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Abstract

This thesis introduces a centralized approach to data gathering and communication 

for wireless sensor networks. Inspired by the social behaviors of ants, we clearly divide 

the work for the base station and sensor nodes according to their different functions and 

capabilities. We use the Ant Colony Optimization (ACO) method in the base station to 

form a near-optimal chain. The sensor nodes in the network can form a bi-direction 

chain structure, which is self-adaptive to minor changes. The simulation results show 

that the AntChain algorithm performs much better than the LEACH and PEGASIS 

methods, in terms of network structure, energy-efficiency, data quality and lifetime, 

when the base station is near the area where sensor nodes are deployed.
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Chapter 1

Introduction

“Smart dust”, known by many people thmugh Neal Stephenson's science-fiction novel 

‘The Diamond Age’, is a cloud of tiny machines that float around, sensing, gathering 

data and transmitting information. In recent years, there has been more and more interest 

in and attention to the realistic version of those tiny machines: large-scale, low-cost 

sensor networks that could be used to get information from dangerous zones and remote 

areas for military goals; or for civilian purposes where, foe example, monitoring is 

needed.

With continuing advances in the technologies of microelectronics, digital signal 

processing and wireless communication, large scale wireless sensor networks (WSNs) 

are becoming a rapidly developing area in both research and application [51]. Although 

they might have been driven by military applications at the earliest stage [70], WSNs are 

being investigated and applied to many different civilian applications. For example, 

sensor networks have been studied for vehicle tracking [68,69], habitat monitoring [58], 

forest surveillance [65], earthquake observation [80, 83], biomedical or health-care 

applications [7] and building condition monitoring [81,82].

A WSN usually consists of a large number of sensor nodes. These tiny sensor nodes 

have functions for sensing, communicating, computing and power supplying. Although 

the technology used in a particular sensor network might be very much application 

oriented, these networks share some unique attributes: limited power supply, limited
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transmission distance, few or no point-to-point communications and data-centric 

transmission.

1.1 Sensor network applications and characteristics

Sensor networks are very much application oriented and the requirements may vary 

quiet widely from one application to another. The nodes can be mobile when used in 

habitat monitoring. In the environment monitoring or in healthcare applications, 

however, the location of sensor nodes may be mostly fixed. Sensor networks may need 

to gather data in a real-time manner when used in the military application. In contrast, 

when used in environment monitoring applications such as temperature or moisture 

sensing, real-time is not an issue at all. Sensor networks can be used indoors, in a 

remote harsh area, or even inside the human body. They may use the wireless radio or 

laser as the transmission medium as in the smart dust project [66]. Sensor networks 

could be deployed with a fixed infrastructure in a human body or it could be thrown in 

mass in a battlefield. The diversity and unique features of sensor network drive a lot of 

research interest in this new field.

Nevertheless, sensor networks have some common features and challenges that 

researchers are trying to face and address. A large number of sensor nodes are the 

fundamentals of sensor networks. Unlike traditional sensors, the tiny sensor node itself 

consists of elements for sensing, computing/processing and communicating. The power 

supply is mostly by battery. The ability of computation makes sensor node an intelligent 

role in the distributed sensing system.

Recent advances in the integrated circuits have made a promising picture for large- 

scale sensor networks. The cost of each sensor is approximately $10 in [57]. Sensor
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researchers are trying to develop sensor nodes that cost just $1 each. As sensor nodes get 

cheaper, smaller and more powerful, large-scale sensor network applications become 

more realistic.

Unlike other networks such as cellular systems, or wireless LAN, or normal ad hoc 

networks, sensor networks have unique features. No single existing technique can 

satisfy all the requirements of these sensor network applications. For example:

• Since sensor networks are often deployed in remote areas or in harsh 

environments, the node as a single entity can easily die out or fail, This often 

changes the network topology and thus requires self-adaptive communication 

protocols and a robust architecture

•  Sensor nodes are used to accept query from base stations and gather/send 

information back. This makes them much different from ad hoc networks which 

mainly use point-to-point communications.

•  With a limited power supply, and often no recharge for the nodes, sensor networks 

thus may have a limited lifetime. Therefore the techniques for power efficiency 

and overall longer lifetime for the sensor networks are the most important goals.

• Limited computation capability. Complicated computation not only wastes energy 

but is also limited by the capability of the processor and memory.

• Limited transmission range. As a small sensor node with a lot of power constraint, 

a sensor node often cannot transmit data to a distant location in a single hop, 

which makes most sensor networks to adopt a multi-hop communication scheme.
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• The number of nodes are large and the node density are often very high; contrast to 

its limited power capability, the communication overhead is one of the critical 

issues for a power-efficient sensor network.

These unique features raise many challenges for the researchers in this area. One 

important challenge is the constraint of energy supply. For wireless sensor networks, 

communication consumes a significant amount of energy. Consequently, much attention 

has been given to energy-efficient communications schemes for the system.

1.2 Challenges: more reliable performance and lower cost

As more and more sensor networks are used for or potentially aimed at civilian 

applications, there are some critical challenges: long lifetime, reliable performance and 

low cost.

For example, in the medical application where an array of sensor nodes is employed 

within the human body, the required lifetime for WSNs could be as long as ten years. In 

the application of building monitoring, sensor nodes might be installed within the 

building structure and need to work reliably for many years. In the meantime, the cost of 

the system must be low enough to make the WSNs practical for civilian applications. 

These mean less redundancy, and a more optimized and reliable system requiring 

minimal maintenance.

1.2.1 Lower redundancy architecture

In some military applications, such as in a battlefield, sensor nodes may be placed 

in either a remote area or a harsh environment A high rate of node death is expected 

and thus it is reasonable that sensor nodes are densely deployed with high redundancy in
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those applications. The high redundancy can easily cause more collisions, complicated 

communication, more traffic load, and more data fusion task and management issues. 

Therefore, it decreases the efficiency of the whole sensor network system. Given these 

issues and the cost of the sensor nodes themselves, high redundancy increases the cost 

of sensor network significantly. Low redundancy thus becomes one important 

requirement for civilian applications.

1.2.2 Communication scheme providing overall reliable performance

It is understandable that low redundancy can be achieved only when sensor nodes 

are highly reliable. The reliability of sensor nodes can be explained in many different 

aspects. The most important one is the lifetime of each sensor node. In the civilian 

application where the environment is more stable and consistent, for the same type of 

sensor node, the lifetime is expected to be within a certain similar range. Although 

unexpected node death is not avoidable in sensor network applications, from the system 

point of view, we can decrease the “unexpected death” by providing better technologies 

and more optimum algorithms. For example, in the communication scheme, one thing 

we can do is to prevent some sensor nodes use up all the energy much more quickly than 

others just because their position or their specific role in the particular communication 

algorithm.

Low unexpected node death rate is important because it not only reduces the cost of 

WSNs, but also it is critical for the performance/reliability of the whole network. Even 

in the case that sensor nodes are recharged or reinstalled, lower unexpected node death 

rate still means lower maintenance costs, because maintenance is performed less 

frequently.
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1.3 Solution: Communication scheme using ACO method

In this thesis, we developed a novel data gathering and communication algorithm 

called the AntChain algorithm for wireless sensor networks. It has been shown that it 

provides energy-efficient and low-cost communication compared to some other existing 

protocols.

13.1 Nature inspired optimization approach— AntChain algorithm

Ant Colony optimization (ACO) [18, 17] is inspired by natural ants. It has been 

successfully applied in many different applications such as scheduling [16] and vehicle 

routing [15]. Tiny insects, such as ants, are neither physically strong nor highly 

intelligent, but they are able to successfully make their colony a highly organized 

society. By effectively communicating with each other through a medium, they can 

perform very complicated tasks, such as finding the shortest path from the colony to a 

food source, or building a structured colony. The similarity between the ant colony and a 

network of energy-constrained sensor nodes inspired us to look at this swarm 

intelligence.

One thing we have learned from ant colonies is that ants clearly divide the work into 

different roles according to each ant’s different abilities. In this thesis, we employ a 

similar rule to the data-gathering for sensor networks. The WSN base station, which 

usually has unlimited energy recourse, stronger communication and computation ability, 

will perform all the complicated computation, optimization and set-up over-head. In our 

approach, unlike many other WSN routing algorithms where sensor nodes have to 

communicate with each other in order to set up a transmission route, sensor nodes in 

AntChain WSN only receive useful information from the base station’s broadcast. In
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addition, sensor nodes only need to report their sensing data when being asked (by the 

base station). The non-involvement of routing operation can preserve a significant 

amount of the routing set-up energy for sensor nodes.

13.2 Centralized optimization

A large scale WSN often has hundreds or thousands of sensor nodes. To optimize 

its communication scheme to a high quality level can be a time and energy consuming 

task. A centralized approach allows the base station, which has unlimited energy 

recourses and powerful computation capability, to perform complicated jobs such as 

optimization, analysing, coordinating and large-scale computation.

In many civilian applications, the location of sensor nodes is often priori known or 

can be got by the base station after being deployed. This information is critical for 

centralized optimization. Other research and simulations also show that the centralized 

approach can improve performance significantly. LEACH and LEACH-C [61] is one of 

the examples. LEACH is a clustering communication protocol for WSN, in which the 

sensor nodes promote themselves as cluster heads by random chance; the clustering 

results are often unbalanced. In LEACH-C, the clusters are formed by the base station 

using stimulated annealing optimization. The simulation result shows that LEACH-C, 

which is a centralized version of LEACH, performs 40% better than LEACH in terms of 

energy efficiency.

Using a centralized approach, AntChain algorithm can take the full advantage of the 

priori known global information. The base station employs the ACO optimization 

method to compute a chain based structure, called “AntChain”, as routing information. 

By efficiently using ACO, AntChain can produce a very high quality (near-
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optimal/optimal) chain for which the cost is computed based on the energy consumed 

during the data-gathering process. The base station can then provide the optimized 

routing information to the sensor nodes. The simulation results show that the AntChain 

algorithm can provide a much better solution with higher level energy-efficiency and 

data quality. It also outperforms LEACH and LEACH-C significantly.

With the known global knowledge and the real time information sent by the sensor 

nodes, the base station can dynamically responds to the changes occurring in the 

network such as node death. According to different applications, the base station using 

ACO optimization can also respond to the end user’s request or can be designed to 

respond to the events that happening in the target area. For example it can request 

information from part of the network regarding a specific query. In this case, what the 

base station needs to do is sending out the routing (chain) information which just 

includes this part of sensor nodes. Using the centralized approach, these operations are 

very convenient and can achieve high energy-efficiency by the optimized routing 

information. On the other hand, some application operations/queries which respond to 

or are produced by the event analysing results can be also conveniently controlled by the 

applications at the base station side. For example, data gathering can be set more 

frequently if a particular area is suspected or is having higher event rate. High 

performance and flexibility is thus both achievable in AntChain algorithm.

The optimization algorithm used in AntChain is one from the ACO algorithm 

family: Max-Min Ant System (MMAS) [25]. MMAS has been successfully used in 

many different applications and provides world-class level performance in many 

problems. Base station performs MMAS extending with local search which also 

decreases the run-time of the optimization. Our simulation results and experiments in
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ACO society (for larger instance) show, when the communication between the base 

station and sensor nodes is not hard real-time, the MMAS optimization performed by 

the base station is a very practical and promising approach to achieve very high quality 

network structure within an acceptable run time. The high quality structure builds a 

solid foundation for other high-performance output such as energy-efficiency.

133  Adaptive bi-direction chain structure

Chain structure is proven to be an efficient way for data-gathering process. For 

example in PEGASIS [55]; the chain structure is more efficient than the cluster structure 

of LEACH and LEACH-C [61]. But one of the disadvantages for PEGASIS is that it 

provides little/no self-adaptive ability, which is critical for the ever changing sensor 

network. In order to provide a self-adaptive, robust and highly reliable network, we 

introduce the bi-direction AntChain structure.

In the bi-direction AntChain, the chain head is the one nearest to the base station, and 

the chain tail is the second closest one. The chain head and tail take turns sending data 

to the base station. During the data-gathering process, starting from the chain head/tail, 

each node within fire chain receives data from it left/right neighbour (except the first 

node) and perform simple data aggregation using the data it receives and the data of its 

own. Next the sensor node sends its final data to its right/left neighbour. The process 

repeats and finally reaches the tail/head. The head or tail then sends the data to the base 

station. In case of a node dies, the node’s neighbours can detect it because they have not 

received data from the dead node and the chain is broken into two for the next round. 

The neighbours activate themselves as new head/tail and send data directly to base

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



station. The base station thus detects the topology change in the network and can decide 

whether or not to perform another reconfigure process for the whole network.

In the bi-direction chain structure, each node just transmits to/receives from its both 

neighbours in the chain. The optimized number of the total energy utilized by all the 

sensor nodes in the process is produced by performing the MMAS algorithm through 

selecting and optimizing the chain orders. The optimization can be seen as a variant of 

the typical Travel Salesman Problem (TSP), in which by given a finite number of cities 

along with the cost of travel between each pair of them, one try to find the cheapest way 

of visiting all the cities and returning to the starting point [87]. In a round of data- 

gathering, each node in the sensor network has to send a package of data to another node 

or to the base station once and only once (while the last step is the base station). The 

objective is to use as little energy as possible. With the global knowledge, we can 

analyse the cost of communication between senders and receivers, then apply a proven 

MMAS method for TSP problem into the WSN setting.

The bi-direction chain also makes the network more robust. It avoids large amounts 

o f data loss in case of the death of one single or a small number of sensor nodes, which 

often happens in the clustering algorithm. It also provides self-adaptive ability which 

most other chain based algorithms cannot provide. More importantly, it uses much less 

energy for the overhead (for example, computing the next round chain/cluster head). 

Contrast to other algorithms, in the bi-direction AntChain algorithm, the chain head and 

tail can save more energy by not receiving data from other nodes in every other round 

(round 0,2,4,...«..). Therefore, it has more energy for the transmission task, which means 

it can transmit to the further base station without visibly shorten its lifetime. This
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We performed the simulation to compare our algorithms to other data-gathering and 

communication algorithms. The results show that AntChain algorithm can significantly 

improve the performance of the WSNs in terms of reliability, data quality, energy- 

efficiency and longer lifetime. Our algorithm can also provide flexibility in handling 

different requests/queries for the sensor network, which other self-adaptive data- 

gathering algorithms cannot do.

1.4 Contribution of this thesis

The developed algorithms and simulation results show that for a highly constrained 

sensor network, the developed centralized ACO optimization can achieve very high 

performance which is required by most civilian WSN applications such as high energy- 

efficiency, longer network lifetime, reliability, high data quality and robustness. The 

other important benefit is that by providing a fair and reliable scheme for the sensor 

nodes; the AntChain algorithm can also lower the cost of the application. Because the 

constraints are so obvious in the sensor network applications, a good optimization 

algorithm can significantly improve performance and service quality.

The centralized approach is the basic thinking, while research interest is mainly 

focused on the distribution aspect of sensor network; this thesis provides a different 

point of view which is also compliant with its own unique feature. The centralized 

approach is supported by both the resource-constrained characteristics and the 

communication feature of sensor networks. A sensor network system has two main 

components: the sensor nodes and the base station. Unlike Intemet-like networks, which 

mostly each node is very much independent and the communication is mainly peer to 

peer; sensor nodes in sensor networks can be dependent on the base station for many 

issues and the communication goal is often to exchange data from sensor nodes and the
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base station. Evidence that supports the centralized approach is related to the 

application purpose, most sensor networks are data-centralized with no/little demand of 

peer-to-peer communication, meaning that the sensor nodes do not need to 

communicate with each other except for routing purposes, which makes a centralized 

scheme possible in practice.

In a summary, the main contributions of this thesis are:

• Development of a nature inspired optimization method for sensor network 

applications. The similarity between a network of sensor nodes and a colony of 

ants provides the foundation of the potential benefit of applying the Ant Colony 

Optimization. The simulation results show that the AntChain algorithm can 

provide the resource-constrained sensor nodes simple but efficient communication 

scheme with lower overhead. It also provides high network performance results in 

terms of energy-efficiency, lowered cost, reliability and data quality.

• Applying a highly recognized ACO optimization method, AntChain algorithm can 

build an optimum/near optimum structure for the WSNs. The chain formed by 

AntChain algorithm is not only optimized the total energy cost for the network, 

but it also provides each individual sensor node a fair and better position. The 

energy-constrained sensor nodes thus can meet the high requirement especially on 

energy-efficiency, similar or expectable lifetime and less unexpected node death.

• Development of the bi-direction AntChain architecture and the data-gathering 

scheme with its robustness and flexibility. This architecture can be self-adaptive 

at two levels, the sensor nodes level and the network level (performed by base
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station). The simulation shows it overcomes other data-gathering algorithms in 

terms of energy-efficiency, network life time and data quality.

