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Wireless Sensor Networks (WSNs) are emerging ad hoc networks consist of small sensor 

nodes that sense, measure, observe, or monitor physical environmental phenomena. 

Sensors are small devices with limited computation power, limited bandwidth, and 

limited power supply. Power supply is a scarce, core resource in sensors. To address the 

core issue of power consumption, in this work, we propose a simple adaptive technique to 

pursue the purpose of saving energy in sensor nodes. The network lifetime is divided into 

different rounds and a probability, which is used to determine the cluster heads and 

clusters, is assigned to each node in a hierarchical manner by building the Bayesian 

Network for all sensor nodes. In each round the sensors’ probabilities are reassigned in 

response to the new network situation. The rounds and the changes of the probabilities 

give the system the advantage of adaptation while choosing cluster heads and forming 

clusters dynamically in reaction to the recent condition of the network and nodes. 
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1. Chapter 1 – Introduction 

Introduction – Wireless Sensor Networks 

Wireless Sensor Networks (WSNs) are emerging ad hoc networks that use sensor nodes 

to sense, measure, observe, or monitor physical environmental phenomena. A Sensor 

network system is a special type of ad hoc networking system consists of sensors that 

communicate via radio frequencies, and a server that gathers and processes the sensed 

data by sensors. Recently, low power, low-cost and very small size devices called sensor 

made the WSNs one of the fast growing research and development fields both in 

academia and practical applications. In addition, recent advancements in miniaturized 

sensors made the new WSNs more practical. 

 

1.1. Architecture of WSNs 

A typical WSN consists of 4 basic components [1]: a group of distributed sensors, an ad 

hoc network connection which is wireless in most cases, a central point of information 

gathering, and a computing resource system at the center point or beyond to process and 

manage sensed data including data correlation, event trending, status querying, and data 

mining [1]. Unlike other systems and computers, data of WSNs are not created by 

humans, but they are created by some phenomena, and acquired from the sensor field. 

Based on the system purposes and sensors’ functionality, sensors monitor, observe, or 

detect some physical phenomena of their environment. Sensors have a wide range of 

capabilities including, sensing magnetic and electric field, radio wave frequency, optical 
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and infrared, radars, lasers, location and navigation, seismic and pressure wave, 

environmental parameter such as wind, humidity, and heat [1]. Sensors can be used in 

different environments and circumstances, and there are different types of sensors. 

Seismic, low sampling tare magnetic, thermal, visual, infrared, acoustic, and radar [2] are 

among different types of sensors that are used in WSNs. They can be used to control 

plants, homes, offices, wild life, farms, cities, vehicles, ships, aircraft, and many other 

areas for monitoring, self-detection, surveillance, and other purposes.  

 

Sensors are usually deployed randomly over a monitoring area, which is also known as 

the sensor field, in a large quantity and in some cases high density of several thousand 

nodes. Sensors are in different sizes and shapes. The sensor sizes can be from nano-

scopic-scale (very small in size) to meso-scopic-scale (intermediate in size) devices [1]. 

Sensors’ size is important in different applications; in military applications, it is vital to 

make sensors invisible in most cases. Also, when an application exploits a considerable 

number of nodes, or nodes are supposed to be deployed in a high density manner, the size 

of the node is very important. In most cases, the smaller the sensors sizes are, the easier 

to store, deploy, and use them.  

 

1.2. Application of WSNs 

WSNs can be employed in a broad range of applications, ranging from military purposes 

to habitat monitoring, to fault detection and toxic sensing. A number of applications have 

been proposed and implemented using WSN systems in different research such as smart 
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dust [3], industrial applications [4] in manufacturing and supporting tools, and electronic 

shepherd [5] that monitors flocks’ behaviors.  

 

Since WSN systems are unattended by human, and they work maintenance free even in 

most extreme conditions, they are used in high risk applications such as radiation and 

nuclear related systems, biomedical applications, habitat monitoring, seismic monitoring 

[1], and structural health monitoring [6]. Applications such as habitat, ecological, 

environmental, and soil monitoring; forecast systems, disaster relief management; 

building, bridges and structural monitoring; health care monitoring; smart energy and 

home application[7], and military applications are some examples of applications that can 

exploit WSN.WSN systems are also employed in monitoring a wide range of ambient 

conditions such as: temperature, humidity, movement, lightning condition, pressure, soil 

makeup, noise levels, the presence and absence of objects, mechanical stress, and current 

characteristics including speed, direction, and size [8]. Applications such as tracking 

small animals and birds, monitoring environmental conditions, chemical and biological 

detection, soil and air pollution detection, and study environmental phenomena are other 

examples of environmental application. These types of systems also have been proposed 

for many inhabitation, environmental, and related area systems such as monitoring city 

water resources, traffic monitoring and controlling, soil monitoring, wild life surveillance 

and many other systems. 

 

One of the most important applications of WSNs is military application. The rapid 

deployment, fault tolerance, self-organizing, and maintenance free characteristics of 
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sensor nodes make WSN a good nomination for harsh and unsupervised situations like 

military cases and battle fields. There are numerous WSN applications in different 

aspects of human life. The range of the applications is very broad, and as the technology 

progress and become cheaper, more functional, and better sensors are developed, WSNs 

are used more in different fields.  

 

In addition, Many practical applications [2] and implemented sensors such as Zigbee [9], 

WirelessHART, and 6LoWPAN [6], from different vendors such as Crossbow, Dust 

Network, and Sun have been implemented for commercial purposes as well. 

 

1.3. Limitations of WSNs 

Although, much research has been done in the field of WSNs, there are still numerous 

concerns, issues, and limitations that should be addressed. Major challenges are: different 

network topologies based on different applications, being data centric, having large 

number of nodes, Ad-hoc deployment, security, and energy consumption [1]. 

 

Having a number of restrictions and limitations such as limited energy supply, limited 

computation power, limited bandwidth for connection among sensors, and computation 

constraints make WSNs face several design and maintenance challenges.  In addition, 

unstructured or time varying network topology, scalability, mobility in certain cases, and 

interoperability make these systems even more challenging to design.  
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Resource constraints and low quality communication are two other WSNs limitations. 

Low computational capabilities and small memory make sensor networks vulnerable to 

complex computational flaws. SNs have limited computational power, thus they are not 

able to manage sophisticated network protocols. On top of all the limitations is the power 

supply (usually a small battery), which is responsible to maintain the needed power to 

keep all sensors’ components running. Since functionality of all components are related 

to the provided power from power supply as soon as there is not enough energy the 

component stops functioning and the sensor is considered non-functional. A main trend 

in WSNs is to optimize and mange power consumption to improve the network life. 

 

1.4. Proposed approach 

In this research, we propose a clustering technique that exploits a simple adaptive 

approach using Bayesian Networks (BN) to form the clusters and select the best cluster 

heads to help increase the sensors life and the entire network through managing the 

energy consumption. The BN model is used to assign the probability, which is based on 

the observation of the system and reasoning, to choose the best possible CHs, and 

forming the most suitable clusters. 

 

Using adaptive system in WSNs along with clustering, we show that a system can 

distribute the computational load of the clustering uniformly among the sensor nodes. In 

addition, the role of cluster head can be given to a different node in each round resulting 

in a uniform spreading of energy consumption among nodes. While clustering and data 
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aggregation are effective ways of power management of WSNs, exploiting an adaptive 

technique to form clusters, select cluster heads, and aggregate data can improve the nodes 

power consumption and increase WSNs lifetime. 

 

Utilizing adaptive techniques and clustering together can optimize the energy 

consumption of the sensors and help increase the sensors life and the entire network. The 

cluster head selection adaptation can be performed by the base station or autonomously 

by the sensor nodes within a tentative cluster or a network grid, but to reduce the 

overheads, we consider the autonomous method. Then based on the selected cluster 

heads, the clusters are set up adaptively to form the best possible group with the most 

similar data that let the cluster head have the least computation task to aggregate data. 

The process of CH selection and cluster forming is done dynamically based on adaptive 

techniques, and it changes over time in different rounds.  Our approach is focused to 

optimize the power management in each sensor node autonomously to improve the power 

management in the system compare to other work.   

 

The approach is simulated in Visual Sense, which is built on the leverage of Ptolemy, 

using DE and Wireless Directors. The proposed Wireless Sensor Network is modeled in 

the system, and during the runtime an API is used to send the data to the GeNIe decision 

system, and get back the result of the decision based on the modeled BN.  

 

The Next chapter is a literature review of different techniques and approaches to power 

aware routing and protocols in WSN. The proposed approach will be discussed in chapter 
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3 in detail. Chapter 4 discusses the simulation platform and parameters and the 

implementation of the proposed protocol. The results of the simulation are studied and 

discussed in chapter 5 in detail. Finally, chapter 6 is about the conclusion and future 

work. 
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2. Chapter 2 – Background 

Introduction 

Because sensors are small in WSNs, they are limited in all resources and specifically 

power supply, so power management plays an important role in such systems. Managing 

power consumption in sensors is one way to improve the sensor longevity. The nature of 

the network and related systems and applications make the issue complex enough that it 

is not possible to simply improve sensors without considering other aspects of WSN.  

