concerning the computational complexity of finding an optimal relay placement,

but those have not been published yet. If you are interested, I’ll let you know what comes out of that.

I’d also be interested in seeing your survey; could you please keep me informed?

– Jukka.Kohonen@iki.fi
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