• Provides the high flexibility for different data-gathering and communication 

operations. The base station can complete different data-gathering tasks according 

to different queries or requirements. It could be for the whole network or could be 

for some its nodes. It can be set operation at different paces when necessary.

1.5 Thesis Structure

First, we introduce the background of sensor networks in chapter 2. We describe 

the sensor network characteristics and data-gather algorithms. We also describe other 

advances in wireless sensor network communication such as routing algorithms and 

localization algorithms.

In chapter 3, we introduce the Ant Colony Optimization which we apply in our 

AntChain algorithm. While we cannot prove that it is the best optimization method 

which can be used in the centralized approach, we can provide the existing evidence to 

support that our selection is not only naturally inspired by a colony of the small but 

efficient-working ants; we also show that, the ACO optimization especially the MMAS 

algorithm also has proven achievement in many computational problems and real-world 

applications.

In Chapter 4, we describe how the MMAS is applied into the WSN setting. We also 

design new strategies that can be used to deal with the dynamic issue such as node death 

in the chain (as a typical dynamic TSP problem).
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In chapter 5, the AntChain algorithm and communication protocols are introduced 

in detail. The simulation and related discussion is presented in chapter 6. In chapter 7, 

we make the conclusion and discuss the future work.
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Chapter 2

Background

Wireless sensor networks have been applied in many different areas and are very much 

application oriented. The application examples are in [58, 68, 69, 70, 65, 66, 7]. The 

sensor nodes are mobile when used in habitat monitoring [58], but in the environment 

monitoring or in the healthcare application sensor nodes are mostly fixed [80, 83]. The 

sensor networks may need to gather data in a real-time manner when used in the 

military applications [68, 69] but by contrast, when used in some environment 

monitoring applications for example building temperature or moisture sensing, real-time 

is not a sensitive issue. Sensor networks can be used in the indoor environment, in a 

remote harsh area or even inside the human bodies. It often uses wireless radio signal as 

its transmission medium. It also may use laser as its medium as in the smart dust project 

[66]. Although sensor networks applications are very diverse, they also have common 

characters which attract a lot of efforts of research.

2.1 Wireless sensor network architecture

Wireless sensor networks are composed of a large number of sensor nodes. The 

sensor nodes are unique tiny machines which have computation and communication 

power but are limited by a number of factors. The architectures of a sensor network are 

mainly determined by constrained sensor nodes and the application goals.
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2.1.1 Components of a sensor network system

A sensor network may have hundreds to hundreds of thousands of nodes within the 

target area. The node density can reach up to 20 nodes per nr5 [56]. The architecture is 

affected by many application facts and requirements such as environment and cost. It is 

also affected by the hardware or other constraints. Basically, sensor networks are used 

to detect events in the target area via sensing, processing and efficiently transmitting 

data that are required outside the sensor networks. The main components are illustrated 

in Figure 2-1. The component which collects all the data and connects the nodes to the 

outside could be a sink, or a base station. This role often does not have constraints such 

as power limitation. Thus, the challenge here is how to organize the sensor nodes and 

make sure every sensor have a route to the base station or related gateway whenever it 

is needed.

Base
Station Users

l £ - * J
IntemetfSatelliteSensor nodes 

Sensor Field

Figure2-1. A general view of sensor network without illustrate how sensor nodes connected 
with each other

2.1.2 Network structure

Since wireless sensor networks have a large number of nodes within a large area 

but with limited transceiver range, most common sensor networks are designed to be
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multi-hop ad hoc networks. Unlike other ad hoc networks, nodes in sensor networks do 

not have to be mobile. Often they are fixed.

There are different structures of sensor networks that researchers have addressed 

and applied in different applications:

Multi-layer Structure: It also can be called as Hierarchical Structure [52, 53, 54, 

59]. LEACH is a good example of this structure.

Shown in Figure 2-2, in a multi-layer WSN, sensor nodes are assigned to different 

layers. A sensor node in the higher layer collects data from multiple child sensor nodes 

and thus the network is often formed into a pyramid shape. Most sensor nodes are often 

assigned to the lowest layer to perform the basic function, which is to sense and send 

data. In higher layer, other than the basic function, a sensor node also acts as a collect 

agent and a gateway node.

Sensor nodes are often grouped into different clusters according to their location, 

neighbourhood or even data attributes. In each cluster, sensor nodes are assigned in 

different layers. The higher layer node which connects to its child nodes and collects 

information is called cluster head. Only a cluster head can communicate with its higher 

level node (if there are). In multi-layer WSN, sensor nodes in the same layer may or 

may not be able to communicate with each other. The base station is the highest layer of 

the network.
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High layer sensor node Cluster head sensor node
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Sensor nodes

Figure 2-2 An illustration of the multi-layer sensor network structure

Single-layer structure: In a single-layer WSN, the relationship between all the 

sensor nodes is equivalent and straightforward. As shown in Figure 2-3, sensor nodes 

can logically directly connect with all the other nodes and cooperate with each other in 

this single layer. They perform the same functions of sensing and sending data, as well 

as can act as a relay node for other nodes. In a single-layer WSN, no single node acts as 

a ‘centre nodes’ to directly collect data from multiple sensor nodes.

This structure was first proposed by R. Wesson et al in [64], in which all the sensor 

nodes send data directly to the base station. In terms of large-scale WSNs that are 

composed of thousands of sensor nodes, this solution does not seem to be a feasible or 

practical one. Instead, more examples of this structure let sensor nodes connect to their 

neighbours and each sensor node can serve as router to another node with no different 

layers or clusters in architecture. Most reactive sensor networks can be put in this 

category.

In the reactive sensor networks [38, 39], the sensor node sends information when 

certain events occur or the sensing data passes certain thresholds. The sensor node
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builds its route to the base station by contacting its available neighbours. The selected 

neighbour relays the data by continuing the routing process until the data is received by 

the base station.

In [55], S. Lindsey proposed a single-layer structure, in which all the sensor nodes 

are formed into a chain. Every sensor node communicates with their direct neighbours 

in the Chain. H.R. Qi also proposed a mobile agent algorithm which is based on chain 

structure [63]. In this algorithm, the mobile agents carry the required functions 

(algorithms) which are sent from the base station, and travel through the network to 

collect and aggregate data. Single-layer structure is straightforward and often has less 

overhead for route building and self-adaptive.

Base station
Base station

Sensor area

Sensor node

Sensor node

Figure 2-3. An illustration of single-layer sensor network structure. Left: Some sensor nodes

setup their communication route until it reach the base station; Right: a chain structure of 

WSN

As mentioned before, the topology of a sensor network often changes dynamically 

due to the node movement or failure. As the deployment approaches of sensor nodes 

vary for different applications, some sensor networks have non-predictable topologies. 

Therefore the sensor nodes need to be self-organized and self-adaptive at all the stage of
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the network lifetime. The overhead of self-organization and self-adaptation can 

consume a considerable amount of sensor nodes’ energy. This is a big challenge for the 

WSN communication protocols. Localization algorithm is one of the solutions of this 

problem, by which the base station can get the location of every sensor nodes in the 

network after they have been deployed. The literature survey shows a promising picture 

that a knowable topology is very possible and feasible for sensor network application.

2.2 Sensor network related technologies

There are many technologies that are related to the wireless sensor networks 

including wireless technology, semiconductor and sensing, etc... In this thesis, we 

mainly introduce technologies that are related to the wireless communication aspect.

2.2.1 Localization in wireless sensor networks

A predicable topology is important for an energy constrained sensor network. It 

relates sensing data to the particular sensing spot. It also helps to find the optimal 

routing for the data transmission. One of the most distinguishing advantages of wireless 

sensor networks when compared to wired networks is that the former one can be 

deployed with much more flexibility. The topology of a wireless sensor network is 

often unpredictable before deployment, and it often changes even after deployment 

Thus the localization for wireless sensor networks has attracted a lot of research 

attention.

There are some methods which can be used for the localization in sensor networks. 

One of them is global positioning system (GPS) which can provide the absolute global 

position of the sensor nodes [85,86]. GPS uses a constellation of 24 satellites in precise
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orbits approximately 11,000 miles above the earth. The satellites transmit data via high 

frequency radio waves back to Earth. A GPS receiver can lock onto these signals and 

process the data to triangulate its precise location on the globe. In simple words, the 

GPS receiver simply measures the travel time of the signals transmitted from the 

satellites then multiplies them by the speed of light to determine its distance to every 

satellites from which it is receiving signals. By locking onto the signals from a 

minimum of three different satellites, a GPS receiver can calculate a 2D (two- 

dimensional) position, consisting of the latitude and longitude. By locking onto a fourth 

satellite, the GPS can compute a 3D (three-dimensional) location on the globe, 

calculating the altitude as well as the latitude/longitude position.

As the CMOS technology develops, low cost and low power consumption GPS 

receivers are becoming available. The development makes it possible that the GPS 

equipment sensors are ready and suitable for sensor network application. [31,32]

Other approaches which can be more practical for sensor networks have also been 

studied by many researchers recently. These algorithms are designed to look for the 

relative location of the sensor nodes. One of self-localization solutions uses 

triangulation to compute the location of the sensor nodes by measuring the received 

signal strength (RSS), the angle of arrival of a signal (AOA) and the time of arrival of a 

signal (TOA)[30, 36]. Depending on the different algorithms, different number of 

reference nodes (also called beacons or anchor nodes, which the location are known) 

can be used to achieving different level of performance in terms of accuracy or 

robustness. The number of reference nodes range from one or many.

In [30], the authors give two architectures for self-localizing sensor networks. One 

uses one master node as reference. Through four operations, the algorithm can locate
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and active all the sensor nodes in the network. First it identifies each sensor by 

performing data transmission between the master and a sensor node. Through a long 

process sensor nodes identify themselves as Son, Parent, Neighbour of other sensor 

nodes or of the master. Through the Son identification process, sensor nodes get it 

identification number (ID). After the base station collects all the Parent information and 

uses triangulation method to calculate each sensor node position, it can construct a 

rough sensor location map. The algorithm then uses Neighbour information to refine the 

map.

The other architecture shown in Figure 2-4 uses three masters. This approach 

significantly simplifies the map construction process. Once the three masters detect the 

signal, they calculate its strength and send result to the base station. The base station 

collects results from three masters then performs the triangulation. In the simulation it 

also shows that by using this architecture, sensor nodes consume more energy for the 

whole constellation than the one master approach. This architecture is also faster and 

more precise.
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Figure2-4. Three master approach localization: Triangulation in the three masters [30]

Another approach is to use distance vector exchange to find the distance from the 

non-beacon nodes to beacon nodes. Each node performs tri-lateration or multi-lateration 

to estimate its location [40].

In [37], the method uses the distances between the nodes to build a relative 

coordinate system in which the node positions are computed. First, sensor nodes 

calculate local maps of adjacent nodes. Then, the results can be compiled to compute 

the relative or physical location of each sensor node.

In a civilian application, to deploy a few more powerful reference nodes at a 

designed location is feasible and practical. Therefore, based on these researches we can 

see that for the civilian application, self localization is an achievable goal with 

relatively lower cost
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There is also another possibility for civilian application, that the position (the 

relative position) of the sensor nodes is possibly known before the deployment as in the 

building surveillance or heath care applications.

2.2.2 Time synchronization for wireless sensor networks

Unlike other traditional networks, time synchronization for wireless sensor 

networks has many constraints but also draws a lot of attention. There are many related 

researches that have been put in literature [72,73,74,75,76,77,78,9, 8].

Basically, there are three different methods for sensor network synchronization, 

they are Reference Broadcast, TINY/MINI-SYNC, and Level Synchronization.

In [72], Elson and Estrin proposed post-facto synchronization for wireless sensor 

networks. This scheme supposes that the nodes are normally unsynchronized with each 

other. When a stimulus is detected, the receiving nodes record the time stamp according 

to their own clock. Next a “third party” node sends a beacon to all the related nodes in 

this area as a synchronization pulse. Those nodes thus can reference with this beacon 

node and synchronized with each other. This approach can be categorized as Reference 

Broadcast

In [9], a scalable Timing-sync Protocol was proposed based on a created hierarchical 

topology. This method is also called Level Synchronization. It uses two steps to 

synchronize a WSN; first the algorithm creates the hierarchical topology and assigns a 

level to each node. One node is assigned as root node and all the other nodes are 

eventually synchronized to this node. The root node can be equipped with a GPS 

receiver. It is the gateway node between the sensor nodes and outside world (or the base 

station). The second step starts from the root node. The algorithm uses a classic
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approach of sender-receiver handshake synchronization to pair these two nodes. The 

node that is already synchronized can initial the synchronization process with the nodes 

that are under its level. Similar process is carried on from the root to all the nodes. 

Eventually all the sensor nodes are synchronized with the root node which is 

synchronized with the outside world.

Greunen and Rabaey proposed a lightweight tree-based synchronization method 

[78]. It is another example of Level Synchronization. Based on the single-hop pair-wise 

synchronization, the authors propose two approaches for multi-hop synchronization. 

One approach is the simple linear extension of the single-hop pair-wise synchronization, 

the centralized multi-hop synchronization. Another approach uses the distributed 

scheme, in which the leaf nodes initialize the synchronization process instead of the root 

node. This scheme is designed for applications in which most of the nodes do not need 

frequent synchronization. The simulation results also show that the centralized approach 

is more energy-efficient

In [75], Sichitiu and Veerarittiphan proposed a TINY/MINI-SYNC approach for 

WSN synchronization. In this scheme, it is assumed that the clock drifts of the nodes are 

of a linear form. Thus the offset between two nodes is also linear. When performing 

pair-wise synchronization, TINY/MINI-SYNC nodes exchange time-stamped packets to 

estimate the best-fit offset line between the two nodes. As more packets are exchanged, 

the computation complexity required for calculating the best-fit line increases. The 

linear constraint is used to identify redundant packets that are discarded to lower 

computation complexity. Each node performs this pair-wise synchronization scheme 

with each of its neighbors until all the nodes get synchronized.
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2.3 Data-gathering in sensor network

WSNs are often designed to be data-centric which means that the communication in 

WSNs is more concentrated on data or data attributes instead of the information- 

changing between particular sensor nodes themselves. This is not a surprise if we 

consider the purpose of the sensor networks. But for different applications, WSNs can 

have very different structures, topologies and requirements. The particular 

communication and routing scheme could be very much application dependant But no 

matter what the application is, they have common constraints and face similar 

challenges. The communication schemes of sensor networks have some general 

requirements.

• Keep efficiency. Efficiency can be shown in many aspects during communication 

in WSNs, such as data efficiency. Not every row data needs to be sent to the outsider, 

therefore, data fusion distributed in each sensor can increase efficiency by sending less 

amount but meaningful information. This function is also supported by the fact that the 

computation capability of sensor node increases significantly even within a node 

smaller than a penny. Energy efficiency is critical to sensor networks because the 

power is mostly supplied by battery. This should be considered in finding the optimal 

communication route, schemes or protocols.

• Be self-adaptive. WSNs’ dynamic topology requires that communication protocols 

have a strong self-adaptive capability. At different stages, the sensor nodes need to 

self-organize for network configuration or reconfiguration. The network needs to be 

self-adaptive when some or any of its nodes die-out or malfunction. It needs to self

recover after some part of a network is shut down or even the whole network is down.
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• Be fault-tolerant A single sensor node is small and can easily be moved or affected 

by the environment. It may send false data or no data when malfunctioned. It could not 

be seen as a reliable entity by itself. The communication and data gathering scheme 

therefore need to insure that the whole network can provide the correct overall 

information. Redundancy and coding technique are also essential.

• Handle Resource constraints. Resources are often limited with sensor networks. 

Some constrained resources include energy, lifetime for individual sensor node, the 

limited and changing power-level, the limited computation capability and limited 

transmission range. A communication scheme has to provide a satisfactory function 

and must reasonably deal with all those constraints.

• Provide reasonable response time. Most sensor networks are data-centric, which 

means that all the interests of the network is focus on the data itself, sensor nodes may 

be identified by the data attributes. Real-time communication may still be a key 

requirement for some applications such as “fire-detection in forest” applications and 

security surveillance applications. For some other applications such as temperature or 

building moisture surveillance applications, real-time may not be a critical issue. But a 

timely response manner is still preferred and certain requirements have to be met.

23.1 Research works of sensor network data-gathering and 
communications

In recent years, many researches have been carried on for the communication 

protocols for WSNs. Beside some traditional techniques such as flooding algorithm and 

gossip algorithm, many other methods have been proposed.
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LEACH. Heinzelman proposes an energy-efficient communication protocol called 

LEACH (Low-Energy Adaptive Clustering Hierarchy) [61]. In LEACH, it is assumed 

that the sensor nodes can adjust their power level according to the distance to the 

receiver. Every sensor node has the ability to send data directly to the base station 

which far away from the sensor area. Sensor nodes have limited energy. LEACH 

protocol clusters nearby nodes into the same cluster. In each cluster, one node, called 

the cluster head, collects, aggregate and send data to the base station. In order to 

perform tasks of the cluster head, sensor node consume much more energy than other 

nodes in the cluster. In order to prolong the life of the network and avoid quick die out 

of certain sensor nodes (the cluster heads), the cluster head is randomly rotated in every 

data collection round. A sensor node n promotes itself as cluster head when randomly 

select it a number between 0 and 1, which is bigger than a priori decided threshold 

T(n)=P/(l-P*(r mod 1/P)). P is the desired percentage of the cluster heads in the 

network. In order to provide high level performance results, it is necessary to carefully 

select the parameters according to the power consumption formula and the size and 

density of sensor network.