 

In this chapter, we study related work about managing sensor lifetimes of WSN, while 

discussing the strengths and weaknesses of each approach. Also, we discuss sensors and 

network from power consumption and power management viewpoint. To have a better 

understanding of the problem and how to solve it, we need to know the architecture of the 

network, how it works, the data communication protocol, and the challenges of the 

network. In addition, to make the proposed approach clear, we review the work in the 

WSN that exploit clustering, data aggregation, power management, adaptation, and 

hierarchical data communication. 

 

2.1. Wireless Sensor Network 

WSNs are emerging ad hoc networks in academic studies that are used more commonly 

in real life and commercial applications. They are used in a broad range of applications, 

and with advances both in wireless network area and in sensors, WSNs are getting more 

practical and more common. A typical WSN is an ad hoc wireless network with a number 
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of sensor nodes that monitors a field or an object. Sensors are deployed either randomly 

or based on a predefined scheme over a monitoring area. The covered area by sensors is 

called sensor field, which in the best case covers the monitoring area or a larger area. In 

addition to the sensors, a WSN consists of a base station or sink, which usually is a 

resource rich server system, and media to transfer gathered data to a backend system 

(Figure 1).  

 

 

Figure 1 - A typical Wireless Sensor Network 

 

Sensors in WSN are responsible to sense or measure some phenomena in the embodied 

environment. “Sensors can be used for continuous sensing, event detection, event 

identification, location sensing, and local control of actuators” [8]. A sink or base station 
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(BS) collects the sensed data, process it, and send the processed data via an infrastructure 

media, which usually is the Internet. 

 

The base station and its transmission infrastructure are well established with broad 

implementation possibilities. The base station can be an unmanned laptop or computer 

near the sensor field or even a low flying airplane with wireless connection capability. 

Usually, there is no constraint for the base station since it can be connected to sufficient 

power supply, and has enough computation power, and in most cases, its place in the 

sensor field is flexible. The base station is responsible for gathering data from sensors in 

the sensor field, for processing received data, and for transmitting processed data to a task 

manager or a dedicated server in the command center via a transmission infrastructure. 

The backend command center is responsible for processing data, and making it available 

to the users. 

 

The transmission infrastructure consists of a transmission media such as either the 

Internet or a satellite along with a dedicated processing server. The base station will send 

the gathered data to the dedicated processing server via the infrastructure media. Both 

dedicated server and transmission media are established resources, and there are usually 

not major issues related to their resources. Therefore, most efforts in designing WSNs are 

focused on sensors and the network topology among sensors. 

 

Sensors are the limiting component of a WSN; and although sensors play a major role in 

WSNs, there is still many dilemmas related to them. They are the building block of the 
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network, and are responsible to handle the major work of sensing and transmitting data. 

In order to understand how a wireless sensor works, the architecture and the component 

of a WSN is studied in the next section. 

 

2.1.1 Sensor architecture 

Sensors are small electronic devices with limited computing power, limited power 

supply, and limited data bandwidth. Considering the small size of sensors, and therefore 

the limited amount of energy supply, one of the main challenges of sensors, from the 

design point of view, is extending the lifetime of sensors, and consequently the entire 

network [8]. The node with inadequate amount of energy cannot send or even sense data, 

so does not contribute in the network. As a result, the coverage, the reliability, and the 

lifetime of the network decrease notably.  

 

A conventional sensor consists of four basic components. Sensing unit, processing unit, 

transceiver unit and power unit are basic components of a wireless sensor (Figure 2 - 

Sensor Node Structure [10]). More details about the sensor architecture, details about the 

operation of each part, and the amount of energy that is used in each part can be found in   

[3, 8, 9]. The average power consumption in a typical sensor network is a few (10 to 100) 

microwatts or a few joules per day [3].     
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Figure 2 - Sensor Node Structure (courtesy of [10]) 

 

The sensing unit is composed of the sensor and an analog to digital (AD) convertor. After 

sensing a phenomenon, sensor sends the analog signals to the AD convertor, in which the 

sensed signals will be converted into digital and fed into the processing unit, which has 

access to a small memory unit for processing the data. Sensor nodes are connected to the 

network via the transceiver unit. Finally, the power unit, which is one of the most 

important parts of a sensor node, is responsible to supply power for all components of the 

sensor node. Depending on the function of the sensor such as mobility, location finding, 

power generator, security, and so on, it might have other add on components or improved 

basic components which are not the subject of this work. Our focus in this work is the 

energy consumption of general sensors without any additional functionality. Since the 

main energy is consumed when the data is transmitted, therefore, we focus on the power 

management within transition units. 
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2.1.1.1. Protocol stack 

Different protocols and techniques have been created to address the problem of 

increasing sensor longevity. The techniques are applied in a variety of network layers 

including the application layer, transport layer, network layer, data link layer, physical 

layer, power management panel, mobility management layer, and task management panel 

[8]. In sensor networks energy of nodes is scarce, and therefore, it is very valuable. 

 

Similar to other ad hoc networks, WSNs employ a stack of protocols. The protocol stack 

is similar for both sensors and base station [8]. The stack consists of physical layer, data 

link layer, network layer, transport layer, and application layer. There are also three 

planes which are power management plane, mobility management plane, and task 

management plane [8]. These features of the sensor nodes is used to reduce the overall 

power consumption. Nodes use power management planes to manage the power 

including sleep period and sensing, receiving, or sending data. In a nutshell, this plane is 

responsible for reserving the node’s energy. The mobility management layer is used by 

nodes to detect its location and its movement. And, the task management plane manages 

the sensing task of the node. All the mentioned planes are designed to manage the power 

consumption efficiency. 

 

The physical layer, similar to all other networks, is responsible to modulate, transmit, and 

receive tasks. Data encryption frequency selection and other signal related tasks are done 

in this layer as well. The 915 MHz Industrial, scientific, and medical (ISM) band [8] has 

mainly been used in wireless sensors in North America. The data link layer organizes the 
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communication between nodes, and since the environment is usually noisy and in some 

cases sensor nodes are mobile, the protocol that is used for this layer must be power 

aware and minimize the collision amongst nodes, so that the noises and unnecessary 

communications do not overwhelm the node power and bandwidth. Data routing is done 

in network layer, while data are provided in transport layer. The application layer 

maintains the flow of data between the network layer and the application layer that is 

responsible for managing the application.   

 

The early WSN projects and applications employed nonstandard wireless connections. In 

2003, IEEE 802.15.4 working group finalized a standard based on 802.15.4 for physical 

and MAC layers. The 802.15.4 Standard is used for most wireless sensors at the physical 

layer communication [6].  Many commercial systems use the Zigbee standard [9], which 

is considered to be a standard for higher layers [6], since it is a well implemented and 

practical protocol in the WSN area. Also, standards about radio frequency in sensors and 

other characteristics of commercial sensors are reviewed in [9]. 

 

Different protocols are studied in a survey paper that is mentioned in Table 1. Routing 

protocols are classified into three major categories: flat-based, hierarchical-based, and 

adaptive in network structure [7]. In addition, from the protocol operation point of view 

the routing protocols are divided into multipath-based, query-based, negotiation-based, or 

location-based routing [7] depend on application or system. Most WSN work, addresses 

sleeping technique for sensors using TDMA protocol. The focus of our work is to 

propose a protocol in routing layer to improve the power management. Reviewing the 
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routing protocol table shows that data aggregation and hierarchical routing protocols 

covers most of well-known work. Protocols such as LEACH, TEEN, APTEEN, 

PEGASIS, SPIN, COUGAR, and similar work are based on data aggregation. 

 

 

Table 1 - Routing protocols in WSNs (courtesy of [11]) 

 

There are other routing protocols in WSNS that focuses on routing optimization and 

related approaches. Flat routing protocols in which all nodes play the same role in the 

network is one of the three usual network structures in WSNs. The other two structures 

are hierarchical and adaptive. Directed diffusion [12], Sequential Assignment Routing 

(SAR) [1], Minimum Cost Forwarding Algorithm (MCFA) [13], coherent and non-

coherent processing [7], and energy aware routing protocols are amongst the flat routing 

protocols that are used for WSNS. 
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2.2. WSNs Challenges 

The nature of WSNs makes this type of network vulnerable to different restrictions and 

challenges both in design and in implementation. There are challenges regarding the 

WSN as an ad hoc network with undefined topology. But the building structure of a WSN 

is the sensors that are limited in computation, energy, bandwidth, and memory. Sensor 

units are typically equipped with a small battery as their power supply. All the 

computations and data transmissions are done using this small power supply. Since the 

sensor is typically a small electronic device, it can be equipped with a battery with 

limited power, sometimes as small as 0.5 Ah on 1.2 V [2].  