One of the drawbacks is the random selection of cluster heads could not insure that 

the cluster heads are ideally and evenly scatter in the whole network. Thus some nodes 

may still need long-distance transmission.

Another drawback is that since the parameter is priori decided, when the sensor 

nodes gradually die out and the network changes, the existing best parameters often are 

not the best choice later.

SPIN (Sensor Protocol for Information via Negotiation) [62]. This approach uses 

meta-data which is a very short message and thus not energy-consuming. The protocol
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has three different messages: ADV, REQ and DATA. The first two are meta-data 

message to negotiate with the sender and receiver before large amounts of sensing data 

are transmitted in the network. By using a short and quick handshake, sending large 

amounts data to unnecessary nodes can be avoid. In this way, the protocol achieves its 

goal of energy-efficiency.

PEGASIS [55], a chain-based protocol was proposed to improve LEACH by 

shortening the transmission range and lessen the number of nodes that communicate 

with a distant base station. Starting with the node that is the nearest to the base station, 

every node seeks out its nearest neighbour that has not joined the chain. Each sensor 

node performs the same greedy chain formation algorithm. With the assumption that 

every sensor nodes have the identical and current global information, the output chain 

order of each node is the same. After the chain is setup, each node just communicates 

with its direct neighbour in the chain. Every sensor node in the chain also performs the 

data fusing for data of themselves and of their neighbours. In each data gathering round, 

one node is used to transmit fused data to the base station. Every node in the chain takes 

turns along the chain to perform this task. Compared with LEACH in terms of energy 

efficiency, it performs much better in the simulations.

23.2 The reactive behaviour of sensor networks

In a traditional sensor system, sensors have to send all their data to the data fusion 

center. As more powerful computation ability is available to sensor nodes, more and 

more decisions and data fusion are carried out locally by individual sensor nodes 

instead of the data fusion center (normally the base station). Recent years, many 

researches have focused on how the smart sensor nodes can be organized and can
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perform various data fusion and analyzing tasks and send meaningful output on their 

own.

Because of the computation ability of sensor nodes, they can be programmed to 

“react” to the environment, events and commands in accordingly. Using local data 

fusion, less data needs to be transmitted between sensor nodes or to the base station. 

Local data fusion also yields better response time to rapid changes in target area. Data 

fusion and decisions that are carried out by the sensor nodes are classified as reactive 

behavior of sensor networks. The reactive behavior of sensor nodes can be also applied 

to data-gathering communication.

In [38] TEEN protocol is proposed for reactive sensor networks. This paper first 

classified the sensor network as a proactive network where sensor nodes periodically 

switch on their sensors and transmitters to sense the environment and transmit the data. 

This type of sensor network provides a snapshot of the relevant parameters at regular 

intervals. Another type of sensor network is the reactive network, in which the nodes 

react immediately to sudden and drastic changes in the value of a sensed attribute. They 

are well suited for time critical applications. In the TEEN protocol, two different 

thresholds, the “hard threshold” and “Soft threshold”, are sent from the cluster head to 

the nodes when the cluster changes. When the “hard threshold” is reached, the sensor 

node must switch and send the data immediately. If the “soft threshold” is reached, the 

sensor nodes only send their data when they are in between the current cluster period 

and the priori period, and the difference is greater than the “soft threshold”.

In the so-called reactive networks, sensor nodes transmit their data only when they 

have to do so. This conserves energy by limiting transmission which is the most energy

consuming operation.
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Another similar and adaptive approach is presented in [39]. The APTEEN protocol 

combines the proactive and reactive approaches by sending data periodically and 

reacting to the sudden or dramatic changes.

When considering the computation ability of sensor nodes, local reactive behavior 

is important and has shown many advantages. On the other hand, when considering the 

resource constraints and other limitation of individual sensor nodes, the centralized data 

fusion, analyzing and organizing still cannot be ignored when attempting to increase the 

overall response speed, performance and flexibility of the whole network.

During our research, we found that the overall reactive behavior of sensor networks 

should include the nodes level and system level. At the node level, sensor nodes react to 

local data or events that are sensed by the individual sensor nodes. They also respond to 

the particular commands or queries sent to them. At the system level, the sensor 

network needs to react to events or phenomena in certain areas up to the whole target 

zone, thus makes the system level decision. These decisions include sensor network 

reconfiguration, connection route reset, controlling and changing the frequency of data 

gathering operation and certain parameters changing. In order to provide the above 

flexibility, the sensor network must have a suitable architecture and supportive 

communication protocols.

2.4 MAC protocols of wireless sensor networks

In wireless networks, before any station or node transmits a frame, it must first gain 

access to the medium, which is a radio channel that stations and nodes share. The 

medium access control (MAC) Layer manages and maintains communications by
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coordinating access to a shared radio channel and utilizing protocols that enhance 

communications over a wireless medium. There are many MAC protocols for wireless 

voice communication. In recent years, many research works have been done in the low 

power wireless sensor network area too. In this section we will first introduce some 

traditional Medium Access Control (MAC) protocols. Next we will introduce some 

researches of MAC protocol in the wireless sensor networks domain.

2.4.1 MAC protocols from wireless voice communication networks

• TDMA: Time Division Multiple Access

TDMA is digital transmission technology that allows a number of users to access a 

single radio frequency (RF) channel without interference by allocating unique time slots 

to each user within each channel. It is an available, well-proven technique used in 

commercial operation in many systems as well as in Ad-hoc wireless networks. It is also 

an economic approach for wireless equipments and systems.

TDMA is based on digitized audio signal. The “time” is divided into a number of 

milliseconds-long packets/channels. Each user of the channel takes turns transmitting 

and receiving in a round-robin fashion. TDMA allocates a single frequency channel for 

a short time to a user and then moves to another channel. At any given moment only one 

user is actually using the medium.

• CDMA: Code Division Multiple Access

CDMA is a form of spread-spectrum, a family of digital communication techniques 

that have been used in military applications for many years. It allows many users to 

occupy the same time and frequency allocations in a given band/space. It uses unique 

spreading codes to spread the base band data before transmission. The signal is
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transmitted in a channel, which is below noise level. CDMA receivers do not eliminate 

analogue processing entirely, but they separate communication channels by means of a 

pseudo-random modulation that is applied and removed in the digital domain, not on the 

basis of frequency. By demodulation and decoding, the receiver extracts the wanted 

signal and information data, which is passed through a narrow band pass filter. 

Unwanted signals are not decoded and do not pass through the filter. The codes used for 

spreading have low cross-correlation values and are unique to every user. This is the 

reason why a receiver which has knowledge about the code of the intended transmitter 

is capable of selecting the desired signal.

• FDMA: Frequency Division Multiple Access

FDMA allocates a single channel to one user at a time. If the transmission path 

deteriorates, the controller switches the system to another channel. Although technically 

simple to implement, FDMA wastes much more bandwidth compared with other MAC 

protocols: the channel is assigned to a single conversation whether or not somebody is 

speaking. Moreover, it cannot handle alternate forms of data, only voice transmissions.

2.4.2 MAC protocols for wireless sensor networks

MAC for wireless sensor networks can be divided into contention-based and TDMA 

protocols. One example of a contention-based protocol is the standardized IEEE 802.11 

distributed coordination function (DCF) [43]. Because of its simplicity and robustness 

when considering the hidden terminal problem, it is widely used in ad hoc wireless 

networks.
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2.4.2.1 IEEE 802.11 distributed coordination function (DCF)

The 802.11 standard defines two forms of medium access, DCF and PCF (point 

coordination function). DCF is mandatory and is based on the CSMA/CA (carrier sense 

multiple access with collision avoidance) protocol. With DCF, 802.11 nodes contend 

for access and attempt to send messages when there is no other node transmitting. If 

another node is sending a message, nodes politely wait until the channel is free.

The MAC layer contains a network allocation vector (NAV), which is a counter 

resident at each node that represents the amount of time that it needs to send the 

previous frame. When the node tries to access the medium, the MAC layer checks the 

value of the NAV, which must be zero before a node can attempt to send a frame. Priori 

to transmitting a frame, a node calculates the amount of time necessary to send the 

frame based on the frame's length and data rate. The node places a value representing 

this time in the duration field in the header of the frame. When nodes receive the frame, 

they examine this duration field value and use it as the basis for setting their own related 

NAVs. This process reserves the medium for the sending nodes. The receiving node 

needs to send an acknowledgement (ACK) if it detects no errors in the received frame. 

If the sending station does not receive an ACK after a specified period of time, the 

sending node will assume that there was a collision (or RF interference) and retransmit 

the frame.

An important aspect of the DCF is a random back off timer that a node uses if it 

detects a busy medium. If the channel is in use, the node must wait a random period of 

time before attempting to access the medium again. This ensures that multiple stations 

wanting to send data do not transmit at the same time. The back off timer significantly
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reduces the number of collisions and corresponding retransmissions, especially when 

the number of active users increases.

One important function of DCF is the optional Power Save Mode that a user can 

switch on or off the radio circuits in order to conserve battery power when there is no 

need of sending data. In order to continue to receive data frames, the sleeping nodes 

must wake up periodically (at the right time) to receive regular beacon transmissions 

coming from the access point. These beacons identify whether or not sleeping nodes 

have flames been waiting and buffered at the access point for delivery to their 

respective destinations. The node with awaiting flames will request them from the 

access point After receiving the frames, the node can go back to sleep.

2.4.2.2 Energy-efficient MAC protocols for wireless sensor network

One of the most important requirements for the MAC protocol of sensor networks is 

energy-efficiency. The work in [42] shows that one of the shortcomings of the IEEE 

802.11 DCF is the high energy consumption of sensor nodes in idle mode. This is 

mainly due to idle listening. PAMAS [44] made an improvement by trying to eliminate 

the overhearing among neighboring nodes.

S-MAC [41] exploits a similar method as PAMAS but with greater energy savings. It 

is explicitly designed for wireless sensor networks. S-MAC consists of three major 

components: periodic listen and sleep, collision and overhearing avoidance, and 

message passing. For Periodic Listen and Sleep, each node chooses a sleep schedule 

and exchanges it with its neighbors. It goes to sleep for a time, and then wakes up and 

listens to see if any other node wants to talk to it. For collision and overhearing 

avoidance, S-MAC tries to avoid overhearing by letting interfering nodes go to sleep.
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During the message passing, the S-MAC fragments the long message into many smaller 

fragments, and transmits them in burst. Thus it can avoid the high cost of re

transmitting the long packet.

2.423 TDMA approach MAC protocols for wireless sensor network

TDMA protocols have the natural advantage of having no collision or control-packet 

overhead which often plagues contention-based MAC protocols. In literature, many 

communication protocols adapt the TDMA approach, as with LEACH, PEGASIS and 

Bluetooth [47].

Sohrabi and Pottie propose a TDMA protocol for wireless networks [46], in which 

each node schedules different time slots to communicate with its known neighbors. The 

protocol uses FDMA or CDMA to avoid interference between adjacent links.

Another example of the TDMA approach is DE-MAC proposed in [45]. DE-MAC 

introduces the concept of periodic listen and sleep. A sensor node switches off its radio 

and goes into sleep mode only when it is in its own time slot and does not have anything 

to transmit The node has to keep the radio awake in the slots assigned to its neighbors 

in order to receive packets from them. It also has a leader election process to allow low 

energy nodes to sleep more than higher energy nodes. This balances and conserves 

energy among the sensor nodes and consequently extends the network’s lifetime.
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Chapter 3

The Ant Colony Optimization

The sensor networks are mainly composed of two different components, the base station 

and a network of sensor nodes. One unique feature of sensor networks is that the sensor 

nodes have limited energy and bandwidth, and have limited computation and 

transmission capabilities. In order for sensor networks to meet application objectives, 

all the sensor nodes need to be well organized and energy efficient. These features 

remind us of emerging swarm intelligence Ant Colony Algorithms [17, 18], which is 

inspired by the natural ants. This biological analogy to ants’ behavior provides us with a 

unique point of view when we consider the communication protocol of WSNs.

In this chapter, we will first describe the Ant Colony Optimization (ACO) 

Algorithms, which we applied in our data gathering protocol. We will start with the 

original experiments of real ants, and then we will specify what ACO is. We will also 

introduce a family of ACO algorithms and show their performance comparison, which 

provides basic data to explain why we choose the MMAS algorithm as our optimization 

algorithm for the base station.

3.1 Biological inspiration of natural ants

Ant Colony Optimization was originally inspired by the behaviour of natural ants. 

It has been proven as one efficient approach to solve hard combinatorial computation
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problems by multi agent cooperation using indirect communication through 

modifications in the environment. In the real world, ants release a certain amount of 

pheromone while walking, and each ant probabilistically prefers to follow a direction 

which is rich in pheromone. The famous bridge experiment [11] shows that ants always 

can find the shortest path between the colony and food source. In the following 

illustration, we explain why ants are able to adjust to changes in the environment, such 

as new obstacles interrupting the shortest path.

Figure 3-1. Ants’ food path between their nest and the food source without obstacles

At first, as shown in figure 3-1, ants follow the shortest path to cany food back to 

their colony. If there is an obstacle obstructs the path the ants will randomly choose 

another way around the obstruction (right, left, over or under). If we assume that the 

ants cannot go under or over the obstruction, we can safely assume that approximately 

half of the ants will go right and the other half left when ants reach points A and B, as 

illustrated in figure 3-2.

The ants that happen to pick the shorter path will obviously create a strong trail of 

pheromone a lot faster than the ants choosing the longer path. This will cause more and 

more ants to choose the shorter path until eventually all ants have found the shortest 

path as shown in figure 3-3.
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nest

Figure 3-2 Ants explore new paths after encountering obstacle

Figure 3-3 Ants find the new shortest path between the food and their nest

Ant Colony Optimization attempts to apply similar techniques in order to solve 

much more complex problems in real life. The main idea is to repeatedly use 

simulations of artificial ants as agents to generate new solutions to the problem at hand. 

The ant agents use information collected during past simulations to direct their next step
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in current run and this information is available from the modifiable medium 

(pheromone intensity on the trial). Many different algorithms have been implemented 

and many have been proven to have world class performance on the problems such as 

Traveling salesman problem [25], vehicle routing [15], scheduling [16] and routing in 

telecommunication networks [19,20,21].

3.2 ACO algorithm overview

There are many complex problems such as the ATHiard problems [88], are often 

difficult to solve. When solving a NP-hard problem, the time required grows 

exponentially with the instance size in the worst case. For these problems, often 

approximate algorithms are the only feasible way to obtain near optimal solutions at 

relatively low computational cost ACO algorithms are proposed as approximate 

algorithms targeting hard combinatorial optimization problems. Recently ACO 

algorithm researchers have been more interested in applying ACO algorithms in the 

constrained, dynamic optimization problems.

The first ACO algorithm is Ant System (AS), proposed in 1991 [17]. It was first 

applied to solve the TSP problem, and gave initially an encouraging result. It is also 

stimulated further research on algorithmic variants and new applications. After AS, 

many other ACO algorithms have been proposed including Ant Colony System [23,24], 

the ranked-based version of Ant System [22], Max-Min Ant System [24, 25, 26] etc. 

These algorithms improve performance in terms of the solution quality and run time 

requirements in different applications. At present, ACO algorithms have successfully 

applied to many different applications, such as the quadratic assignment problem [13, 

14], which is a standard problem in location theory. If there is a set of n locations and n
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facilities, each facility need to be assigned to a location, the aim is to find the 

assignment that minimizes the cost by: (1), measuring the cost of each possible 

assignment and, (2), multiplying the prescribed flow between each pair of facilities by 

the distance between their assigned locations, and then adding together all the pairs. 

Other applications include sequential ordering [5], vehicle routing [15], scheduling [16] 

or packet-switched network routing [19,20, 21]. In these cases, ACO algorithms obtain 

world-class performance.

3.2.1 Construction algorithms and local search algorithms

Two main traditional approximate algorithms that are normally used to solve these 

hard combinatorial optimization problems are construction algorithms and local search 

algorithms [84]. These are two different types of methods. Construction algorithms 

work on partial solutions and try to extend these in the best possible way to complete 

problem solutions. One example of this method is known as the nearest neighbor tour 

construction heuristic, which is used to solve the TSP problem (the PEGASIS protocol 

uses this approach to construct its chain). Although the solutions given by this method 

are of a better quality than the randomly generated solutions, the main disadvantages of 

the construction method are:

• Only a very limited number of solutions can be generated, which are often of a low 

quality.

• Greedy decisions in the early stages of the construction process strongly constrain 

the available possibilities later on, often causing very poor moves in the final phases 

of the solution construction.

• The solutions are not guaranteed to be optimal in cases of small changes
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The results produced by the construction methods can often be improved by local 

search algorithms. Local search methods move in the search space of complete 

solutions. Starting from a complete initial solution, local search methods try to find a 

better solution in an appropriately defined neighbourhood of the current solution 

(known as iterative improvement). If such a solution is found, it replaces the current 

solution and the local search continues. The steps are repeated until no improving of the 

solution is found in the neighbourhood of the current solution and the algorithm ends in 

a local optimum. An example neighbourhood for the TSP is the k-opt neighbourhood in 

which neighbour solutions differ at most arcs. Figure 3-4 shows the example of a 2-opt 

neighbourhood. A common disadvantage with local search algorithms is that they may 

easily get trapped in local minima and that the result strongly depends on the initial 

solutions.

2-opt

Figure 3-4: 2-opt algorithm for TSP illustration. Starting from the left, after changes of 2 arcs, 

the cost (distance in this case) of the tour is reduced

3.2.2 ACO algorithms

Although they are inspired by natural ants, artificial ants in ACO have more 

capabilities and can solve more complicated problems. Artificial ants have memory to 

remember their path and can trace all the way back (in order to update the pheromone 

trail). They can compute the quality of the path and update the trail with a proportional
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pheromone amount while real ants can deposit more pheromone if more food as found 

at the food source.

Ant Colony Optimization is proposed as an approach for solving hard 

combinatorial optimization problems. It can be seen as an extension of the construction 

method, using a special pheromone trail. In the implementation of many recently 

proposed ACO algorithms, local search is often added-in to improve the performance.

Starting from AS, new ACO algorithms have been proposed for problems which 

can not easily be solved with classical techniques, such as shortest path problems where 

costs change dynamically (like routing problem in Internet); AP-hard problems such as 

the constrained shortest path problem, etc. Although they retain some of the original 

biological inspiration, new algorithms of the ACO family are less biologically inspired 

and more motivated by the need to make ACO algorithms competitive or an 

improvement over state-of-the-art algorithms. In other words, researchers are making 

efforts to develop new ACO algorithms with higher level performance.

The basic framework of the ACO method remains the same. The ACO meta

heuristic described in [18] is as the pseudo code as below:

Ant Colony Optimization meta-heuristic

WHILE termination conditions not met DO

ScheduleActivities
AntBasedSolutionConstructionQ 
PheromoneUpdateO 
DaemonActionsO {optional}

END ScheduleActivities

ENDWHILE

The ScheduleActivities construction consists of three parts.
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AntBasedSolutionConstructionO: An ant constructively builds a solution to a 

problem by moving through the nodes of the construction graph G ( in which ants can 

construct solution by moving from component to component). Ants move by applying a 

stochastic local decision policy that makes use of the pheromone values and the 

heuristic values on components and/or connections of the construction graph. While 

moving, the ant remembers the partial solution it has built based on the path it was 

following on the construction graph.

PheromoneUpdateO-' When adding a component to the current partial solution, an 

ant can update the values of the pheromone trails that were used for this construction 

step. This kind of pheromone update is called an online step-by-step pheromone update. 

Once an ant has built a solution, it can retrace the same path backwards by using its 

memory and update the pheromone trails of the used components and/or connections 

according to the quality of the solution it has built. This is called online delayed 

pheromone update. Another important concept in Ant Colony Optimization is 

pheromone evaporation. Pheromone evaporation is the process by which the pheromone 

trail intensity on the components decreases over time. From a practical point of view, 

pheromone evaporation is needed to avoid a too rapid convergence of the algorithm 

toward a sub-optimal region. It implements a useful form of forgetting, favoring the 

exploration of new areas in the search space.

DaemonActionsO- Daemon actions can be used to implement centralized actions 

which cannot be performed by single ants. Examples are the use of a local search 

procedure applied to the solutions built by the ants, or the collection of global 

information that can be used to decide whether it is useful or not to deposit additional 

pheromone to bias the search process from a non-local perspective. As a practical

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



example, the daemon can observe the path found by each ant in the colony and choose 

to deposit extra pheromone on the components used by the ant that built the best 

solution. Pheromone updates performed by the daemon are called offline pheromone 

updates.

Informally, the construction procedure can be simply described as following:

In the search space, the artificial ants move concurrently and asynchronously while 

applying a stochastic local decision policy that makes use of pheromone trails and 

heuristic information. By continuing to move, ants incrementally build solutions to the 

optimization problem. Once an ant has built a solution, or while the solution is being 

built, the ant evaluates the solution and deposits pheromone trails on the components or 

paths it passed. This pheromone information will direct the search of the future ants. 

The moving activity is repeated until the end condition is reached. Besides the ants' 

activity, an ACO algorithm includes two more procedures that make ACO different to 

other construction method: pheromone trail evaporation and daemon actions (this is 

optional). By introducing the pheromone evaporation, the ACO algorithms avoid a too 

rapid convergence towards sub-optimal solutions and maintain a strong capability of 

exploring new solutions. Daemon actions are used to implement centralized actions 

which cannot be performed by single ants. For example, global information can be 

collected and the ACO algorithm can decide whether to or not to deposit additional 

pheromone to bias the search process from a non-local perspective.

3.23 TSP problem and ACO algorithms:

The Travelling Salesman Problem (TSP) is a test-bed for many combinatorial 

optimization algorithms. The goal is to find shortest tour for a given set of cities. Each
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city can be visited exactly just once. The inter-city distances are known. The TSP 

problem has attracted much research efforts.

In this section we introduce the ACO algorithms from AS and describe how 

MMAS solves the TSP problem. The reason why we begin with AS is because it is the 

first ACO algorithm and it is more conceptual than newer ACO algorithms. It is also 

easy to understand. For the more recently proposed MMAS, which is one of the best 

ACO algorithms, we will specify what makes it different from and better than AS, and 

why it can get better performance results.

3.23.1 AS and TSP

When using AS to solve the TSP problem [17], a group of m ants are initially put 

on randomly chosen m cities within n cities in the instance. Each ant has a memory of 

the partial solution it has constructed so far (initially the memory contains only the start 

city). Beginning with its start city, an ant iteratively moves from city to city. While at 

city i , the ant chooses to go to the yet unvisited city j  with a probability given by

Where t ju=— , d tJ is a priori known heuristic information: the distance between

number of the arc between city / and city j  at time t. Parameters a and /? determine 

how much the pheromone trail and heuristic information can influence the ants’ 

behaviours. N * represents the feasible neighbourhood of ant k, that is, the set of cities

(3.1)

city / to city j  (it also could be the cost of any form). ry (r) is the pheromone strength
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which ant k has not yet visited. If a=0, the selection probabilities are inverse 

proportional to the cost the arc and the closest cities are more likely to be selected. In 

this case the AS corresponds to a classical stochastic greedy algorithm (with multiple 

starting points since ants are initially randomly distributed on the cities). If 0=0, only 

the pheromone strength number is at work. This will lead to the rapid emergence of a 

situation where all the ants are building the same result and it could be very possibly a 

strong suboptimal solution.

The pheromone trails are updated after each ant completes its tour. At first, all trails 

are assigned a constant of pheromone evaporation. Next then each ant deposits 

pheromone on the arcs that belong to its tour:

A *£(/)=
1 / L (/) if ant k passes the arc(i, j) 
0 otherwise

Lk [t] is the tour length ( or a function of length/cost) of ant k. This formula means

that arcs within the shorter tours are receiving more pheromone. For the next run, if 

there are m ants building solutions then the pheromone amount for arc (ij) at time t+1 

is,:

(f + l) = ( l-p )» r* (f)+  £ A r * (0  v 0’>J)  (3-3>
k-l

In this formula, 0<p<l  is the pheromone trail evaporation rate. This parameter is 

to avoid unlimited accumulation of pheromone trails and to make ants forget the 

previous bad decisions.
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The building operation is repeated. The arcs which are used by the most ants and 

which are contained in shorter tours will receive more pheromone. These same arcs 

therefore are also more likely to be chosen in future iterations of the algorithm.

3.23.2 MMAS and TSP

The performance of AS is not compatible with other well-known approximation 

algorithm. MMAS (MAX-MIN Ant System) was proposed by Stutzle and Hoos in 1996 

for achieving better performance [25]. MMAS has been proven one of the best 

performing ACO algorithms. MMAS improved upon the AS by allowing only the best 

ant updates the pheromone trail after each run. It also extends the algorithm with local 

search algorithm. MMAS can guide the local search process to a much bigger search 

space and thus increases the possibility of a global optimal solution.

One shortage of AS is that the pheromone intensity on the arcs often becomes too 

high and thus reduces the possibility of ants exploring other efficient search spaces. The 

ants tend to select arcs with high intensities of pheromone causing the algorithm to 

reach a situation called stagnation of search. Because there are few arcs with a high 

intensity of pheromone, many other promising trails are ignored by the ant this leads to 

premature convergence to sub-optimal solutions. This shortcoming is a fact in many 

other natural inspired algorithms, too. To overcome this issue MMAS provides 

dynamically evolving bounds on the pheromone trail intensities. The pheromone 

intensity on all paths is always within a specified limit of the path with the greatest 

pheromone intensity, which is between the maximum and the minimal numbers. As a 

result, all paths always have a non-trivial probability of being selected and thus wider 

exploration of the search space is encouraged.
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MMAS uses upper and lower bounds to ensure pheromone intensities lie within a 

given range, that isrmin(/)< r,y(/)< ^ ( r ) .  The upper and lower bounds rmax(f), rmm(r)

are given by Stutzle & Hoos:

of the solution. In the application, it can be seen as the cost of the solution. A global

rmax (0 t0 a dynamically changing value.

In order to determine rmin (r), MMAS assumes that

1) The best solutions are found shortly before search stagnation occurs. 

Therefore the probability of re-constructing the global-best solution in one 

algorithm iteration is significantly higher than zero.

2) The solution construction is determined by the relative difference between 

upper and lower pheromone trail limits, rather than by the relative differences 

of the heuristic information.

Given these assumptions, good values for rmm(0 can be found by relating the 

convergence of the algorithm to the minimum trail limit which is the probability

of finding the best solution, is significantly higher than 0 when AS has converged. If at 

each choice point, an ant makes the “right” decision then it can construct the best 

solution. MMAS assumes that the probability of choosing the corresponding

(3.4)

In this equation 5** is the global best solution of this iteration. /(5(f)) is a function

best solution is found during each run.T th e r ^ f )  is updated as well, thus leading the
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solution component at a choice point is constant at all decision points. Then, an ant has

where b̂est is the probability that the current global-best path, S gb (t), will be 

selected given that all non-global best edges have a pheromone level of rmin(f) and all 

global-best edges have a pheromone level of r ^ ^ ) .  n is the number of decision points 

and N O ^ is the average number of edges at each decision point.

In summary, what makes MMAS different with the basic AS are:

1) After each run (iteration), only the best ants get to update the pheromone trail.

2) The intensity of the pheromone trail always has an up bound and lower bound 

limit, which is dynamically changed when the best-global solution is found in

3) MMAS initially assigns high pheromone intensity to each arc. The 

initialization increases the exploration solutions during the first iterations of 

the algorithm.

to make n times of the “right” decision and hence will construct the best solution with a

probability of-P^. By setting

Finally MMAS gives

(3.5)

each run.
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3.3 MMAS extended with local search

It is known that the performance of Genetic Algorithms can often be greatly 

improved when coupled with local search algorithms. This is the case when MMAS 

combines local search with it in application of the TSP. The experiment results in [25] 

show that local search can improve the solutions built by MMAS algorithm. At the 

same time, local search can improve MMAS performance significantly by decreasing 

the time needed to find optimal solutions.

In [25], detailed experimental investigation has been conducted to find how MMAS 

should be coupled with local search. Basically, the algorithm has to decide which ant or 

ants can perform local search after the initial MMAS algorithm and how many ants 

should be used in the MMAS search. Three options have been investigated. The first 

option (10+all-LC) is given a constant number 10 of ants to perform MMAS, and all 

these ants are allowed to do 2-opt local search for symmetric TSPs (3-opt local search 

for asymmetric TSPs). The second option (10+best-LC), is same as the first one except 

only the iteration-best ant is allowed to perform local search. In the third option 

(MMAS+best-LC), the number of ants that perform MMAS is proportional to problem 

size and only the iteration-best ant is allowed to do local search. The results clearly 

show that given a less limited CPU-time (k*n*100 steps) the method with the best 

performance is the second method (10 ants perform MMAS and only the iteration-best 

ant performs the local search). The instant size ranges from 100 to larger than 700. In 

the experiment in which the longest CPU-time is given (k*n*2500 steps), all three 

options have produced the best solution for different applications/instances. When the 

given time is medium (k*n*500 steps) the third option has the overall best performance.
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This experiment is encouraging for the dynamic application in which a limited run 

time is important and an easy parameter setting is also needed. It shows that in the 

applications which require quick optimization and easy setting parameter, MMAS+best- 

Local search is potentially a good choice.

One explanation of the good performance of a combination of MMAS with local 

search is that these two search methods are complementary. The MMAS algorithm 

initially performs a rather coarsely-grained search at the beginning of each iteration. By 

the time the initial solution is built, a local search algorithm is performed to search in 

the surroundings of it.

Finding good initial solutions is critical for quality results and the run-time limit 

Thus, in MMAS, the iteration-best ant generates new promising solutions based on 

previously found optima. The local search then is given good starting points. The 

experiments proved that this combination gives outstanding performance output. In one 

of the experiments, for the instance “lin318”, in 500 seconds (about 10 runs), MMAS 

without Local search has almost no chance to find a good solution while, MMAS plus 

local search (option 2) produces a very high quality solution and the difference to the 

optimal solution is only 2%.

Other greedy algorithms (for example, the nearest neighbor construction heuristic) 

also build the initial solutions and then followed with local search. But the experiments 

show that the MMAS+local-search clearly produces higher quality results. The quality 

difference becomes more significant in ATSP instances. Since ATSP represents a more 

general aspect of most real applications, this observation shows that MMAS is more 

suitable for complicated application and it is more robust This robustness feature is a 

strong asset in dynamic setting applications.
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3.4 MMAS performance comparison

When talking about the TSP problem, it is well known that the sophisticated Lin- 

Kemighan local search algorithm [16] often gives the best performance with respect to 

solution quality. But it is also known that its run time is very sensitive to particular 

instance and the algorithm is very complex and requires a lot of fine tuning to run 

quickly and produce high-quality solutions. The obvious disadvantage is that it is very 

difficult to apply this algorithm to the dynamic application with run-time constraints.

Except for the traditional algorithms that are used to solve the NP-hard problems, 

many natural-inspired-algorithms have been considered as good approaches for these 

problems too. Some of the well-known natural inspired algorithms are Ant Colony 

Optimization, Genetic Algorithm (GA) and Stimulated Annealing algorithm. In [2], 

ACO algorithm (MMAS is used in particular) is compared with two other GA 

algorithms as well as other algorithms and the experiment results show that ACO is 

compatible with those well-known best algorithms in the TSP problem.

Many ACO algorithms have been proposed after Ant System. Except MMAS, Ant 

Colony System (ACS), Best-worst Ant System, and Rank-Based version of Ant System 

are well known. Among those algorithms, MMAS is one of the best algorithms when 

considering the performance on TSP problem, [25, 26, 29]. Similar performance also 

can be obtained by ACS. One interesting observation in the Stuztle’s experiments is 

that for different instances, the average results of MMAS are all better than those of 

ACS. On the other hand the best solutions produced by ACS are often better than those 

produced by MMAS. This observation gives us another indication that MMAS is good 

at finding high quality solutions, and the risk of producing worse (unwanted) solution is
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comparatively lower than other algorithms. The stable performance of MMAS is a 

desired asset for real application that required high quality solutions but do not 

necessarily need to be the exact best solution.

3.5 ACO in dynamic applications

Dynamic applications are applications in which the data and/or the structure of the 

problem can change while a problem is being solved. Many industrial problems fall into 

this category as operational conditions constantly change. Compared with the amount of 

research undertaken on static optimization problems, relatively little work has been 

devoted to dynamic problems, despite the potential economic advantage in doing so. 

ACO is one of few techniques that have really been applied to dynamic problems, such 

as telecommunication routing problems.

ACO algorithms show a strong potential that they can be applied in highly dynamic 

applications where local search algorithms might not be easy to apply. One successful 

example is the routing algorithm in telecommunication networks [3,6,4].