 

For this reason, communications and computations must be done through power efficient 

protocols to use limited amount of energy. Since the life time of the sensors depends on 

the battery lifetime, any failure of nodes leads to a change in network topology and to 

network reorganization. 

 

There are different approaches toward managing the nodes’ power supply. Saving energy 

can be done by simply putting nodes in sleep mode when they are not sensing a 

phenomenon. That is a good practice to switch nodes off and on, but the major problem is 

the time when the nodes transmit the sensed data. A node data transmission consumes a 

considerable amount of energy that can be saved if the system reduces the load of data 

transmission on practical nodes. 
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In addition, WSNs have a very limited and small energy supply that is not possible to 

recharge or replace in most cases. Therefore, one of the major research topics for WSN is 

minimizing the power consumption. Different approaches and various protocols (Table 2) 

have been proposed to optimize the power consumption in wireless sensors. Different 

routing protocols such as shortest path routing, multi-hop routing, and different 

approaches like adding a power management layer to protocol stack have been studied in 

an effort to solve the problem of power consumption in WSNs.  

 

One way to reduce the power consumption due to sending data is to aggregate data of 

neighbor nodes, while lets sensors send their data a very short distance (to their neighbor) 

rather than sending it a longer distance, which consumes energy, and increases the error 

rate [14]. Data aggregation also eliminates relaying data of other nodes that is extra load 

for the node. This in-network process decreases the amount of transferred data to the base 

station. Moreover, the delay and error rate decreases. Previous work has shown the delay 

for a multi hops network increases rapidly for a reasonable error rate [14]. 

 

Grouping a number of neighbor nodes known as clustering is one of the promising ways 

for data aggregation and in-network processing. Using clustering and aggregating data 

can address the power consumption issue, and make the whole WSN more efficient. 

Clustering helps SNs with similar sensed data aggregate their data, while transmitting 

data to a shorter distance to their neighbor nodes, rather than all sending data individually 

to the base station. As a result, sensors do not consume a high amount of energy for data 

transmission since energy consumption is directly related to exponent 2 - 4 of the 
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distance.  A robust and effective clustering technique can help WSN’s power 

management be more efficient, and will increase the network lifetime. 

 

2.3. Power management in sensor nodes 

As it was mentioned before, sensors in WSNs are very limited in their resources, i.e. they 

have severe power supply limitation. Also, sensed data are usually redundant in a certain 

cases in these systems. And they are designed in a way that they should send data in 

many to one way because there are many nodes where all need to send data to the base 

station. Since there are a huge amount of data dissemination due to many to one data 

transmission involved in these WSNs, while data similarity is frequent, data aggregation 

within clusters can be a good idea of elimination redundancy and reducing the number of 

data transmission to improve the power management. 

 

2.3.1 Clustering toward better power management 

Two approaches for managing power can be considered in WSNs while dealing with data 

transmission from a SN to the base: An end-to-end routing protocol which is used in 

MANETs and clustering using data aggregation. The end-to-end, which is also known as 

address centric paradigm, is the simplest approach that involves long range data 

transmission, which is not feasible in vast monitoring area, or it requires a considerable 

amount of energy consumption. Data aggregation, in which data from different sources 

are combined and then routed, can be considered as a good scheme since it minimizes the 

number of transmissions and eliminate the common redundancy.  
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In address centric (AC) protocols, each node sends its sensed data via the shortest path to 

the system’s base [15]. Although there are many different algorithms for the minimum 

path in such a graph like system, but there are no advantages for saving a large amount of 

energy.  

 

Clustering is a promising mechanism for improving the power management of WSNs, 

unless the sensor nodes are deployed sparsely and the distances between nodes are 

lengthy [1]. Clustering SNs will result both data aggregation and less data transmission 

with shorter length. Sensed data of SNs within a cluster can be aggregated, and then 

transmitted to the base station in single-hop or multi-hop manner. Thus, the volume of 

data to be transmitted is reduced significantly. In addition, SNs transmit their sensed data 

inside clusters rather than sending it directly to the base station. Clusters are usually 

formed in a way that SNs access to the cluster head in at most 2-hop manner, which is 

usually more energy effective [1] than multi-hop data transmission. 

 

Data centric protocols, in which data aggregation is a key concept, on the other hand, 

reduces the quantity of data as well as the number of data transmission. When a node 

sends data toward the base station, middle nodes (hops) apply an aggregation and 

consolidation function on data, and send the aggregated with no redundancy to the next 

node or to the base. This scheme results fewer transmission and thus less load on nodes, 

which lead to energy saving and increasing the system’s lifespan [16]. 
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Different aggregation functions such as max, min, sum, count, mean, or similar functions 

are used to handle the aggregation of data from different SNs. The aforementioned 

functions are similar to their corresponding mathematical functions. For instance max 

aggregation function considers the maximum value of all received data, and sends that as 

the aggregated value. In addition, there are more complex algorithms which are used for 

data aggregation. Optimal aggregation [12] which uses minimum Steiner tree and is a 

NP-hard algorithm and suboptimal including Centre at Nearest Sources (CNS), Shortest 

Path Tree (SPT), and Greedy Incremental Tree (GIT) [12] heuristics are some example of 

data aggregation algorithms.  

 

Other aggregation algorithms such as Secure Hop-by-Hop Data Aggregation Protocol for 

Sensor Networks (SDAP) [17] are proposed to take the advantage of secure data 

aggregation. SDAP is based on a tree topology. Based on the principle of divide-and-

conquer and commit-and-attest [17], and use of a probabilistic grouping technique, break 

the senor filed into a tree and the similar sub-tree in a dynamical partitioning way. The 

aim of this approach is to reduce the communication overhead, increase efficiency, and 

improve the generality by employing a secure data aggregation, eliminating false value, 

and using various aggregation functions. The strength of this approach is the using of the 

security issue in data aggregation. 

 

Also, secure data aggregation approaches have been done on WSNs. Evans and Hu [18] 

have proposed a secure data aggregation scheme based on hop-by –hop method where 

just leaf nodes in tree topology sense data while the intermediate nodes won’t read the 
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sensed data. Furthermore, Du et al. [19] have done similar studies and proposed a 

mechanism which let the sink authenticate the aggregated data from several designated 

aggregators by the endorsement of some witness sensors around the aggregators. Another 

technique, called Secure Information Aggregation (SIA) [20], is proposed by Przydatek 

et al. for secure aggregation in WSNs. In SIA, the base station collects the raw data from 

all sensor nodes, and compute an aggregation based on Merkle hash tree [20]. Other work 

has been done in the area, which has proposed aggregation both in secure and unsecure 

methodology, but we will not look into those deeply since the data security and privacy is 

out of scope for this work.  

 

Most hierarchical routing protocols are based on clustering techniques (Table 1 [11]) that 

have root in wired networks. The hierarchical routing model has been employed in WSNs 

to pursue the energy efficiency in routing. In this scheme, cluster head (CH) that is a 

sensor node with higher energy level gathers data and sends the accumulated or 

aggregated data, while nodes with lower energy just sense data and send the sensed data 

to the CH. The clustering architecture contributes to an energy efficient and scalable 

network.  

 

Forming clusters can be tricky since there are different ways to do that. Moreover, there 

is no specific topology for the network and no relation amongst sensor nodes, which 

make the cluster formation even less clear. Also, to avoid overhead computation, forming 

clusters can better to be done autonomously amongst a number of nodes rather than 

letting base station decide about it. A good approach toward clustering is to use dynamic 
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clustering. Using dynamic clustering, a WSN might work more efficient in terms of 

power management. 

 

2.3.2 Hierarchical and Cluster Based Techniques 

Routing data from sensors to the base station or sink is the main foundation of WSNs. 

The more efficient this routing is the more reliable and effective the system is. To 

accomplish a hierarchical algorithm, a WSN can be configured into a routing tree with 

the base station as the root node and other nodes as child of the root node or other nodes, 

which is the base of clustering. In this approach a node with a higher residual energy, 

which is called cluster head (CH), is used to process and send accumulated and 

aggregated data, while other sensor nodes in the cluster are responsible for sensing the 

appropriate phenomena and passing it to CH. In hierarchical model, which is similar to 

hierarchical routing is wired network, creating the cluster and assigning the CHs can 

improve the overall efficiency of the whole system including energy efficiency, lifetime, 

and scalability. Figure 3 depicts a simple hierarchical clustering in a sample WSN. It 

shows that how clusters heads are selected based on a hierarchical model, and then the 

clusters are formed around them. 
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Figure 3 – Simple Hierarchical Clustering 

 

The simplest form of cluster based routing divides the nodes into several overlapping or 

separated clusters in which each sensor is connected to the CH of its belonging cluster in 

two-hop distance. In this case, the clusters are two-hop diameter, and they are formed in 

distributed manner [21]. In this protocol sensors within a cluster send their data to the 

CH, and CH is responsible to route the aggregated data to the base station. Sending lots 

of overhead hello messages to form the clusters is the biggest week point of this 

approach, which makes the sensor nodes consume energy to send and receive data to set 

up the clusters.  