In 1996, Schoonderwoerd, Holland, Bruten and Rothkrantz applied an ACO 

algorithm to a routing problem. This is the so-called ant-based control (ABC) algorithm 

[4]. It was applied to a model of the British Telecom (BT) telephone network. The 

model they studied was not capable of connecting all calls at a given time so the 

objective was to minimize the number of lost calls. In their ant-based solution, the ants 

operate independently of the calls. Each ant travels between an origin and a random 

destination node based on a function of pheromone, distance and node congestion. Calls 

are routed according to the pheromone level on each neighbouring node. The link with
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the most pheromone is always chosen. This approach compares favourably with the 

existing mobile agent methods of British Telecom.

Several ACO algorithms have been developed for routing on connectionless 

networks taking inspiration both from AS in general and from ABC in particular.

Di Caro and Dorigo developed AntNet [3,6], an ACO algorithm for distributed 

adaptive routing in Intemet-like data networks. It built forwarding tables for packet 

routing problems (such as those that occur on the Internet). The authors have shown that 

their system compares favorably with existing routing algorithms.

In AntNet, ants move using the same link queues as data while building the path to 

the destination. In this way ants experience the same delays as data packets and the time 

elapsed while moving from the source node to the destination node can be used as a 

measure of the path quality. Ants evaluate path quality by their experience and local 

statistical models. In AntNet, pheromone is deposited after a complete path is built 

other than deposit while passing each arc. This makes AntNet becomes applicable to 

more general applications in which the cost of the path might be asymmetric. A 

complete trip for the moving ants is a round trip between the source and destination. 

After reaching their destination nodes, ants move backwards to their source nodes via 

the same route. In order to obtain a fast propagation of the collected information, high 

priority queues are used for “backward ants”.(in AntNet the term “forward ant ”is used 

for ants moving from source to destination nodes, and the term “backward ant ’’for ants 

going back to their source nodes). During the backward path, the pheromone value of 

each visited link is updated.
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AntNet is similar to ABC in which ants launch the tours from each node to 

destination and the ant path is updated with respect to all the successor nodes of the 

(forward) path.

In a comparison to other routing algorithms, AntNet shows a much better 

performance in terms of throughput, packet delays and robustness.

Similar research in telecommunication has also been performed by White, Pagurek 

and Oppacher [34] except that separate ant colonies are used to determine the routes, 

allocate traffic to the routes and deallocate routes. In addition, Varela, G. and Sinclair 

worked on applying ACO to routing and wavelength allocation with optical networks 

[33].

3.6 Recent proposed ACO strategies for dynamic TSP

In recent years, the ACO community has shown more interest in the ACO strategies 

or algorithms that can be used in dynamic applications, especially the dynamic travel 

salesman problem. In the dynamic TSP (DTSP), the distance of between the cities may 

change over time. The cities can be inserted or deleted. The challenge is to find how 

ACO optimization can cope with the changes and meet the high requirement of time 

and solution quality.

Although the simplest way to react to a change is to restart the ACO algorithm, if the 

change is small enough or relatively small, it is reasonable to assume that the new 

optimal solution is somehow similar or highly related to the old one. In literature, there 

are different ACO approaches that have been proposed for DTSP.
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In 2001, Guntsch and Middendorf propose three different strategies for Ant 

Algorithm applied to DTSP [28, 35]. Their study investigate the pheromone 

modification methods that can be used in the circumstance that one city is 

deleted/inserted. The main point is to reserve and use the information of the original 

good solution to achieve the goal which can reduce the standard ant algorithm run time 

without sacrificing the solution quality. The pheromone information which is stored in 

the old pheromone matrix is the foundation of the original solution. Guntsch and 

Middendorf investigate the methods about how the matrix can be transferred and used 

according to the change. By using and transforming the old pheromone matrix, the 

algorithm can be benefited from the knowledge. At the same time, the algorithm also 

should be able to avoid keeping too much knowledge, which can make the algorithm be 

easily trapped into a local optimal solution without exploring better choices.

The first strategy they used is called restart strategy. In restart strategy, each city is 

assigned the same degree to reset the pheromone value of the edges that incident to it 

In this strategy, all the pheromone information is transferred at the same degree without 

considering where the change happened.

The second method, q-strategy modifies the pheromone value of the edges for 

each city according to its distance from inserted/deleted city. The degree that is 

transferred is proportionate to the Euclidian distance.

The third method, T-strategy modifies pheromone value by using the distance that is 

measured based on the pheromone information of all the edges that on the path from the 

city to the deleted/inserted city.
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The experiment results show that the restart strategy and ri-strategy perform best, 

x-strategy also provides a very close result. The T-strategy provides the best 

performance immediately after the change, and the other two strategies provide better 

quality solution later.

Other approaches include population based ACO [49, 50], which keeps a pool of K 

solutions. The solutions in the pool are updated according to the age or quality as the 

time goes on. For DTSP which has no change of instance size, it gives promising 

experiment results.

In [67], a “shaking” approach is proposed for DTSP when traffic jams frequently 

occurred between cities. This approach shakes the level of the pheromone value after a 

change occurs. “Shaking” smoothes the difference between the edges while preserving 

the relative order. To prevent losing too much global information during the shaking 

process, the study defines the “local shaking” strategy, the shaking occurs only within 

the area close to the change.
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Chapter 4 

ACO Approach in Sensor Network

Ant Colony Optimization has been successfully applied in many difficult discrete 

optimization problems including the travelling salesman problem, scheduling, vehicle 

routing problems, etc. It also has successfully applied in the telecommunication 

networks routing problem, which is a typical dynamic problem, where the traffic at 

every node is keeping changing as time varies.

In this chapter, we introduce the strategies of applying the ACO optimization in 

WSN data-gathering and communication. The main goals are to achieve high energy- 

efficiency and longer lifetime for WSN.

4.1 The constraints and design objectives

Many sensor networks in civilian applications such as in heath care, building 

management or manufacture are mostly used to provide reliable monitoring of the target 

site. Often the base station is not too far away from the sensor area. The challenge for 

these WSNs in civilian application is how to obtain better and more predictable 

performance based on the lower cost In these applications, some objectives are 

different with the original requirements of the WSNs in military applications. For 

example, civilian applications may normally have less redundancy of sensor nodes in 

order to lower the cost Another point is that the civilian applications may not be 

expected to have their sensor nodes die/malfunctioned as frequently as they do when
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deployed in a harsh environment such as a battlefield. Furthermore, when we deploy the 

same type of sensor nodes in an application they are often expected to have similar 

lifetime span.

Our objectives for the energy-efficient data-gathering and communication protocol 

for WSN can be summarized as:

•  Energy efficiency

• Balanced workload for sensor nodes thus lessen systematically caused earlier node 
death rate

• Predicable and similar lifetime for all the sensor nodes

• High data quality and reliable performance

• Self adaptive

Although civilian WSN applications often have different goals compared with 

military applications, they share similar constraints when we design the communication 

protocols. In a simple summary, the main constraints that need to be considered include 

energy constraint, limited computation ability, limited transmission range and the cost 

requirements.

In the design of the protocol, we also use some basic assumptions which are the 

ones used by many other WSN protocols, such as LEACH-C and PEGASIS:

• Sensor nodes can adjust their transmission power according the distance between 
the sender and the receiver.

• During most their life time, sensor nodes always have enough neighbours existing 
within its transmission range

• Sensor nodes always change to sleeping status while they are not busy

• Base station can get global localization information
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4.2 Ant behaviours and centralized approach

Nature ants are not strong or intelligent as individuals, but they successfully make 

the colony a highly organized and efficient society. By effectively communication 

between each other through the medium, ants can perform very complicated tasks such 

as finding the shortest path between the colony and food resources, or building the 

complicate colony nests. The similarity between the ant colony and a network of 

energy-constrained tiny sensor nodes inspired us to look at this swarm intelligence more 

closely.

One thing we have learned from the natural ants is that they clearly divide the work 

loads to different roles according to their different abilities. We apply this rule to our 

WSN data-gathering and communications scheme too. Under this principle, all the 

complicated computation, optimization and set-up operation should be performed by the 

base station which we has unlimited energy recourse, much stronger communication 

and computation abilities. On the other hand, sensor nodes keep all the basic works such 

as sensing, data gathering, simple data fusion and data sending/receiving.

Unlike other self-organized sensor network protocols, in which sensor nodes are can 

organize and communicate between themselves without any interference of the base 

station; our approach is that the base station plays the central role for organizing the 

whole network communication.

Centralized approach can bring many advantages for WSN.

• Complicated optimization is possible and can bring significant differences
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Optimization often brings significant benefits to applications. The effects become 

more significant when the applications, such as WSNs, which have more constraints. 

One of the good examples is LEACH-C, which is a centralized version of LEACH 

algorithm. In LEACH-C, the base station has the global knowledge, and the base station 

performs stimulated annealing optimization to obtain better clustering results. It 

provides evidently better performance results than LEACH.

The original simulation results show that the LEACH-C outperforms LEACH by 

40% in terms of energy efficiency. Another thing that needs to be mentioned is that 

LEACH-C performed set-up process, rotated the cluster heads and re-clustered sensor 

nodes in every round during the simulation; while the LEACH algorithm finely selected 

a re-clustering time that allowed one node to perform the cluster head just one time 

during it whole life time. In another words, LEACH-C used less amount of energy but 

can gather much more amount of data.

In a summary, centralized optimization may bring significant effect for sensor 

network in terms of energy efficiency and lifetime.

• Lower set-up overhead for sensor nodes

In protocols such as LEACH or other reactive protocols, sensor nodes need to 

communicate with each other in order to set up a data gathering route. In a centralized 

approach, base station performs the optimization to produce better routing solution, and 

broadcasts the information to the sensor nodes. This approach can preserve a significant 

amount of set-up energy for sensor nodes as well as simplify the routing set-up process.
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• High flexible communication style controlled by application

One of the disadvantages of LEACH and PEGASIS is that the sensor nodes work 

on their own pace with no pause or stop, which may cause very short network lifetime 

and is not desirable for civilian application. Thus many reactive protocols are proposed 

in which sensor nodes send data when it is necessary.

However, for the self-organized reactive protocols, when many nodes in the same 

area have to transmit their data at the same time, it may easily produce traffic 

congestion and introduce data loss and long time delay. It could also affect the energy 

efficiency because nodes have to keep in waking-up state and receiving unnecessary 

signal or sending the same message for more than one time. In a centralized approach, 

sensor nodes’ behaviour can be very much controlled by base station. In the scenario 

that a certain number of sensor nodes which are in the same area detect similar event, 

the base station can select these particular sensor nodes and just gather data from those 

particular nodes and let other nodes keep at sleeping status. The application can also 

easily adjust its data gathering pace according to the situation at the particular time.

4.3 WSN chain structure: a constrained TSP problem

In each round of the WSN data-gathering process, one node needs at least once to 

send its sensing data directly or indirectly to the base station. In most cases, direct 

transmission is not feasible because the sensor nodes have limited transmission ability 

and energy constraints. The distances between each sensor nodes and the base station 

varies and many of the sensor nodes may be too far from the base station and it implies 

that a large amount of energy is needed for the data transmission. This situation means
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that many sensor nodes will have a very short lifetime if they send the data directly to 

the base station. Therefore the communication in most WSNs is using multi-hop 

approaches to suit the ability of sensor nodes and for energy efficiency consideration.

43.1 Energy consumption analyse for data gathering

According to the radio propagation model [89], the received power of signal 

decreases as the distance between the transmitter and the receiver increases. Generally, 

the propagation of radio can be modelled as a power law function of the distance 

between the transmitter and the receiver. For example, in the direct line-of-sight model, 

according to the Friss free space equation the transmit power is attenuated to proportion 

with the square of the distance between the sender and the receiver [89].

P G G 2 2
The Friss free space equation is: P r (d  )  = — ^ ------ (4.1)

(4  jrd  ) '  L

Where Pi(d) is the receive power, Pt is the transmission power, G, and Gr are the 

gain of the transmitting and receiving antenna; A. is the wavelength of the carrier signal; 

d is the distance between transmitter and receiver; L is a system loss factor which is not 

related to propagation.

While in the two-way ground propagation model [89], the equation of transmitter 

P g  r  h 2 h 2
power is: P r (d )=  —— ?— — — (4.2); where hr and ht is the height of the

d

receiving antenna and transmitting antenna; other parameters mean the same as in the 

equation 1.

No matter which propagation model, the energy that is needed for transmitting is 

increased with the distance increases, and it can roughly modeled as proportion to the
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power law of the distance ( So that we can ensure that the receiver can receive the 

signal at or above certain required power threshold).

During the data-gathering round, every node has to send its data message once 

directly or indirectly to the base station. How can the sensor network accomplish this 

task with the least energy? This is a typical NP-hard problem. But if we consider that 

during a data-gathering process each sensor node must and send data only once, the 

problem is very similar to the famous TSP problem. The difference is that often the base 

station is included and is the last node to be visited in a data-gathering round. Also this 

special node can send /receive more that once because it does not have those constraints 

which sensor nodes have. This difference decides that the lowest cost solution based on 

our requirements is the one that among a group solutions that meet the criteria as 

following:

1) The solution constructs the whole WSN as one or more Hamilton loop/loops in 

which the base station is included.

2) Each sensor node has to be in only one of the loop/loops.

The range of the number of loops is from 1 to the number of sensor nodes. At the 

lowest bound 1, the whole networks is constructed into one chain, while at the highest 

bound, every sensor node sends its data directly to the base station. It is well known that 

the direct approach is not feasible in most applications. In our strategy, instead of 

looking for the best solution in the whole solution pool, we choose to simplify the 

optimization process by looking for an optimal/near-optimal solution on the lowest 

bound, which is putting the whole network into one chain.
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When considering the energy cost during the data-gathering process, the main part 

for each sensor node is energy used in transmission and receiving. In our approach, we

N

are trying to find the optimal solution for the equation: ^ E r(i) + £r(i) (4.3) ;
>-0

where Er(i), the energy needed for receiving a certain size package, is related to the 

sensor nodes hardware, but not to the particular communication method. As we 

introduced above, the transmission energy can be roughly noted as E£iy=a*If(i) where 

n=2,3,4 etc; D is the transmission distance; a is a parameter that independent with the 

routing protocol, it is reasonable to assume that as the same type of sensor node in the 

same application, the parameter can be treated as the same. To simplify the equation, in

ff
our approach, we look for an optimal solution for the equation: £  Da(,J) (/) (4.4) ;

>-0

Where a(i, j) is an integer that depends on different application and also could depend 

on the distance between the pairs of transmitter node i and receiver node j.

43.2 Constrained TSP for chain based wireless sensor networks

Similar to many other industry applications, when we model the chain based WSN 

communication into a TSP problem, there are some constraints that need to be 

considered.

1) Transmission range of the sensor nodes is limited. Unlike in a typical TSP, all 

the cities can be directly connected. In wireless sensor network, there may be only part 

of the nodes are the eligible neighbors for each node. This constraint can be easily well 

programmed in the MMAS algorithm that operated by base station. Specifically in the 

MMAS algorithm, when being at a city /, an ant chooses to go to a still unvisited city j  

with a probability given by
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p,/t)=o if d,/t) > D otherwise,

Where 7„ (t)=—y r ,  du (f) is a priori known heuristic information: the distance or

the cost at any form between city i to city j. D is the sensor node transmission range 

limit.

2) As wireless ad-hoc network, the “cost” between two nodes may not be always 

symmetric, that makes our TSP problem become an unsymmetrical TSP problem. From 

chapter 3 we can see, MMAS has very good performance at unsymmetrical TSP.

3) The “cost” of between two nodes can change over time while the environment 

changing.

4) The sensor nodes can be dead and new nodes can be added. The networks 

topology is changing over time. As for the TSP, the instance size can changes over time.

Constraints 3 & 4 are typical for a dynamic TSP problem (DTSP). Although the 

straightest way to deal with the dynamics in TSP is to restart the optimization algorithm 

(MMAS as we choose here) again when changes occur, there are other approaches to 

consider as we discussed in the chapter 3. As we assume no mobility in our sensor 

network, the events described in constraint 4 happen more often. We have designed a 

new strategy approach for this specific constraint
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4.4 A local weaving ACO strategy for dynamics in WSN

For a WSN communication protocol, it is required to be adaptive to the changing of 

the topology of the network. When the changes happen, the communication schemes 

need to 1) keep routing information updated/optimal. 2) change accordingly without 

lose too much data 3) change accordingly before any bigger damage, such as causing a 

area of sensor nodes run out of energy, may happen.

As changes happen during the run-time, one of the important objectives for a 

communication strategy is to cope with the changes in the timely manner.

In order to provide a good run-time performance, to ensure that the WSNs response 

any minor change within certain time, we design a new “local weave” strategy 

specifically for the AntChain protocols. As we can see from chapter 3, all the existing 

ACO approaches for DTSP is to use and modify the information in the pheromone 

matrix to give the ACO a very good start point to begin its solution construction 

process. The approaches give a reasonable assumption that the solution after a minor 

change is somehow similar and related with the old one. Based on this assumption, our 

local weaving strategy is not only use and modify the pheromone matrix but also we 

assume if a city is really far away from the change, the original solution of this part is 

still part of a good qualify solution after the change happened.