 

To address overhead data communication, a hierarchical method is proposed in [22], in 

which localized behavior is used. Cluster forming requires a considerable amount of 

energy [7] since periodic ADVs packets are needed to form the hierarchy. Moreover, 
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changes in network conditions or sensor energy level make clusters form again, which 

causes more power.   

 

Protocols and methodologies have been proposed to address the mentioned issues while 

providing a power-aware system. Clustering Based Routing Protocol (CBRP) [23], 

scalable coordination, Low-Energy Adaptive Clustering Hierarchy (LEACH) [24], 

Power-Efficient Gathering in Sensor Information Systems (PEGASIS) [25], Small 

Minimum Energy Communication Network (MECN) [26], Threshold-Sensitive Energy 

Efficient (TEEN) [27], and Adaptive Periodic TEEN (APTEEN) [28] are examples of 

clustering techniques that have been studied in WSNs. All the mentioned protocols are 

those that have exploited adaptive approach in a way, and are discussed in Table 2. 

 

One of the first adaptive protocols called Sensor protocols for Information via 

Negotiation (SPIN) [29] was introduced in early 2000s. In this protocol each SN 

disseminate all the information to every other SN in sensor network. Therefore, users can 

query any SN and retrieve required data immediately. In this approach all sensor assumed 

to be a potential base station. SPIN is a three stage protocol, and SNs handle three types 

of messages: ADV, REQ, and DATA to communicate [29]. There are other SPIN family 

protocols such as SPIN-BC, SPIN-PP, SPIN-EC, and SPIN-RL [7].  

 

A simpler method is cluster based routing protocol (CBRP) [23], in which the network is 

divided into various overlapping or disjoint two-hop-diameter [1] clusters in a distributed 
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manner. In-network aggregation is one of those methods, based on clustering and 

hierarchical routing, that employs the tree routing scheme.   

 

In-network aggregation has been proposed to reduce the power consumption in WSNs. 

Temporal coherency-aware in-Network Aggregation (TiNA) [30] is a framework that 

works on top of in-network aggregation such as TAG [31] and Cougar [32]. As we 

mentioned in former sections, direct diffusion is the most common data dissemination in 

WSNs. The gathered data by sensors are named by means of attribute-value pairs. The 

self-identifying data enables aggregation and collaboration which is also known as in-

network processing. In Cougar methodology, an append-only relational table, which 

stores either information about the sensor nodes or data generated by the nodes, will be 

created. Then queries access this relation table and thus have access to data.  

 

ScatterWeb [33] is another routing platform that implements the energy-aware routing 

algorithms such as extension of directed diffusion that is used in WSNs. In this platform 

features of the sensor nodes are extended. The platform offers a distributed, 

heterogeneous platform for ad-hoc deployment of sensor networks [33]. The platform 

comprises both hardware and software considering energy-aware protocols. The approach 

proposed ESB (Embedded Sensor Board) as its wireless sensor nodes and EWS 

(Embedded Web Server) [33] as gateway between sensor nodes and classical wired or 

wireless networks.  
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Considering the dynamic characteristics of sensor networks and large number of sensor 

nodes, employing single clustering technique might not be effective for the entire lifetime 

of the network. Network condition usually changes drastically, and since these networks 

are ad-hoc and there is no specific topology for them, a pre-defined clustering method 

might not result in the most efficient use of sensor power. Dynamic techniques or 

possibly adaptive technologies can be better choices for WSNs. 

 

2.3.3 Clustering and data aggregation 

The purpose of this section is to review and analyze different approaches using clustering 

or similar techniques to minimize the energy consumption of wireless sensor networks.   

 

As it was mentioned in former sections, one of the biggest challenges in WSN systems is 

limitation of power supply for sensor nodes (SN.) Once the sensor nodes have been 

deployed and set up to sense physical phenomena, which usually does not consume a 

high amount of energy, sending the sensed data to the base station (BS) or sink requires 

considerable energy consumption from SNs. Retrieving the sensed data involves many 

steps that makes it more complicated and make the SNs consume a big amount of energy 

in the whole process. Since there are no possibilities to recharge the battery of SNs in 

conventional WSN systems, and the functioning of the WSN depends on operational 

SNs, Concerning sensor battery life is an important design factor. 
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Knowing energy consumption for sending data is proportionate to    [34], where   

[   ], transmitting data from each sensor to the base station/sink in a single hop manner, 

consumes a considerable amount of energy. In addition, source-to-sink delay is 

proportional to the number of forwarders [34]. Direct diffusion, Sequential Assignment 

Routing, Energy Aware Routing, Hierarchical Routing, and Cluster Based Routing 

Protocol [7] are some common energy aware routing protocols that are employed in 

WSNs. Mostly, they are based on reducing the number and the load of data transmission 

by aggregating data and eliminating data redundancy. Clustering is one of the best ways 

to accomplish data aggregation. This approach divides the sensor nodes of a WSN into a 

number of overlapping or disjoint clusters, where nodes inside each cluster are cluster 

member and there is a cluster head, who is responsible to gather all data of member nodes 

and aggregate and send the data to the base station.  

 

2.3.4 Strength and deficiencies of studied work 

Various techniques, methods and technologies are studied in this work. Approaches that 

have focused on energy consumption dilemma, or have tried to address certain issues of 

power management in WSNs are reviewed. Obviously, all these work have robust 

strength points toward power management of WSNs. But, some of them have not 

considered all aspects of sensor networks to address the power management, or they 

might have some disadvantages, while other one can be improved as well.  
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There are approaches that have used genetic algorithm, adaptive methods, clustering, 

adaptive genetic algorithm, random scheduling, spanning tree, in-network aggregation, 

data aggregation, and many other approaches. All studied approaches have their own 

strength points and advantages, and they have improved WSNs in a way. Moreover, some 

have disadvantages and weaknesses as well.  

 

Protocol Advantages Disadvantage  

A robust and energy-efficient data dissemination 

framework for wireless sensor networks [13] 

Better performance in error rate and 

average delay while using an energy 

efficient technique 

Overhead data of sending ADV-

REQ-DATA packets 

 

High-Performance Multi Radio WSN Platform -

[35]  

Good use of FDMA and MAC 

protocol using FPGA hardware 

Overhead of sending 

acknowledge frames without 
having a specific performance 

strategy 

 

Platform-Based Design of Wireless Sensor 

Networks for Industrial Applications [4]  

Determine the maximum duration 

of TDMA and clustering  

Use of non-efficient shortest path 

algorithm with clustering 

 

ESRT: EventtoSink Reliable Transport in 

Wireless Sensor Networks [36] 

Less data congestion in the nodes 

and high reliability  

End to end data transmission and 

data communication overhead 

 

A simulation-based study of wireless sensor 

network middleware [37] 
Efficient use of CPU frequency 
scaling and network scheduling 

Direct data migration   

Maximizing network lifetime in energy-

constrained wireless sensor network [38] 
Improve life time via coverage and 
grouping nodes 

No data aggregation or similar 
techniques is used 

 

Spatial correlation-based collaborative medium 

access control in wireless sensor networks [39] 

Robust well designed protocol at 

MAC layer using sleep time and 

selected data transmission 

Lower throughput and coverage  

Topology control for wireless sensor networks 

[40] 

Proper use of data relay based on 

node energy and finding the optimal 

BS location 

Not efficient with dense networks 

because of high data 

communication and possible 
congestion 

 

Event-to-sink reliable transport in wireless sensor 

networks [41] 
Reliable data transport directly from 
node to the BS and data location 

awareness 

Extra power consumption for 
nodes experiencing lots of data 

sensing 

 

Adaptive design optimization of wireless sensor 

networks using genetic algorithms [42] 
Efficient use of clustering and 
Genetic algorithms to adaptively 

distributes the power consumption 

amongst the nodes 

Not all sensor nodes are active in 
all rounds, and some nods are 

inactive in some rounds, so the 

coverage might not be efficient 

 

Wireless sensor networks: A survey on the state of 

the art and the 802.15.4 and ZigBee standards 

[43] 

Comparison of different MAC 

protocols, good coverage of various 
protocols  

Neither an adaptive protocol nor 

dynamic clustering method is 
mentioned 

 

Wireless sensor networks: Enabling technology 

for ambient intelligence [44] 
Different technologies and 
protocols including a Bio sensor is 

studied in detail 

No in depth review of clustering 
and adaptive approach 

 

Coverage-adaptive random sensor scheduling for 

application-aware data gathering in wireless 

sensor networks [45] 