In another word, our approach is a “cut, weave and patch’ solution, and we believe 

that, with an optimal patch with a proper size for the change, the overall solution will 

keep a high quality and can provide high efficiency for the sensor networks.

Another motivation for this approach is the run-time requirements (for example, the 

response time) for the adaptive action. The run-time of ACO algorithms is largely
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decided by the size of the TSP instance, although those existing ACO strategies give a 

good start (which is to keep using the pheromone information in certain way/degree), as 

we can find from experiments, the good new solutions still come after hundreds of 

iterations, run time still goes high if the instance/network size is too big.

In our “local weaving” strategy, we first decide how big the patch will be. For 

example, if one node dies, according the time requirement we can estimate a certain 

amount of nodes will be “weaved again locally” in the chain. This decision is mainly 

depended on the application requirements. For example, if the base station can have 

more than a couple of minutes after it detects the change in a hundred node sensor 

network, we can simply restart our MMAS algorithm or use any strategy that already 

existing to construct a new optimal/near optimal solution.

If the sensor network has more than 500 nodes, a couple of minutes may not be 

enough to produce a high quality solution. Our strategy is, we cut out some nodes that 

surrounded the dead node, for example about 100 nodes, then we do the MMAS 

optimization for this area, after we have gotten the solution for this part, we weave the 

patch back to the old solution at the same position as before. The new solution is then 

sent to the sensor nodes for reconfiguration.

4.4.1 The “cutting” strategies

The “cutting” can be along the chain/path, or surrounding the area of the change.
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(a) Path strategy (b) Centre strategy

Figure 4-1: Visualization of cutting strategy, (a) the Path strategy; (b) Centre strategy; after one 
node dies. The background is the optimal solution of a TSP instance

As we see in the Fig 4-1, the path strategy is to cut part of the chain beside the dead 

node. After cutting, base station can run MMAS optimization to form an optimal/near 

optimal local chain as a new process. It can also apply the related pheromone 

modification strategy to ensure a good start. To simplify the process, we can use the 

restart strategy that is described in last section.

Centre strategy is to cut a certain area that surrounds the changes. This method is 

also suitable when the change is within a small area and more than one node 

died/added. Because of the pheromone modification involves several nodes and 

changes, which is a complicated process; we can simply start an ACO optimization 

from the very beginning without using the old pheromone information.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.4.2 ACO optimization for the sub-graph

Loop the (b) Loop all the
arbitrary edge arbitrary edges for
for the sub-chain the sub-graph

Figure 4-2: Prapare the sub-graph/sub-chain for ACO optimization (a) for the Path cutting 
strategy; between the nodes go in and out the chain, one arbitaiy edge is added;(b)for 
the Centre cutting strategy: following the chain, start from the change untill back to the 
start point, arbitary edges are added between the leaving node and the conjunted entering 
node.

As shown in the Figure 4-2, in order to patch the solution back to the remaining part, 

we must keep the same structure at the interface between the remaining part and the 

sub-graph/sub-chain. By this way we also make sure it becomes a small size and 

complete TSP problem, thus we can use the same ACO/MMAS algorithm as well.

In our strategy, the remaining part is represented as a cost zero arc. Those edges are 

marked with the highest pheromone level and zero cost in the pheromone matrix, which 

means that in the ACO algorithm, if the ants reach any of the cities that adjoined to 

these edges, it will certainly select them as their next paths. This can be also 

programmed as an arbitrary edge which is the only choice when ants approaching the 

any of the adjoin cities.

Thus the ACO constructs an optimal solution within the patch and then put back to 

the remaining part to construct the whole solution. In this way the run time can be 

significant decreased compared to build the whole solution all over again.
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Finally two parts of solution can be merged together with the arbitrary edge/edges 

are replaced accordingly.
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Chapter 5 

The AntChain Data-gathering and Communication Protocol

The requirements on sensor networks in civilian applications may be different from 

those in military application. To meet the requirements of sensor networks in those 

civilian applications, inspired by ant social behaviour, we developed the AntChain data- 

gathering communication scheme. It is a centralized approach with self-adaptive 

capability. It introduces the Ant Colony optimization algorithm to produce optimal/near 

optimal routing for the sensor nodes to achieve high performance in term of energy- 

efficiency, high data-quality and long life time.

The developed AntChain algorithm is a base station controlled network 

communication scheme, for which sensor nodes are behaved by following the 

commands from the base station. Compared to other data-gathering schemes, which are 

self-configuring during the entire lifetime, the base station plays a critical role in the 

AntChain algorithm. However, using and maintaining the base station are normal 

routine in sensor network applications, and the unlimited resource availability and 

capacity make the base station capable to play such a role.

The main features that the AntChain protocol can provide are:

• Bi-direction Chain architecture with adaptive capability

• Ant Colony Optimization used by the base station to produce very high 

quality near shortest chain
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• The cross-layer protocol enables the interaction between base station and 

sensor nodes, giving the flexibility to the end user/application for dynamic 

control over the data-gathering process.

• Simple data fusion operation is performed by each node. No node need to act 

as a control centre which requires complicated computation and operation.

The simulation results show that the AntChain algorithm performs better than other

data gathering communication algorithms such as LEACH, LEACH-C and PEGASIS.

5.1 Chain architecture in AntChain protocol

During data-gathering communication, in the AntChain algorithm, all the 

participating nodes are formed into a chain structure. AntChain can provide two 

different types of chains to fit different data queries.

5.1.1 Unidirectional AntChain

Unidirectional AntChain is a simple chain structure, in which each node transmits 

data to its neighbour of the same direction during the data gathering process. Starting 

from the first node (node 0), the data is sent to the next node (right-side neighbour) in 

the chain until reach the end of the chain (node n). The last node (node n) acts as the 

chain head and send data directly to the base station. The data gathering process repeats 

in the same TDMA schedule in each data gathering round.

When a temporary chain is formed for a specific query, the application can choose 

the simple unidirectional AntChain for the data-gathering process. The structure is 

shown in the Figure 5-1.
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Noden-1Node 2NodeO

lime slotTime slot 0

Figure 5-1. The structure of Unidirectional AntChain and its TDMA scheduling

5.1.2 Bi-direction AntChain

Bi-direction Antchain is an adaptive chain structure in which sensor nodes can 

transmit to both its neighbors in the chain. As shown in the Figure 5-2, in the first round 

of data gathering process, the operation is the same as in the uni-direction Ant-chain 

algorithm. In the following round, data gathering starts from the end of the chain (node 

n), transmitting the data to its left-side node until reaching the chain head (node 0). 

Then the node 0 transmits the data to the base station directly.

NodeO

Time slot 0

a. Round 0,2,4,.... TDMA schedule

Nbdei<

Time slot 0

b. Round 1,3,5,7 TDMA schedule

Figure 5-2. The structure of Bi-directional AntChain and its TDMA scheduling

The bi-direction AntChain is used to regularly gathering of the data from network, 

the operation often needs to be performed repeatedly without any interruption from the 

base station. The bi-direction AntChain can provide adaptive ability to deal with the 

changes during the data-gathering operation.

75
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5.1.3 Chain schemes built based on query type

We propose three chain schemes in AntChain communication to fit with different 

requirements of applications or according to different data queries. These schemes are 

shown in Figure 5-3.

Base station

(a)

Sensor node

a—a a //—a— //—O t-s li L

Base station

(b)

Sensor node

(C)

Base station

a—a

Sensor node

a  a L
Figure 5-3. Sensor network architectures when it uses different chain schemes.

a. Main chain scheme; b. Partial chain scheme; C. Temporary chain scheme

a. Main chain scheme:

All the sensor nodes in a sensor network are formed into one bi-direction chain. The 

scheme can be used when sensor network working at a steady and light load working
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stage. Often the data gathering process is operated at the low frequency over the whole 

networks but needs continuing work for a long time. The bi-direction AntChain algorithm 

thus fits this requirement well since it is adaptive and can provide high performance as 

well as robustness.

b. Partial chain scheme:

The sensing area is evenly divided into several groups and forms several independent 

bi-direction AntChains. When use this scheme in a simultaneous manner in which every 

chain can perform data-gathering at the same time (if the hardware supports), the 

application can achieve higher data throughput and decrease the response time. It is also 

able to achieve higher data accuracy since the data aggregation in each chain involves less 

sensor nodes.

The grouping of sensor nodes can also be made based on application needs. For 

example, the applications can randomly select sensor nodes into a chain without 

considering their physical position if a coarser grid monitoring fits the current need.

The chains in a sensor network can perform data-gathering sequentially or 

simultaneously according to their hardware and application needs.

c. Temporary chain scheme:

Sensor nodes are selected by the base station to form a chain in order to gather data 

from certain specified sensor node/nodes. This scheme uses a simple Uni-direction 

AntChain.

It is a special chain that AntChain can make. The sensor nodes in these chains can be 

of two types: data node and relay node. The data nodes are the specific nodes in which the 

base station is interested at the query time. The relay node is used to relay the data to the 

base station. Therefore, for the relay node, its own data do not need to be aggregated in
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the package. The number of relay nodes may be zero if the base station decides that one of 

the data nodes can send the information directly to the base station.

The temporary chain is used when certain specified sensor nodes are queried. For 

example, in a building moisture monitoring sensor network, when the base station detects 

that certain area in the building needs to be investigated more closely, the application can 

form one or more temporary chains to find out the exact “suspected” location.

The data-gathering process in this chain scheme is often performed just once or for a 

limited times, thus no adaptive ability is needed during the process.

5.2 AntChain communication protocol

Data-gathering in AntChain begins with the command of base station. The sensor 

nodes then uses the TDMA approach to collect data within the chain and finally sends 

the data to the base station.

5.2.1 AntChain communication phases

For the AntChain data-gathering algorithm, the base station has a priori global 

knowledge of the sensor nodes. It can also get the global knowledge by collecting the 

information through the nodes’ special device such as GPS. The base station can detect 

if the nodes die. The global knowledge also can be updated when the new nodes that 

added in. When we start with the information collection, the AntChain data-gathering 

process can be described with following phases:

• Pre-setup phase: The base station collects information from all the sensor nodes in 

the sensor area, then broadcasts wakeup time to all the sensor nodes.
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• Chain-setup phase: According to the application or the end user queries, the base 

station uses MMAS optimization to form a main chain or several partial chains. It 

can also build a temporary chain by selecting related target nodes and relay nodes. 

The base station notifies all the sensor nodes of the data-gathering route (The 

TDMA schedule) by sending a broadcast message to all the sensor nodes at their 

wakeup time. The sensor nodes receive the message and then compute their own 

time slot and store the route information.

• Independent data-gathering phase: In this period, sensor nodes use the time slot and 

route information receiving, aggregating and sending their data within the 

AntChain and finally sending data to the base station. The data-gathering process 

can be performed multiple rounds without interference by the base station, but the 

base station can detect node death via the normal data message it receives from the 

sensor nodes.

• Re-configuration phase: when base station detects a node death, or it receives any 

request of an end user, it goes through the set-up process and re-sends the route 

information.

5.2.2 Periodical listening and wakeup message at pre-setup phase

In our algorithms, sensor nodes always perform the periodic listening function after 

been deployed. The length of the period depends on different application. The 

periodical listening is initialized when the sensor nodes are deployed and keeps 

functioning after that It also can be changed by base station afterwards.

If the period of the listening is setup as Pl. after the nodes have been deployed, for 

every Pi seconds, the node will listen for a short period of time t. If the base station is 

sending a short wakeup message during this time t, the sensor nodes setup themselves 

into receiving status. During other time within the period, sensor nodes are set at 

sleeping status, thus the energy cost is minimal.
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After all the sensor nodes in the network are synchronized, the sensor nodes can be 

set on periodical listening status at the same pace and phase (The methodologies of 

sensor network synchronization are introduced in Chapter 2). Thus, the base station can 

begin to send its message at the time when all the sensor nodes are at the listening 

status.

After all the nodes have been deployed, before any long messages including chain 

information (TDMA schedule) message is sent out, base station will send the short 

wakeup message for several times until every sensor node gets the message. The 

wakeup message is a very short message which only includes a message head, two time 

stamps and a number to indicate the listening period. The format of setup-enable 

message is in Figure 5-4:

Head Current Time(Tl) Wakeup Time(T2) Listening period

Figure 5-4. The format of wakeup message which is sent from the base station.

In the message, the current time (Tl) is the base station clock time when it is 

sending the message. The wakeup time (T2) is the base station clock time when it will 

send the message of TDMA schedule; it is also the time when all the sensor nodes wake 

up and receive it. As we assumed that all the sensor nodes are fixed, we thus assume 

that the transmission delay between the sender and the receivers will keep the same 

during this short period of time. (Between the current time and the wakeup time)

As shown in the Figure 5-5, this wakeup message periodically sent from the base 

station at the period time less than the sensor nodes’ listening time t. To ensure that the 

message is received by every node in the network, it is sent frequently by the base 

station before the defined wakeup time. In the wakeup massage, the difference between
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the two time stamps should be bigger than Pi. For each sensor node, after receives the 

wakeup message, it sets up its wakeup time then turns to sleep status again to avoid 

overhearing of other wakeup messages. It will turn its clock to T1, and set wakeup time 

as T2. This wakeup message can also be used to change the period of periodical 

listening (Pl) and the WSN’s operation pace.

Sensor nodes Base station

a>
.Is
"rooT3O

L

Sleeping
State

Wake Up 
&listening

Wake Up 
listening

Receiving
message

Set Wake-Up 
time for set
up phase

Sleeping
State

Sending wakeup 
message

Wake
up Periodical L isten ing  an d  

W a k eu p  m e s s a g e

D'

Figure 5-5. The time-line of pre-setup phase: The sensor nodes operate periodical listening 
while waiting for the base station to notify them for wakeup time.

53 Chain setup phase

For the AntChain algorithm, the location of sensor nodes is priori known and the 

computation objective is to find the data-gathering route which costs a near least amount 

of energy. The base station uses the MMAS algorithm to form the chain.
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The operation of chain set-up is performed before the data-gathering process. At the 

beginning of the sensor network lifetime, the base station collects the global information 

and forms a main chain or several partial chains for the sensor network. When there is a 

query for a particular set of sensor nodes, the base station will form a temporary chain 

for the query. Sensor nodes receive the chain-setup message and calculate their own 

TDMA schedule, store their transmission route and the ID’s of their neighbouring 

nodes.

In AntChain Algorithm, the chain can be formed into 2 different structures: Uni

direction AntChain and Bi-direction AntChain. These two structures can fit for different 

chain schemes. For the main chain, it will use a bi-direction structure; while for a 

temporary chain it will use a uni-direction structure. For the partial chain, it can use 

either of these structures depending on the query or the application. When the base 

station sends the Chain information, the message specifies the structure and the 

schemes.

5 J .l Chain ID and sensor node routing table

The base station applies the ACO optimization method to form an optimal /near- 

optimal chain and sends the information in the setup message to the sensor nodes. The 

chain set-up messages are in the format as in Figure 5-6, Figure 5-7 and Figure 5-8.

In the message, the Chain type is to define the chain as main chain, partial chain or 

temporary chain. The partial chain could be bi-direction (type 01) or uni-directional 

(type 10). The sensor nodes which receive the message then can build the TDMA 

schedule according to the chain type. For the main chain, it will form a bi-direction 

chain. For the temporary chain, it will be a simple uni-directional chain.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Head Chain
type:00 Chain ID Num-data

node NodeO Noden

Figure 5-6. Format of Chain-Info message for main chain.

Head
Chain Num Num Node Chain Num

Node Node
type:01 
or 10

of
Chain ID of

node
n IDm of

node 0 n«i

Figure 5-7. Format of Chain-Info message for partial chain.

Head
Chain Chain Num of Num o f data Data
typeill ID node node NodeO

Data Node 
m

Relay Relay Node
NodeO n-m-1

Figure 5-8. Format of Chain-Info message for temporary chain.

In the AntChain sensor network, each chain has a unique chain-ID. The later on 

query process is based on the ID. For the main chain and regular partial chains, the 

information can be always stored in the sensor nodes. For the temporary chain, it 

follows the FIFO rule and the most recent chains are always stored in the sensor node, 

because it is more likely that theses chains will be queried again in the nearest future 

time period.

The sensor nodes store all their chain information in their routing table as shown in 

figure 5-9. The size of the table depends on the application.

After the chain has been setup and there is no known changes happening, the base 

station can operate the query using the Chain ID. It can also setup a new chain 

according to any query or application requests.