An application aware algorithm, 

increase the network life time using 

an adaptive approach and 
probability for random sensor 

scheduling  

Data transmission using single or 

multi-hop that overwhelmed 

specific nodes, No use of 
clustering and data aggregation 

 

Wireless sensor networks for underwater 

survelliance systems [46] 

Using a layering technique to 

implement a 3D space coverage 

scheme in WSN  

3D coverage is the focus of the 

study and there is no approach for 

power management 
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Finding routes in anonymous sensor networks 

[47] 

Routing system based on the power 

needed to reach the BS from a node 

The proposed routing algorithm is 

suggested at the beginning 
without any adaptability, and 

system works on a multi-hop 

without any data aggregation or 
clustering 

 

Locating hot nodes and data routing for efficient 

decision fusion in sensor networks [16] 
Proper use of Markov Random 
Field approach and Maximum a 

Posterior Probability to mark the 

nodes as hot for data fusion and 
transmission 

Data transmission using multi- 
hop routing protocol, which 

usually overwhelm nodes near the 

BS 

 

Maximum lifetime data sensing and extraction in 

energy constrained networked sensor 

[RW.ERROR - Unable to find reference:2006] 

Shortest path heuristic based on 
spanning tree and shortest path 

algorithm to find the most efficient 

path to transmit data and increase 
the system lifetime 

Simple data routing with multi-
hop approach without use of 

adaptation and clustering  

 

On the lifetime of large scale sensor networks [49] Optimizing the annulus size of 
tessellation to optimize the network 

lifetime 

No new approach toward data 
aggregation or adaptation of the 

system 

 

Power-conserving routing of ad hoc mobile 

wireless networks based on entropy-constrained 

algorithms [RW.ERROR - Unable to find 

reference:2006] 

A power consumption routing 
protocol based on entropy-

constrained approach to find an 

efficient path to the BS 

Neither clustering nor an adaptive 
is used, but just exploits different 

way of finding a path from node 

to BS 

 

Efficient clustering algorithms for self-organizing 

wireless sensor networks [50] 

Use of a message efficient 

clustering approach based on 
allocating growth budget (with a 

suggested RAPID algorithm) to 

neighbors  

Not efficient in cases where o(n2) 

message is required, no explicit 
results in power management 

efficiency  

 

Mobility, sensing, and security management in 

wireless ad hoc sensor systems [51] 

Self-Organizing Wireless Sensor 

Network system to track sensitive 
target rather than continuous 

sensing 

Multi-hop routing is used rather 

than clustering and adaptability 

 

Energy efficient routing in ad hoc (No Reference 

Selected)disaster recovery networks [52] 

Using an iterative algorithm and a 

non-max capacity algorithm to 

improve energy efficiency 

Suggested routing protocol is 

based on finding rout from node 

to the BS, and there is no use of 
adaptation and clustering 

 

LEACH [24] Forming clusters to aggregate data 
based on a distributed algorithm 

while the decision making is 

autonomous amongst nodes, and 
cluster head responsibility rotate 

among all nodes 

It is assumed that all nodes are 
within communication range of 

other nodes and BS, and BS has 

the global knowledge of all 
nodes’ energy and location 

 

HEED [53]  Probabilistically cluster head 

selection based on the remaining 

energy, and clustering the node in a 
way the communication cost is 

minimized 

The decision making parameter 

for assigning probability is just 

based on residual energy  

 

AIDA [54]  Propose an adaptive solution by 
adding a clustering protocol to 

protocol layer that improve the 

power consumption 

The protocol is adaptive to the 
traffic of the network that might 

not be efficient for high traffic 

networks 

 

Table 2 – Advantages and Disadvantages of different Protocols 

 

Some of them such as [46] and [52] have focused on specific cases in certain situations or 

applications. Other ones address power management generally without a robust solution. 

Some work proposes abstract techniques, which might not be feasible or very efficient in 



 

30 

 

practical applications. Protocols that use multi-hop approach are not energy efficient in 

most cases with large networks.  Those ones that exploit clustering alone are subject to 

some disadvantages as well. Using adaptive clustering looks a promising way to address 

the power management challenge in large WSNs as long as it is possible to use artificial 

intelligence techniques within a SN (Sensor Node.) 

 

2.4. AI Techniques for Managing Uncertainty: Bayesian Network 

Artificial Intelligence is a branch of computer science that uses the perceptions of a 

problem conditions to increase the chance of finding the best solution. The environment 

and conditions of a problem are not always known, so the system tries to find the solution 

by reasoning like a human. Adaptive techniques and adaptive systems are a subset of AI 

and expert systems. Expert system, which is also known as knowledge based system, is a 

computer system that contains the analytical skills and knowledge to observe the 

condition of system related to a specific subject. The system usually provides a 

mathematical model of the problems, and uses that to expand a reasoning technique [55]. 

 

In AI, perception, reasoning, planning, and learning problems generally deal with 

uncertainty. In most cases, the uncertainty of the system is an obstacle for the best 

decision to be made by the system. In order to address the issue of uncertainty, a set of 

rules or a mathematical model can be employed for reasoning. Using the model or the set 

of rules, the system observes the conditions, analyzes the situation, and makes the 

decision. Adaptive systems react differently depends on the condition of the system. 
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Adaptive systems build a model of goals, preferences and knowledge of the systems and 

each individual user, and employ the model for further interactions to adapt the system 

with the situation or the meet the need of the users. 

 

In adaptive systems, system observes and recognizes its surrounding world, and then 

establishes the state which is dynamic to the situation. In the case of wireless sensor 

network, if the system adapts itself with the application and/or the situation of the sensor 

field, the efficiency of the system might be expanded.  At the first step, the system search 

for the state and characteristics of the world, then it looks for any inferences based on the 

situation; finally, it learns something about the circumstance and act correspondingly.  

 

In WSNs, uncertainty may arise due to different causes; for instance, it can be result of 

lack of knowledge of sensors’ conditions, network topology complexity, and inaccuracy 

and alteration of sensor field conditions. A Bayesian model gives us the opportunity to 

encode the domain knowledge about the system, showing the relationships, 

interdependencies, and independence among variables. The qualitative part of the model 

is represented by links showing the relationship, dependencies, as well as independencies 

amongst variables, and often shows in conditional probability tables (CPT). Having the 

CPT, enable us to use probability theory, specifically Bayesian statistics to calculate 

conditional dependencies among variables in the domain, and resolve the uncertainties 

with probability inferences.  
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BNs are popular and general technique that is used for a range of uncertain problems 

[55]. Bayesian Networks are directed acyclic graphs with nodes as uncertain variables 

with probabilistic relationship that compute the probabilities of a phenomenon. Since 

perceptions and conditions of each node in WSNs are known, and are related to each 

other conditionally, BN is a good nominate to compute the uncertainty of a problem and 

find a probability. Bayesian Network, as a mathematical modeling language for creating 

models of domain with uncertainty [56], is used in our approach to pursue the 

adaptability of our system. 

 

Therefore, BN methodology is a robust way of capturing uncertainties, and creating 

conditional probability values for each given variable in our domain. A Bayesian 

Network encodes the probability of a set of   random variables    (            ) by 

specifying a set of conditional independence statements along with a set of conditional 

probability functions (CPF) [57]. In summary, a BN consists of a qualitative part, which 

is a directed acyclic graph; and a quantitative part, which is the set of CPFs.  

 

Building BN model will be proceed through five steps: decide about what to model; 

define variables, qualitative part, quantitative part, verification. We follow the same 

procedure to model our proposed WSN system, and use the probability for our adaptation 

purpose. The adaptation technique we use in our work is rather simple, and the system 

does not learn, but just make the decision through the context of each individual node. 

Although, the adaptation technique is simple, but since the technique works based on the 
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context of each node at each given time, the CHs selection and cluster formation is 

dynamic. It leads to a dynamic process for the whole network at each given time.  

 

2.4.1 Adaptive Approaches to Power Management 

Most adaptive techniques for WSNs are employed in parallel with other techniques. 

Clustering or hierarchical approaches are the most popular one for adaptive techniques. 

The LEACH [24] protocol employs an adaptive clustering hierarchy to implement an 

energy optimal dynamic network topology. In this approach, the nodes organize 

themselves into clusters, where one of them acts as the CH. The CH role rotates among 

each cluster nodes in each round; therefore, energy dissipation is evenly distributed 

amongst the nodes. LEACH uses a two phase operation which is called the setup phase 

and the steady state phase [24]. CHs are set up in setup phase, and actual data 

transmission to base station will be done in steady state phase. A distributed algorithm is 

used to form the clusters in LEACH, and nodes make their decision autonomously 

instead of using a central control. Efficient techniques are used to form the clusters and to 

optimize the number of clusters. The LEACH technique is efficient and well designed; 

however, it is possible to improve the dynamic clustering to increase the adaptability of 

the system.  