83
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Chain
ID

Chain type Right-S
neighbor

R-T
slot

Left-side
neighbor

L-T
slot

Node
type

Node
number

0 00 R-N-ID •• L-N-ID •• data ••

1 01 R-N-ID - L-N-ID •• data

/ 01 •• •* .. ••
data

••1 almuaa
Figure 5-9. Sensor node routing table

5.4 Data-gathering process in AntChain

AntChain uses the TDMA approach to data-gathering. The base station forms an 

optimal/near optimal chain and sends the chain information to the sensor nodes. Sensor 

nodes calculate its TDMA time slot according to the chain order and the chain type, 

storing the information in their routing table.

Head Chain ID Round needed

Figure 5-10. Format of Query message 

The data-gathering process begins with the query/command from the base station. 

As shown in Figure 5-10, a query message is a short message that just indicates the 

chain ID and how many rounds are needed. The sensor nodes receive the query message 

and start the data-gathering process. After the required number of runs is done, the
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sensor nodes are set back to the periodical listening status, waiting for next further 

commands from the base station.

5.4.1 Data-gathering in unidirectional AntChain

In the uni-directional AntChain, each node receives data from its left-side node and 

transmits data to its right-side node. In a round of data-gathering (base station gets 

information from every sensor node in the network once), except the first node in the 

chain, each sensor node performs data-aggregation for the receiving message and its 

own data. The message size and format keep the same during the data gathering 

process.

The data message is shown in Figure 5-11:

Head Data Number of participate nodes

Figure 5-11. Format of Data message

If a sensor node dies, its neighboring sensor node will send its data and reset the 

number of participating nodes as 1. The process and message format is illustrated in 

Figure 5-12. The base station can detect node death by analyzing the number of 

participating node in the data message it receives.

Node 0 i i + 1 n-1 BS
M sg: Data + 1 Data + i +1 Data + i+2 Data + n
Case 1: All nodes alive

- > a —  X—  • - m -
Node 0 i i + 1 n-1 BS
M sg: Data + 1 Data + 1 Data + n -i
Case 2: Node i dead

Figure 5-12. Data gathering in Uni-direction AntChain
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5.4.2 Data-gathering in Bi-direction AntChain

In Bi-direction AntChain, data-gathering is like a round-trip tour. We call that the 

data-gathering starts from the chain head the forward-round, and the return trip from the 

chain last node (tail) of the chain is called back-round.

The data-gathering in bi-direction AntChain is shown in Figure 5-13:

■   ►» ♦
Node: 0 i i + 1  n-1 BS

Msg :{Data;l} {Data;i+1} {Data;i+2} {Data;n}
Round 1

- - m+ .......... * 4 -------------- ■
0 i i+1 n-1

Msg: {Data;n} {Data;n-i+l} {Data;n-i+2} {Data;!} 
Round 2

 ~  »
Node: 0 i (dead)  i + 1  n-1 BS

M s g :{D a ta ; l )  {Data;l} {Data;n-i}
Round x

B ̂   m---X—-1 + .....................■
0 i-1 i+1 n-1

Msg: {Data;i-1} {Data;l} {Data;n-i+2} {Data;l} 
Round x+1

■ .......... > 1 -----x- ...............S
0 i-1 i+1 n-1

Msg: {Data;l} {Data;i} {Data;l} {Data;n-i} 
Round x+2

Figure 5-13. Data gathering in Bi-direction AntChain

A sensor node ( node / for example) in the middle of the chain, during the forward- 

round, receives messages from its left-hand neighbour node i-1, performs data fusion 

with its own data, and sends its data message to its right-hand neighbour node i+1. 

When the process reaches the chain tail, after receiving and performing data fusion, the
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chain tail sends the data message directly to the base station. During the back-round, it 

receives messages from its right-hand neighbour node /+/, performs data fusion with its 

own data, and sends its data message to its left-hand neighbour node i-1. As long as the 

chain head receives data packets, it sends the data out to the base station.

When node * dies, its both neighbours will detect it because no message is received. 

Each of them will then active itself as a chain head (or tail) when they receive data from 

it only remained neighbour. They will send data directly to the base station. By this 

mean, there are no data losses due the dead node. And the base station can observe the 

information of death.

5.5 Reconfiguration phase

The partial chains and main chain, which perform most the data gathering task, use 

the bi-direction chain and they can be self-adaptive to minor changes of the network. 

But after the changing, the chain may no longer be a near optimal chain in terms of 

energy-efficiency. If we keep the broken chain for a long time, the node next to the dead 

nodes, which is forced to behave as a chain head but may be actually far away from the 

base station, is at a disadvantage position and may use up all its energy veiy quickly.

Therefore in our algorithm, once the chain is broken, the data-gathering process 

will be just performed another round thus to inform the base station without losing any 

sensing data. That means the neighbors of the dead nodes will just perform one time 

chain head role and send the data directly to the base station. During this last run, every 

living node can detect the node death. Then all the living sensor nodes in this chain can 

set their status to sleeping and periodical listening status.
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After the base station receives the information, it can quickly know which 

node/nodes are dead and decide to rebuild a chain directly according to the information.

As we described in the previous chapter, the base station can form the chain using 

our DTSP strategy or simply re-start the MMAS algorithm. At the same time it can use 

other chain, which does not include the dead node for the data-gathering task. When the 

chain is reconfigured, only the sensor nodes in the old chain need to receive the chain 

reconfigure message, other part of the sensor nodes can return to the sleeping status. 

During the chain reconfiguration, only the order of the nodes and the number of the 

nodes are changed. The chain type and chain ID will be kept the same as the original 

one. The format is shown in Figure 5-14.

Head Chain ID Num-data node: n NodeO Node n-1

Figure 5-14. Format of Chain reconfiguration message

5.6 Sensor node operations upon receiving the messages

Sensor node operation is controlled and coordinated by the base station. It always is 

set back to the periodical listening status after finishing a task. The operations are 

summarized in the Figure 5-15.

ft
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Figure 5-15. Sensor node operations upon receiving messages sent from the base station
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Chapter 6

Simulation and Discussion

We used NS2 [79] on UNIX to simulate our AntChain protocols and other protocols 

include PEGASIS. The original simulation of LEACH can be added in as an extension 

of NS2. NS2 is an event-driven network simulator with extensive support of wireless 

network protocols. It can give detailed event information and data of each sensor nodes 

during their whole lifetime. For the Ant optimization algorithm especially MMAS, we 

made the use of the program that was originally developed by Professor Stutzle on Linux 

platform in C/C++. We made the platform change and changed interface and transferred 

it to our system according to our algorithm requirements and application constraints. 

Through these detailed simulation and experiments, the performances of these protocols 

are clearly presented in all the aspects that are need to be compared with each other.

6.1 The parameters in the MMAS algorithm

In the simulation, we define a sensor network with 100 sensor nodes. As many 

optimization algorithms need fine-tuning for parameter setting, we have tried different 

parameter settings to compare their computing speed. In all those parameter settings, the 

MMAS algorithm found the same optimal chain result The run time of the algorithm 

had no significant difference. (For 15 times of execution with different parameter 

settings, total run time of each run was close to and less than 30 second on DELL PC, 

CPU speed 2.0G, 512 RAM).
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Parameter Description Value

n_ants number of ant agents 100

nn_ants nearest neighbors in tour construction 20

max_tries Max number of independent trials 10

alpha influence of pheromone trails 1

beta influence of heuristic information 1

rho pheromone trail evaporation 0.9

max_time maximum time for each trial 2.0s

Table 6-1. Parameters we used for MMAS during the simulation

The experiment results are consistent with lots of literature in which state that 

MMAS has strong easy-tuning asset compared with other optimization algorithms. The 

parameters we use in MMAS are summarized in Table 6-1:

6.2 The network and energy model

In our simulation, we used the sensor network in which its base station was within or 

away from the sensor area at the reasonable distance. The sensor nodes were deployed 

randomly, also considerably evenly in the sensing area, thus there would be no 

significant disadvantage for particular node/nodes. In the network, each sensor node can 

communicate with other sensor nodes; it can also directly send data to base station. All 

the sensor nodes can be on one of the state of sleeping, idle, data receiving or data 

transmission. The amount the energy consumed in these state is increased in order. A 

sensor node always changes back to the sleeping status when possible. In order to 

compare different schemes fairly, all the algorithms performed data-gathering from the 

all sensor nodes in the network, thus the network worked in the full workload.
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As we used network simulator NS2 with the LEACH extension to conduct our 

network experiments, the sensor node hardware and radio energy model kept the same 

parameters as the parameters used by the original LEACH simulation. In addition to the 

Uni-AntChain algorithm and Bi-AntChain algorithm, we also implemented PEGASIS 

algorithm inNS2.

The main energy model and radio model we used in the simulation are summarized 

as following:

• For the wireless channel propagation, we adapt model used in LEACH which used 

free space model and two-way ground propagation model according to the sensor 

node transmission distance. The crossover distance is decided by the height of

receiving/transmitting antennas, we use the definition as: dcrossover = —
A,

Where L>=1 is the system loss and X is the carrier signal wavelength

• Sensor nodes adjust their transmit power according to the sensitivity of the receiver 

and the distance between the sender and receiver. Described in a simple way:

where PM is the sensitivity of the receiver, a , 0 is the constant that is related to 

the propagation parameters.

• The energy cost for transmitting is defined in two parts; one part is the energy that 

is used by the electric circuits other than the transmission radio amplifier, such as 

digital coding and signal-filtering. The main part that we need to consider is the

cross - over

cross - over (6.1)
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part that is cost by the transmission amplifier. The amount of this part of energy is 

proportional to the power of the distance between the sender and receiver. For 

transmitting k bit data for distance d:

D    \ k E ejec + k 7]\d~ d  <D cross _ mer
* ~  \*Eelec+k v 2d* d * D m , _ am. (M)

Where 1. 2  are decided by the sensor node wireless communication hardware

and: the height of antenna,.., and the receiver sensitivity. Eeiec x% decided by the 

sensor node hardware.

The main parameters we use in the simulation are list in Table 6-2.

Description Parameter Value

Crossover distance for Friss 
and two-ray ground model

dcrossover 87m

Radio electrics energy Eelec 50nJ/bit

Radio amplifier energy
H I for d< dcosjover

H 2 for d>=dcrossover

10 pJ/bit/m- 

0.0013pJ/bit/m4

Signal wavelength X 0.325 m

Antenna height hr, h t 1.5m

Sensitivity of receiver P r - t 6.3 nW

Table 6-2. Parameters we used which related to the radio model and hardware
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6.3 Other clarification of the simulation and experiments

63.1 Head rotation issue for PEGASIS

When we implement the PEGASIS in NS2, instead of letting each sensor node carry 

the chain formation computation, we let the base station do the computation and then 

send the information to sensor nodes. We also found that the sensor nodes could not get 

themselves synchronized with each other if we just used a simple TDMA approach 

(Same as LEACH and AntChain). Because the chain head rotated along the chain for 

every data-gathering round, extra synchronization efforts/energy was needed to fully 

complete the data-gathering process in PEGASIS.

In PEGASIS, when the chain head {node /) is not the first/last node of the chain, the 

chain is divided by the chain head into two parts beside it: node 0 to node i-1 and node 

i+1 to node n-1. The data-gathering process starts with the first node {node 0) of the 

chain. For the sensor nodes in the first part, whose index are in front of the chain head, 

they are assigned the time slot according to their index in the chain. AH the first part 

nodes take their turns (time slots) to send data to their direct neighbour until the chain 

head receives data.

The sensor nodes in the second part, whose indexes are behind the chain head (and 

have larger index number than the head), start the data-gathering from the last node of 

the chain. Since the PEGASIS rotates the chain head in every round, the sensor nodes 

need computation to decide which time slots they will take in the next round. Thus the 

actual position (to send and receive data) of node k on the chain is somehow a random 

number. When we used the same strategy as the simulation of AntChain, in which each 

sensor nodes compute their next waking-up time (for sending or receiving data)
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independently based on its own current clock, the PEGASIS chain could never get to be 

synchronized. As a result the base station could just receive data from part of the sensor 

nodes. In figure 6-1, we illustrate the time slot (transmission order) results in round i, 

round i+1 and round i+2 according the PEGASIS algorithm.

Node index 0 1 2 i-1 i i+1 i+2 n-2 n-1

Time slot 
for each 
node in 
round i

o n n 0 A n o o _Q

0 1 2. n-1 n-2 n-3 i+1 i

Time slot 
for each 
node in 
round i+1

ft n n o O A ft O _Q

0 1 2 ... i-1 i n-1 n-2 i+2 i+1

Time slot 
for each 
node in 
round i+2

o n o o o n A o _Q

0 1 2 M i i+1 n-1 i+3 i+2

A
Chain head 

O
Sensor node

Figure 6-1: Time slot number for each sensor node in PEGASIS data-gathering round 
i, round i+1 and round i+2

In the paper [55], the author proposed a token passing approach, by which the nodes 

have to listen to a short token message sent by the base station (or the chain head), and 

then the second part of the nodes start their data-gathering process. When use this 

method the nodes need first to setup a wakeup time close to the “token message sending 

time”, and may receive data messages sent to other nodes, which also could cost too 

much energy. Using this approach also implies that the PEGASIS needs consume extra 

energy for synchronization in every round of data gathering.

95
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To simplify the implementation and fully represent energy consuming aspects of 

PEGASIS, we simply ensured that every nodes’ sending, receiving and head rotating 

behaviours be fully following the description of the algorithm in each data-gathering 

round; but we did not use its proposed sending and receiving order. The actual number 

and size of sending/receiving data packages were designed consistently with the 

PEGASIS algorithm; but data content or the pairing of sender and receiver might have 

been changed. As we showed in Figure 6-2, by following this actual order of sending 

and receiving operations, all the sensor nodes have gotten synchronized during the data- 

gathering process in our simulation. No extra energy was consumed for the 

synchronization proposes (as proposed by the author).

A
Chain head 

O
Sensor node

Figure 6-2: Actual time slot number for each sensor node in PEGASIS simulation for 
data gathering round i, round i+1 and round i+2

Therefore in the energy-consuming point of view our simulation fully represented 

sensor nodes behaviours in the PEGASIS and its performance results represented the 

same as or better than of which the actually algorithm could provide. At the base station 

side we assumed that every time when base station receives a data package, it then gets

Node index 0 1 2 i-1 i i+1 i+2 n-2 n-1

Time slot 
for each 
node in 
round i

o o o o A . XL 
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round i+1

o n n o 0 A _  0 _
n-2

Q
n-10 1 2 i-1 i i+1 i+2

Time slot 
for each 
node in 
round i+2
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the data of all the living nodes in the network, which is the idea performance for any 

protocols.

Since PEGASIS gives no mention of how to deal with node death, in our 

implementation, we simply kept all the behaviour and transmission distance the same as 

before (as if no node die); we assume that at base station it can get data from all the 

living nodes.

63.2 About Uni-AntChain algorithm

The main purpose of Uni-AntChain structure is to provide a simple and energy- 

efficient algorithm for short term or temporary dada-gathering process. It gives the base 

station the capability to construct an energy-efficient chain with certain interested 

sensor nodes. In the uni-AntChain, some of the sensor nodes might just act as routers 

which do not fuse their own data into the output messages. Uni-AntChain does not 

provide self-adaptive capability since the network does not need to maintain this 

structure for a long time.

In our simulation, we mainly focused on the study of energy-efificiency property of 

this algorithm. The results showed that the uni-direction AntChain performs much 

better than PEGASIS and LEACH, but is slightly outperformed by the bi-direction 

AntChain.

6.4 Experiment and simulation results

In our simulation, the sensor network had 100 randomly deployed sensor nodes 

within a 100* 100m, 200*200m or 300*300m area. The base station was within or at a
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reasonable distance away from the sensor area. It had been set at centre, edge or away 

but near the sensor nodes area. No mobility was involved.

6.4.1 Chain structure comparison

The network structure formed by different algorithms make the fundamental 

difference for the overall performance of the algorithm. It is worth to compare output 

results with its shape, structure and total cost The networks that were produced by Bi- 

AntChain, Uni-AntChain, PEGASIS and LEACH are shown in Figure 6-3 (a, b, c, d).

The Bi-direction AntChain
100

40

100
Metre

(a) Network structure produced by Bi-AntChain
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The Chain in PEGASIS
100

s?

40

100
Metre

(b) Network structure produced by Uni-AntChain

The Chain in PEGASIS
100

2
©
2

100
Metre

(c) Network structure produced by PEGASIS
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An instance of structure in LEACH
100

100
Metre

(d) Network structure produced by LEACH

Figure 6-3. The network structures produced by different algorithms. In the figure, the X,Y axis 
present the geography position(m). Base Station is at (0,0). (a) Network structure produced 
by Bi-AntChain ; (b) Network structure produced by Uni-AntChain; c)Network structure 
produced by PEGASIS; (d) Network structure produced by LEACH.

The sensor network structures which were produced by AntChain algorithms show 

visible advantages over other structures. It is optimized on several aspects regarding the 

needs of sensor networks.