 

Another protocol that has been used both the clustering and adaptive technique is HEED 

[53]. HEED protocol uses clustering, and probabilistically selects cluster head. In this 

approach each node joins the cluster head with minimum degree to distribute cluster head 
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load, or joins the cluster head with maximum degree [53] . In addition, CH probability is 

assigned the following simple formula, while setting an initial percentage of cluster head 

among all nodes. 

 

       =         
         

    
 [53] 

 

 

Where,       is the initial percentage of cluster heads,           is the estimated current 

residual energy in the node, and      is a reference maximum energy. In HEED protocol 

all aspects are covered properly, however, the adaptive approach is trivial and based on 

simple computation of probability based on the residual energy. HEED is compared with 

LEECH from clustering point of view, and they have shown HEED is more efficient than 

LEACH, however better adaptive techniques can be employed for the adaptation.  

 

One of those approaches that have been using GA (Genetic Algorithm) discussed in [42]. 

In this work, a cluster based network architecture using a dynamically design WSN 

topology by optimizing energy related parameters that affect the energy consumption is 

used. The adaptation capability of the algorithm toward energy conservation is done by 

the dynamic application of the GA. This approach uses the optimization process to 

operate sensor nodes, and the algorithm shows efficient characteristics in decision of 

sensors’ activity scheduling as well as the rotation of operating modes to be either cluster 

head or regular sensor. The result of this work shows considerable energy conservation 
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on power resource of sensors. The aforementioned protocols and other protocols and 

techniques are listed in Table 3 with a brief description and characteristics. 

 

Routing 

Protocol 

Description Characteristics 

Flat-

Based 

Hierarchical Adaptive 

Cluster 

based 

ESRT [36, 

41] 

Event to Sink Reliable 

Transport 

Reliable detection of  

collective information 

No No No Yes 

PSFQ [14] Pump Slowly, Fetch 

Quickly 

Reliable data delivery 

under error prone 

conditions 

Yes Yes No No 

RMST  Reliable Multi 

Segment Transport 

Reliable data delivery 

based on segmentation 

No Yes No Yes 

HEED [53] Hybrid, Energy 

Efficient Distributed 

Clustering 

Distributing energy 

consumption by means 

of controlled clustering 

No Yes Yes Yes 

CC_MAC 

[39] 

Correlation-based 

Collaborative MAC 

Exploiting spatial 

correlation on MAC 

layer for WSN 

- - - - 

RRP [13] Hybrid Data 

Dissemination 

Framework 

Reliability and energy 

efficiency based on 

supply chain 

management 

methodology 

Yes Yes No No 

LEACH-C 

[24] 

Low-Energy Adaptive 

Clustering Hierarchy 

Cluster infrastructure 

that allows data be 

processed locally 

No Yes Yes Yes 

AIDA [54] Adaptive Application-

Independent Data 

Aggregation 

Lossless Aggregation by 

concatenating network 

units into payloads 

No Yes Yes Yes 

SDAP [17] Secure Hop-by-Hop 

Data Aggregation 

Using divide and 

conquer to partition the 

No Yes No Yes 
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aggregation tree into 

groups[17] 

LEACH-CE 

[58] 

Low-Energy Adaptive 

Clustering Hierarchy 

Cluster infrastructure 

that allows data be 

processed locally 

No Yes Yes Yes 

BESM [59] Balancing Energy-

aware Sensor 

Management 

Allots more sleep time 

to nodes with less 

energy 

No Yes No Yes 

Table 3- Characteristics of WSNs protocols and techniques 

 

A closer look at Table 3 shows that little research has been done on protocols and 

techniques using both clustering and adaptability. Different research exploits clustering 

technique and gets the advantage of that. There are different protocols using other 

approaches and techniques toward optimizing energy in WSNs. Some protocols such as 

PFSQ and RRP use flat based protocols, while others such as RMST use hierarchical 

protocol without clustering. There are a few protocols such as LEACH, AIDA, and 

HEED using both clustering technique with the combination of adaptive approach.  

 

WSNs work based on ad hoc network topology which means there is no specific topology 

for these types of networks. Moreover, the enormous numbers of sensor nodes deployed 

in the sensor field make the systems more complex to use simple routing protocols. 

Simple protocols that are employed in conventional ad hoc networks are not proper for 

WSNs since in this type of systems, sensor nodes work based on a small power supply, 

which in not rechargeable or refillable. Considering the situation, a power-aware 

protocol, which adapts itself to the condition of the network, might be more efficient.  
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Most of the studied technologies are very efficient and have improved some aspects of 

the WSNs. Many approaches exploit clustering, adaptive methods, and dynamic 

clustering approaches, but adaptive methods can be employed more efficiently to address 

power management issues. Since the wireless sensor network topology is dynamic, and 

many changes in network conditions are happened during the lifetime of the network, a 

robust adaptive technique that are implemented using clustering methods can result an 

energy-aware and efficient approach for WSNs.  
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3. Chapter 3 – Proposed Techniques and the Protocol 

Introduction 

We propose a protocol using both clustering and a simple adaptations approach to 

dynamically form the clusters based on the current conditions of the network. We select 

cluster heads, form clusters, and perform data aggregation with a low overhead using 

optimal energy consumption. We exploit an adaptive technique along with a clustering 

technique. To improve the power management of the network, we consider the conditions 

of the whole network at any time through each individual node conditions, and form the 

clusters in the way to use the energy of all sensors efficiently. Based on selected cluster 

heads, clusters are set up dynamically to form the more suitable group with the nearest 

nodes. In addition most probably sensors in a cluster have sensed similar data that let the 

cluster head tolerate less computation task to aggregate data.  

 

The network lifetime is divided into sequential rounds in this approach, and in each round 

the system is reconfigured, and selections are made based on the current conditions of the 

network. To form the clusters adaptively based on the selected CHs, we exploit the 

probabilistic relationship of BN in each nodes. Our proposed protocol for WSNs is 

described and discussed in the following sections. 

 

3.1. Requirements and Constraints 

The limitation of  sensors’ energy, considering the nature of WSNs where similar data is 

sensed in a neighborhood, make clustering and data aggregation a promising way to 
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reduce the overhead of sending data individually by eliminating both the number of 

forwarders and minimizing the distance of data transmission for a number of sensors. 

 

Our approach is to choose cluster heads dynamically and form clusters while changing 

the role among all nodes in each cluster. As discussed in previous chapters, the data 

centric nature of wireless sensor networks makes it dependent on the monitoring area 

conditions; therefore an application aware algorithm can improve the overall network 

performance in terms of power management. We exploit a technique similar to LEACH, 

TEEN, and APTEEN to implement our proposed protocol, and compare the result of 

power management and network life time with these well-known protocols. We also 

follow similar constraints and standards of these protocols as well as others. We assume 

the monitoring area is a two dimensional area where sensors are deployed randomly and 

uniformly. 

 

Considering the network is a homogenous one, all sensors have the same power supply, 

similar to studied approach, at the beginning of the simulation. The A/D convertor 

consumes 3.1 µW in 31 ρJ/ 8-bit sample at 1 Volt supply [7]. Transmission energy [24] 

to transmit n-bit data to a distance of d will be: ETx(n,d)=Eelec*n+ε*n*d
2
, where Eelec*n is 

the transmission energy consumption and ε*n*d
2
 is the transmit amplifier energy 

consumption. Also, there is Eelec*n which is the energy consumed to receive n bit of data.   

 

The communication layers are implemented based on well-established studied protocols 

that are mainly used in comparable approaches. Since there is no central control, we use 
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the TDMA protocol in MAC layer to manage the transmission channel. Base station with 

no limitation, is the central system to receive and process all sensed data, but has no 

direct communication with sensor nodes.  

 

The control unit of a wireless sensor is a processor or microcontroller with a small 

amount of memory, and it is responsible to control and operate the sensing, computing, 

and communication unit. Control unit energy consumption is mainly switching energy 

and energy leakage.  

  

The aforementioned estimations show that the main energy consumption in a wireless 

sensor network directly related to data transmission. Therefore, data transmission energy 

consumption is the main energy consumption in sensors and compare to that, other 

energy consumptions are not considerable. Therefore, in this work we just consider 

energy consumption related to data transmission. 

 

In addition, for the purpose of adaptation, we use Bayesian Network technology, a 

mathematical tool to model uncertainty with a compact representation of a multivariate 

statistical distribution function. In the next section we discuss the proposed approach, CH 

selection, forming clusters, and how we use the BN toward improvement of energy 

efficiency. 
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3.2. General Approach 

In this section, we propose the approach to minimize the energy consumption of each 

sensor individually and as a result the entire network energy. Therefore, the ultimate 

purpose of the proposed approach is saving the network total energy consumption in all 

sensor nodes acting in the sensor field. 

 

Therefore, we define: 

 ( )   ∑  ( )

 

   

 (1) 

 

Where E(t) is the total energy consumption in all sensor nodes in the sensor field in each 

round. We also consider the whole sensor network as a directed connected graph G = (S, 

C), where S is the set of sensor nodes, and C is the set of edges that define the connection 

between a pair of sensor nodes.  

 

Therefore, we have a set of sensor nodes    {                 } over a two 

dimensional area of the sensor fields, and we define Sb as the base station or the sink. We 

have the following: 

 

Si   V,  

c(si, sj)   C, 

   (r) is a circular radio and sensing range area for sensor si. 
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Our goal is minimizing the E(t) by using a dynamic clustering algorithm and dynamic 

cluster head selection algorithm which is adaptive to the current system conditions, thus 

reduce their energy consumption.  

 

CHs are chosen after consideration of their former activities, remaining energy, and 

location of each individual node in the sensor field. Each node considers its own 

conditions without having any knowledge about other sensor nodes, and the probability 

of being CH is autonomously calculated in each node to avoid overhead data 

communication among nodes. Moreover, the proposed technique of cluster forming 

considers more related sensors in terms of the similarity of sensed data, which make the 

aggregated data more accurate.   

 

The total energy consumption is E(t), while we consider the energy consumption in each 

sensor involves in 3 components: sensing unit including sensing transducer and A/D 

convertor, which is responsible for sensing data and phenomena; communication unit 

including radio frequency transmitter and receiver; and processing unit, which is 

responsible for processing and computing data. The overall energy consumption is the 

total energy consumption of data communication, data processing, and sampling. Since 

the energy consumption for data communication is the major one, and compare to that 

other power consumption is not considerable, we just focus on the power consumed in 

communication in this work. 
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The proposed technique is divided into different rounds, and the rounds reoccur till the 

end of the network lifetime. In each round the network topology is reconfigured based on 

the overall network conditions. Based on the design of the system or the type of the 

application, different criteria exist to define a new round. Some known criteria are 

specific time interval, specific condition in the system, and dramatic change in the 

network situation. We use the specific time interval, every 20 seconds, to define rounds 

in our proposed system. Each round consists of two segments: setup segment and event 

segment (Figure 4).  

 

 

Figure 4 – Setup and Event segment intervals 

 

The segments in each round are setup and event segment that are described in the 

following sections. 

 

3.3. Event Segment 

In the event segment system retrieves data, and sends it to the base station. The event 

segment is repeated throughout the network life time.  Sensing data by sensors and 

sending sensed data to the appropriate CH, where data will be aggregate is done in 

different phases as follows: 
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 Phase Zero - Sensing data is based on continuous sensing, so that the system is 

always creating events, and sensors sense the events. 

 Phase One – In this phase, CHs gather data from all other sensors in their assigned 

cluster, aggregate the gathered data, and send data to the closest cluster head which 

is closer to the base station or directly to the base station if it is closer than any 

other CHs. Data transmission and data communication in this phase will be done 

based on MAC protocol, and as it was mentioned in background chapter, it is one 

of the most common and appropriate protocols in WSNs. 

 

3.3.1 Data Retrieval 

Data retrieval or event segment is a continuous process within the previously formed 

network scheme. The event segment consists of the following steps to retrieve data: 

1. Sensing data 

2. Aggregating data in CHs 

3. Sending the aggregated data by CHs 

Sensors broadcast any sensed data, and CHs aggregate the received data based on the 

arithmetic mean function. Then the aggregated data is broadcasted by the CH with a 

header that shows this packet needs to be relayed to the base station. CHs relay the 

aggregated data packet if they are nearer to the base station. 
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3.4. Setup Segment 

In the setup segment, the system is setup based on the current condition of the network. 

The setup segment is repeated throughout the network life time. 

 Phase zero – Calculating the probability that a node will be a cluster head for all nodes 

in the network using Bayesian network 

 Phase one – CHs are chosen in field grids based on the assigned probability 

 Phase two - Defining clusters dynamically (Figure 5) based on Markov Blanket of CH 

node, which mean in each round the clustering (the network scheme) is probably 

different from other rounds. 

 

 

Figure 5 – WSN with Clusters and CHs 
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3.4.1 Cluster Formation 

In this section we describe how CHs are selected and clusters are formed. Both CHs and 

clusters are selected and formed dynamically. The clusters are formed around each 

cluster head. In this approach, not only is the cluster head role shared among nodes, but 

also the process of selecting CHs is dynamic. In this case, the overhead responsibility of 

the CHs and thus the work load is evenly distributed among all sensor nodes, and it helps 

the system use up all of its capabilities while maintaining the highest coverage.  

 

The overall process starts with finding best nominees, to act as cluster heads that will be 

responsible to gather data within the specified cluster and aggregate data via an 

aggregation method such as average function, and send data to the base station or another 

cluster head. After selecting the CHs, the clusters are formed with the neighbor nodes 

based on Markov Blanket. 

 

 

Figure 6 – Cluster Head Selection 
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The Markov Blanket of a node is a set of the node’s neighbors that are connected to the 

node directly or through another node. If there is overlap with another CH, then the 

second cluster head is eliminated from the set under consideration. There might be 

overlap among clusters which is normal and acceptable.  

 

The Bayesian Network is used to assign a probability to each and every sensor node, that 

represents the likelihood that the node would be a suitable cluster head, given the current 

context of the sensor network. The sensor nodes’ probabilities are based on the sensors’ 

current conditions in each round, and each sensor node calculate its own probability 

based on its current condition. The BN is built in each sensor node rather than the whole 

network to avoid the overhead data communication among all nodes and the base station.  

 

The process of cluster head selection in each round involves a series of steps that are 

repeated in all rounds as follows: 

1. Selecting CHs and forming clusters 

a. Assigning probabilities 

b. Selecting CHs  

c. Forming clusters 

2. Data Retrieval 

a. Sensing data 

b. Aggregating data 

c. Sending the aggregated data 
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Selecting enough cluster heads, the clusters include all the sensor nodes and cover the 

monitoring area. Forming clusters around the nominated cluster heads are done using 

aforementioned Markov Blanket method. Each sensor is connected to the closest node 

which is either another sensor node or cluster head, no matter if the other sensor node is 

in the same grid or not (Figure 7).  

  

 

Figure 7 – Schematic of the Proposed System 

 

This scheme guarantees that all sensor nodes are in a formed cluster, and all of them are 

covered. Using a simple distance formula 

   √(     )  (      )  (3.1) 
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the distance between a node and the base station and other nodes within its range can be 

calculated. Base on the calculated distance, each CH can find the nearest CH that is 

closer to the base station to send the aggregated data to, or the aggregated data can be 

send to the base station if it is closer than any other CHs. 

 

When all CHs are allocated, and clusters are formed, the setup phase is completed, and 

the system is ready to retrieve the data.  

 

3.4.2 Cluster Head Selection 

The Bayesian network information variables are updated at the beginning of each round, 

and the probabilities is calculated in each node . Figure 8 shows the BN model in each 

individual node after sample data are set into information variables. A closer look at the 

model reveals that the location of the sample node is in the center of the cluster, the node 

has had low previous activities, and its energy level is high.  The status icons show the 

variables are set, which mean the nodes have been observed. 
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Figure 8 – BN with information variable 

 

The sample model is ready to update, and updating it will set the probability of being CH 

for the sample node. Executing the model updates the probability distribution considering 

the observed evidence. Figure 9 depicts the updated model for sample node, which 

shows, considering the observed evidences, the probability of the sample node for being a 

nominated CH is 95%. 
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Figure 9 – BN after probability is assigned 

 

During the setup phase in each round, the probability of each sensor node is assigned 

through modeling a BN for the node.  

 

After all the sensor nodes are allocated a probability, cluster heads are nominated for all 

clusters. We consider each grid in the field and within each grid the sensor node with 

higher probability is the best nominee for being CH, and it is selected as the CH. If a tie 

happens among a number of sensor nodes within a cluster, the sensor node with the 

lowest id (coordinates based on the base station), that is closer to the base station will be 

selected as the CH. After this step there will be enough CHs to cover all the clusters and 

the entire sensor field.  
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3.4.2.1. Calculation Probability 

To determine the CHs, we need to assign the probability for all sensor nodes in the sensor 

field. Here the event, which is known as hypothesis event in BN modeling, is to give 

estimation of certainty for being selected as a CH to all sensor nodes. The certainty of 

being cluster head is not observable from the system with certainty, or the cost is high. 

Therefore, we build a BN for each individual sensor based on the following 

characteristics of the sensor to determine the probability of being a CH through some 

information channels such as: 

 Current energy level 

 Location in the sensor field 

 Quantity of former participation 

 

The mentioned phenomena, known as information variables in BN, contribute to estimate 

the certainty of being CH as the hypothesis event, for each sensor node. The BN model 

for each sensor nodes contributes to assign the probability to the sensor. 