First, as shown in the Figure 6-4, the total length of the route in each structure can 

be ordered as following, starts with the least length: Uni-AntChain, Bi-AntChain, 

PEGASIS and LEACH. Since the energy cost in WSN is proportionable to the power of 

the distances between the senders and receivers, the less length implies better energy- 

efficiency performances.
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Figure 6-4 Total cost comparison for the four structures produced by uni-antchain, bi-antchain, 
LEACH and PEGASIS algorithms. Left: The sum of square of the length of each link in each 
structure; Right: The sum of the length of the all links in the each structure. The structures are 
shown in Figure 6-3.

The Bi-AntChain and Uni-AntChain produced very close results. The length of 

the chains produced by AntChain algorithms is about 75% of the chain produced by 

PEGASIS. While in LEACH, the clustering changes every round, we chose a better- 

than-average instance for the comparison. Compared with the total length of all the 

links in this instance, the chain formed by AntChain only had 25% of its length. The 

differences got more significant when we used the squared length of each link. The sum 

of the squared length of each link in AntChain was less than 30% of that in PEGASIS, 

and about 6% of that sum of structure in the selected instance of LEACH.

Second, there was no sensor node being set at any apparent disadvantage position 

in the AntChain structures. But in the PEGASIS algorithm as shown in the figure, some 

nodes were set on very disadvantaged positions, which both sides of their neighbours 

were far away from it Some nodes had one of its neighbours being set at a distant 

position. This setting would cause rapid death for those disadvantaged nodes; gradually 

it caused some disadvantaged area in the network. One direct consequence of these
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disadvantage nodes was that PEGASIS provided a much less robust performance than 

the AntChain algorithm and the LEACH.

The cause of this disadvantage is that the PEGASIS used a simple local 

optimization algorithm to form the chain. There is no global control over the “neighbour 

selection”. If a node gets into the chain later than most of its close neighbour, it has to 

select from the distant nodes, which have not been put in the chain as its next 

neighbour. Thus, the later a node gets into the chain the higher the possibility that its get 

“farther” neighbours.

Third, the Chain direction can be well controlled in AntChain algorithm. For the bi

direction AntChain, we can produce a TSP instance including the base station, than the 

neighbours of the base station can be assigned as chain head/tail.

For Uni-direction AntChain, which we could use to gather data in a short range of 

time, we simply produced a chain which started at the farthest node from the base 

station and ended at the nearest sensor nodes. The nearest sensor node was naturally the 

chain head. In order to get this output, in the MMAS optimization we assigned the link 

between the farthest node and the nearest node a lowest cost value and highest 

pheromone value. Therefore, every “ant agent” would naturally choose this link when 

they reached either of these two nodes. After the best result had been produced, we 

simply broke this link to form a chain, and the nearest node would set itself as chain 

head.

While PEGASIS algorithm, which also started from the farthest nodes and intended 

to go towards the nearest nodes, because of the limitation of its local search algorithm,
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it could not control the chain direction at all. The final chain direction were opposite, as 

shown in the figure.

6.4.2 Data Amount and energy-efliciency comparison

The main objective of energy-efficiency is to send biggest amount of data with 

lowest energy cost In Table 2, we give the total data amount when we set each node 

same amount energy as 0.5J. We present all the data that is related to the different dead 

node percentage. As we can see in the table, no matter the base station was within the 

sensor area (50, 50), or at the edge of the area (0, 0), or away from the area at (0,-87), 

Bi-AntChain algorithm always had the best performance in terms of the data amount 

received by base station. When the BS was close or within the area, no matter in which 

stage of the network, AntChain algorithm always performed the best.

In the Table 6-3 we can see, Bi-AntChain outperformed PEGASIS most when the 

first node dies, for example when the base station at the edge (0,0) or at the centre 

(50,50), Bi-AntChain algorithm can receive more 2 times of data the PEGASIS can 

receive and more that 8 time than LEACH algorithm. While the base station is away at 

(0,-87), the advantage became less distinguishable, but still Bi-AntChain receives more 

than 160% data compare to PEGASIS algorithm and about 6 times of LEACH 

algorithm. Comparing the total data amount received by base station with LEACH 

algorithm until all the sensor nodes die, when the base station is within the area, the 

total amount of data received is 7 times data of LEACH algorithm, and when the base 

station is away at (0,-87), the data received using Bi-AntChain is 5 times data of 

LEACH algorithm.
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Base
Station Protocol

When First 
node

20% 50% 100%

LEACH 13209 14550 15646 15980

(0.0) PEGASIS 48100 70273* 79106* 81474*

Bi-AntCHAIN 116500 116870 11700 117527

LEACH 13257 14580 15960 16207

(50.50) PEGASIS 50299 70312* 79423* 81889*

Bi-AntCHAIN 117000 117400 117841 118014

LEACH 13257 14580 15960 16207

(0.-87) PEGASIS 49999 67943* 76606* 77861*

Bi-AntCHAIN 83799 87888 88442 88713

Table 6-3: Data ammount (in unit) received by base station when first node, 20%, 50%, 80% 
and 100% nodes die. The base station is at (0,0),(50,50) and (0,-87), nodes are in 
100x100 area. Initial energy for each node is 0.5J. *: The number represent the 
data received in the experiments, which is bigger than the possible actual number.

In Table 6-4, we compared the results for different algorithms when the same 100 

sensor node were set to the sensor areas of different size, which are 100m* 100m, 

200m*200m and 300m*300m area. The topolonogy keeps the same, the distance 

between the sensor nodes increased proportionately as the sized increased. The 

differencs between AntChain algorithm and other algorithms increased significiantly 

when the sensor area size got bigger. Comparing the data recieved when the first 

node dies, in 100*100 setting, Bi-AntChain received more that 2 times more of data 

compared with PEGASIS, recieved more than 8 times amount od data compared with 

LEACH. When the sensor area incresed to 200*200, the differences were 16 times 

and 25 times more accordingly. Compared with LEACH, the total data received when
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all the sensor nodes died, Bi-AntChain outperformed it by about 7 times, 11 times 

and 13 times more accordingly.

Sensor
area

Check point LEACH PEGASIS Bi-AntChain

100X100
(mXm)

When first 
node dies

13209 48180 116500

20% nodes 
die

14450 70273* 116870

100% nodes 
die

15980 81474* 117527

200X200
(mXm)

When first 
node die

4358 6841 109501

20% nodes 
die

8286 12230* 110702

100% nodes 
die

9899 31199* 112340

300X300
(mXm)

When first 
node dies

711 1276 84583

20% nodes 
die

5229 8956* 87350

100% nodes 
die

6969 25724* 90935

Table 6-4: Data ammount (in unit) received by base station when first node, 20%, 50%, 80% and 
100% nodes die. The base station is at (0,0),(50,50) and (0,-87), nodes are in 100x100 
area. Initial energy for each node is 0.5J. *: The number represents the data receive in 
the experiement, which is bigger that the possible actual number.

In Figure 6-5, we compared the data received per energy unit for each node. In order 

to compare the three algorithms fairly, because PEGASIS does not provide a solution to 

deal with node death, we used the results of which was before the first node died. The 

results show that when Base station is near or within the sensor area, Bi-AntChain 

performs more that 2 times better that PEGASIS, more that 8 times better than LEACH 

in terms of energy-efficiency.
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BLEACH 
BPEGASIS 
□  Bi-An tC h ain

(50, 50) (0, - 87) (0, - 100)
Base S t a t io n  P o s i t io n

Figure 6-5. Data Amount(unit)/Energy(J)/Node

LEACH 

PEGASIS 

B i-A n tC h ain

Figure 6-6. Network lifetime (round) when dead node percentage 
threshold is 20% and 50%. The network is 100 node in 
100x100 area, intial eneiy is 0.5J. The base station is at (0,0)

Network lifetime is another measurement that is used to compare the energy 

efficiency performance. We use “round” to measure the lifetime, in each round of data 

gathering, base station receives data from every sensor nodes in the network once. Of 

the three algorithms that were compared in the simulation, in the Figure 6-6, we can see 

that Bi-AntChain performance is much better that those of PEGASIS and LEACH. This 

is consistent with the data amount and energy-efficiency results.

6.43 Energy utilization of each sensor nodes

NS2 can provide detailed event information during the simulation. Through the 

detailed information, we can analyse how an algorithm performs in each stage of their
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life time. In this section we will compare the energy consumed by each sensor nodes in 

different experiments until the first node died. The results show that Bi-AntChain can 

provide a very fair solution for each sensor nodes in the network, which means that 

when there is one node uses up all its energy, most other nodes are about to use up their 

energy too. In another word, when start with the same initial energy amount, sensor 

nodes in the Bi-AntChain can provide similar life time. Uni-AntChain is a little less 

than Bi-AntChain in term of fairness, which is rational because the bi-direction chain 

levels the cost by transmitting to both directions. The other advantage they have is they 

perform steadily when the sensor area got bigger. That means the AntChain increased 

its advantage when the distance between gets longer or in another word, when the 

density of sensor nodes gets less.

As we can see from the Figure 6-7, both LEACH and PEGASIS algorithms 

provided much less robustness than AntChain algorithm. The environmental changing 

made big differences on the algorithms performances.
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Figure 6-7. Energy Consumed by each sensor node when first sensor node dies. Base station 
located at (0,0)
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Another thing that also needs to note is that the performance results of LEACH 

were often very different even with the same setting (at different runs). The reason is 

that the cluster heads were chosen fully by chance. When we increased the sensor area, 

the differences between two runs with the same setting often increased too.

In the lOOmXIOOm setting, when first node dies, most other sensor nodes in two 

AntChains also used up most of their energy (about 98%). For LEACH the average 

energy consumed for the rest of sensor nodes was around 60%, while for PEGASIS, the 

number was about 53%.

In a 200mX200m area, the difference between Bi-AntChain and Uni-AntChain 

becomes obviously. When the first node dies, the average energy consumed for the rest 

of sensor nodes is about 92% in Bi-AntChain, while in Uni-AntChain the number is 

about 87%. PEGASIS has been largely affected by this setting; the average energy 

consumed for the rest of sensor nodes is just around 36%. For LEACH, this number is 

nearly 40%.

6.4.4 Sensor node death distribution and unexpected node death

In most sensor network applications, sensor nodes are expected to have similar 

expectable lifetime in order to lower the cost of maintenance and keep the integrity of 

the network during most of the lifetime. If many sensor nodes die at the early stage of 

the sensor network lifetime, it also affects the overall performance of the network.

Keeping a higher redundancy is one of the solutions to deal with the early node 

death rate problem while provide an overall accepted integrity of the networks. But 

high redundancy not only complicates the network and communication, it also increases 

the cost of the hardware. Another approach for civilian applications is to frequently re

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



change sensor nodes or frequently add new sensor nodes, but this also increases the cost 

of maintenance and management.

If sensor nodes can have a similar lifetime then the maintenance can be performed 

after a longer period. This attribute is very important in the civilian application, in 

which the cost must be low.

In Figure 6-8 (a), we can see that Bi-AntChain has a very good shape in the node 

death distribution. Nodes are dead in a very short time period, which means the 

maintenance can be done just before this point LEACH also offers a good shape but 

much less Lifetime. When using PEGASIS, nodes begin to die at very early stage and 

nearly 50% of its lifetime, the maintenance is needed.

In the Figure 6-8 (b), we also can see that as the distances between sensor nodes 

increase, both LEACH and Bi-AntChain still keep the similar distribution shape as 

before. But for PEGASIS, the increase of sensor area and distance between nodes 

caused obvious increase of unpredictability of sensor nodes’ lifetime.
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When the sensor nodes are put in a larger area (200mX200m), the range of node 

death time increases largely and sensor nodes start to die at the very earliest time. 

Sensor nodes in PEGASIS had its first node died at the similar time as LEACH.

From the comparison, we can see that Bi-AntChain can provide more predictable 

behaviour such as similar lifetime for all the sensor nodes in the application. In another 

word, Bi-AntChain algorithm lessens the systematically unexpected death of node, 

which is because of the near optimal communication scheme. At the same time, sensor 

nodes in Bi-AntChain have the longest lifetime.

6.4.5 Data integrity comparison

Sensor networks are data-centric networks. In applications such as health care, each 

sensor node may be related to a particular patient or a particular equipment spot. In 

building monitoring application, each node may be related a specific room or a specific 

building part The quality and reliability of data is thus an important requirement. 

Moreover, it is rational to say that at some point before all sensor nodes die out; the 

network already lost sanity according to certain requirement of the applications. In our 

simulation, we assumed that a sensor network kept its sanity if the living sensor nodes 

number was above certain thresholds.

We use the metrics I to measure the overall data quality during its lifetime.

Q= ̂ "(D ata _ Amount / Num _ node)! n (6.3)

In this formula, n is the total round of data-gathering at the current measuring 

point, Num_Node is the total nodes number of the original sensor network. 

Data_Amount is the number of nodes that report its information to base station in each
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round. Thus starts from the first round, if all the deployed sensor nodes are alive and 

can perform data-gathering tasks successfully, the data-quality Q keeps at its maximum 

value, which is 1.

In the figure 6-9, we compared the value of Q at three points, when 20% nodes 

died, when 50% nodes died and when 80% nodes died. The data quality Q was close to 

1 at all three points for Bi-AntChain algorithm. Our experiment also showed that for Bi- 

AntChain algorithm, more that 99% lifetime, the network provides highest data quality 

which is 1. Therefore we can say that Bi-AntChain not only provides longer lifetime 

and higher energy-efficiency of the network, it also provides very high quality of data 

during its lifetime.

The LEACH algorithm performed better than PEGASIS, while the data decreased 

more slowly. For PEGASIS, it comparatively had more nodes die at much earlier stage 

because it used a simple algorithm to form the chain and some nodes have high 

possibility to have far away “permanent” neighbours that drilled all of it energy in 

transmission.

Bi-AntChain
PAGASIS
LEACH

20% 50% 80%
S anity  Threshold

Fig 6-9. Data Integrity comparrision at different sanity threshold: when 20%, 50% 
and 80% nodes died; Sensor area= 100x100; base station at (0,0)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The data quality metric that we compared in this section provides an overall quality 

measure for the sensor network data gathering for each algorithm. The results were 

consistent with the detailed node death distribution we discussed in last section.
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Chapter 7

Conclusion and Discussion

As wireless sensor networks have been used in the civilian or industry applications 

more and more, our AntChain algorithms provide a promising solution to face the new 

challenges on high industry requirements of energy-efficiency, data quality and lifetime 

predictability.

7.1 Summary of contribution

First of all, AntChain algorithm divided the work between sensor nodes and base 

station and thus simplifies sensor node computation and lowers its communication work 

load. It also provides more flexibility for applications to choose from different schemes 

according to different requirements, including Bi-AntChain and Uni-AntChain. The 

data-gathering in our centralized approach can be held over the whole network or just 

part sensor nodes when required.

AntChain can construct more elegant structures for the random deployed WSNs. It 

provides least total length (cost) and better positioning for each node. The centralized 

optimization shows a strong advantage of the high quality of output chain. It also shows 

strong advantage on flexibility. All the constraints and requirements can be easily 

handled by the ACO optimization on base station. For example, it can easily control the 

chain direction or conveniently define or change the cost of each link when required. 

This property suits the characters of WSN very well.
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AntChain provides an energy-efficient solution for the application in which base 

station is not far away. From the comparison of the simulation results, we can conclude 

that for the energy-efficiency, AntChain out-perform LEACH and PEGASIS by about 8 

times and 2 times when then sensor area is 100m* 100m. The advantages of AntChain 

increase if the distance between the sensor nodes increases. In another words, if an 

application has low density of sensor nodes, which is quite true for many civilian 

applications, AntChain algorithm can provide much better performance results than 

LEACH and PEGASIS.

AntChain can not only provide longer lifetime, it also shows much higher 

reliability of the sensor nodes lifetime. In AntChain, all sensor nodes have highest 

possibility to have very similar and predictable lifetime, while in PEGASIS, there is a 

large range of the length of lifetime. For LEACH, the lifetime is much shorter.

From the data quality point of view, the AntChain has the nearly idea performance 

where it can provide maximum data quality during 99% of the sensor network’s lifetime 

in the 100m* 100m setting. While PEGASIS and LEACH start to lose node at very early 

stage and thus affects its overall data quality.

In a summary, we can conclude that AntChain algorithm can provides a flexible, 

reliable and energy-efficient data-gathering and communication solution for sensor 

networks, especially for the civilian applications that require low cost, steady 

performance and high data quality.
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7.2 Future work

Future work can be done in the further research on the reactive behavior of 

AntChain algorithm and compare it with other reactive WSNs. Other work also can 

include the research of part-chain schemes in different occasion and the performance 

comparison.

Another interesting area is to conduct further research in the ACO optimization in 

the particular WSN setting. For example, more constraints and dynamics such as limited 

transmission range, different initial sensor node energy level or few (or one) mobile 

nodes can be added in the consideration.
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