 

In order to identify the variables and create the BN model for each sensor, we went 

through a series of evaluation steps. At the beginning the variables or phenomena were 

identified. In the following steps these variables were evaluated via determining the 

graph and eliciting and computing the initial probability. Then scenarios to update model 

were built and evaluated. Then the validation of the model was evaluated and the 

computational model was extracted. In each and every step, if the evaluation failed, we 
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went back to former steps to rebuild and re-evaluate. Figure 10 shows the basic process 

of creating the BN model for each sensor.  

 

 

Figure 10 – Sensors Bayesian Network Modeling Cycle 

 

Defining the appropriate variables for modeling the BN for each individual sensor will 

allow us determine the graph structure of the BN (Figure 11) and computational model. 

In this model, we employ characteristics of the sensor node that are related to the purpose 

of consuming the energy efficiently by decreasing the data transmission distance.  

 

 

Figure 11 – Cluster Head Selection Graph 

 

To efficiently use the sensors’ energy, the system should be aware of the energy level of 

the sensor and its former activity within the field. Former activities of the node as a 

sensor in general or as a cluster head during each round are used to calculate the 
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probability of future activities, while the location of the sensor in the field is another 

important parameter that defines the probability of the node consumption of certain 

amount of energy. No need to mention that the sensor remaining energy is an important 

parameter to consider in specifying a role to a sensor. For these reasons, we decided to 

use the mentioned parameters for allocating probability to nodes, and defining the 

conditions certainty. We have chosen the minimal number of variables to make the 

Bayesian network simple and efficient and to avoid the overload of computational task 

for the nodes. The large number of variables makes the Bayesian network slow and 

inefficient, and makes the nodes consume more energy for each probability calculation. 

Moreover, the probabilities are assigned to each node at the begging of each round rather 

than the entire network learn the condition of system.    

 

The energy level variable has four values that are high, moderate, low, and very low 

based on the residual energy of the node. The value is set based on the nodes’ remaining 

energy. If a node’s energy level is more than 80% the variable is considered as high. 

Between 50% and 80% it is moderate, while 20% to 50% is considered as low. Less than 

20% is considered as very low. 

 

The former activity variable has three different values, which are high, moderate, and 

low. If the node has been involved in reoccurring activities of information transmissions 

in former rounds, the value is set to high, otherwise the value is low if there are just few 

activities in former rounds, or moderate if node was involved moderate activities. A 

variable is set to calculate the node activities, and in the simulation with each 
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transmission activity the variable is increased ten units while any CH transmission 

activity increases the variable by five hundred units.  These numbers is used as a measure 

to define the percentage of the activities in each node. The maximum amount of the 

activity is related to the network lifetime, and is increased within the time. It should be 

estimated accurately, so the activity variable for the Bayesian network is set more 

precise. We define a range between 0 and 100,000 for our simulation to cover the 

maximum activities in each node. Therefore, any value less than 30,000 units is 

considered as low activity, between 30,000 and 70,000 is moderate activity, and over 

70,000 is high activity.  

 

The position information variable values are good, average, and bad in the simulation. 

The value is decided based on the location of the node in the field with the assigned 

probabilities of the Position variable, which is assigned during the BN model update. The 

node location in the field is a decision variable. The position variable is set to the values 

based on the location of the node in the grid from the top left corner of the grid. If the 

node is located within a circle with center as the center of the grid and the diameter of 30 

meters the variable is set to good. If it is located beyond the center circle and a circle with 

the same center and diameter of 80 meters the variable is set to average. And, any node 

beyond the second circle and within a circle of 140 meters diameter, which means the 

node is located near the edge of the grid, is set to bad. 

 

The variables values are decided after a number of simulation runs and based on the 

experience. The ranges can be selected differently, and a work can be dedicated to this to 
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find out the best values for the information variables of the BN. More accurate ranges 

that has been studied in another work can even improve the efficiency of the system as 

well.   

 

The implemented model, the hypothesis event, and the information variables are shown 

in Figure 12. Location in cluster is the decision variable for the Position information 

variable, and EnergyLevel and FormerActivities are the other two information variable. 

CH_Chance is hypothesis event that show the chance of the node being cluster head.  

 

 

Figure 12 – Domain model in GeNIe 
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3.5. Evaluation 

The proposed approach has been evaluated using a simulation tool named Ptolemy. At 

the beginning all sensors have the same enough amount of energy, and all the sensor 

nodes have the computational power to support different MAC protocols and perform 

signal processing functions. For the underlying network, we model network in a two 

dimension monitoring area, and we assume there is always generated data to be sensed by 

sensors. The homogenous sensor nodes are deployed uniformly and randomly, and have 

no mobility. 

 

The sensor field (SF) which is considered to be the same as the monitoring area in our 

experiment, is a gridded square, where sensor nodes are deployed randomly. The SF is 

considered as a network grid starting from(   ) to (500,500) that shows a field of 500 

square meters. The base station is located at (0, 0), and all data will be gathered there 

(Figure 13). All the sensor nodes are identical, except for their coordinates.  
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Figure 13 – Wireless Sensor Network Schematic with BS 

 

The BN model for CH selection is implemented in GeNIe
1
 (Graphical Network Interface) 

that sends and receives data to/ from the main simulation platform through an application 

programming interface.  

 

Network lifetime is based on the number of dead nodes, and the simulation ends when 90 

percent of nodes are dead. The WSN simulation system allows the study of the clustering 

approach with many different starting scenarios. In the next chapters we will evaluate the 

proposed approach by using a test-bed platform, and then study the result while 

comparing with other well-known protocols and technologies.

                                                 

1
 http://genie.sis.pitt.edu/ 

http://genie.sis.pitt.edu/
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4. Simulation 

Introduction 

In this chapter, we evaluate the performance of the proposed approach using a simulation 

test-bed namely Visual Sense.  Visual Sense is a simulation framework for wireless and 

sensor networks which is built on top of Ptolemy II [60]. Modeling a wireless sensor 

network that consists of sensors ad-hoc network protocols, MAC protocols, energy 

consumption, etc., requires a sophisticated and complex communication and presentation, 

from a simulation package, that is robust and precise enough to provide accurate results.  

 

Numerous simulation frameworks, including NS2, JiST, Glomosim, J-sim, and OPNet 

were considered and studied, and VisualSense was chosen as the test-bed for simulation 

of the work. VisualSense is designed specifically for wireless ad-hoc network, and it also 

supports sensor network semantics and custom designed models. 

 

VisualSense, which is constructed by deriving classes of Ptolemy II, is designed to 

support component based constructions of wireless channel, ad-hoc network protocols, 

sensors, and other components. Components are called actors in the system, so it is 

considered as an actor-oriented system. The software framework, which is written in Java 

language, consists of a set of base classes for defining communication channels and the 

nodes. A defined system works by creating a composite model using several Ptolemy II 

[60] modeling environments. For our work, we create a discrete-event domain of Ptolemy 

II supporting sensor networks modeling. There are defined components, which are called 
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actors in Ptolemy and have ports that are interconnected to model the communication 

topology, to represent the SNs. Actors are the main building block of Ptolemy and 

VisualSense, and all components of a modeling scheme are done through one type of 

actors. These sensor nodes are specialized with the expressions and formulas to pursue 

our purposes. The source code of the software is customized to create correct simulation 

by adding necessary classes and parameters to create specific actors for our purpose. 

 

All different capability of VisualSense such as Java classes, XML schemes, block 

diagrams, and FSMs are used for creating models. Actors, composite actors, and wireless 

connections are written in Java, while the whole model is implemented in block diagram 

graphical mode, and some components are defined in XML format. A sensor node for 

this work has been defined as a composite actor using block diagram in a discrete-event 

domain [60] of Ptolemy II, while the java code is specialized according the specific 

purposes of the proposed approach.  

 

4.1. Simulation Parameters and Metrics 

To simulate a WSN using adaptive clustering and data aggregation, we model systems in 

five steps as follows: 

 Building the BN using GeNIe 

 Designing the sensor node component 

 Constructing a sensor network field with a monitoring area 

 Configuring the system by creating clusters 
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 Adding the Bayesian capability to the system 

 Running the model system and plotting diagrams and getting the results 

 

To choose the simulation criteria, different protocols are studied and summarized in 

Table 4. In addition, to be able to compare the proposed protocol with other well-known 

protocols, considering different research, we summarized parameters and metrics in 

Table 5.  

 

Name Number 

of 

Nodes 

Number 

of Events 

Deployment 

Type 

Sensor 

Field Area 

Nodes’ 

Transmiss

ion Range 

Nodes’ 

Initial 

Energy 

Transmit 

Power 

Receive 

/ Idle 

Power  

Number 

of Run 

ESRT[41] 

300- 700 - 

Uniform & 

Nonuniform 

100×100 - 2 J - - 

900 

Rounds 

PSFQ [14] 

50 100 Slots Randomly 500×500 100 m 0.9 J 

24.75 

mW 

13.5 

mW 

600 Sec 

RMST 

606 

Every 1.0 

– 2.0 Sec 
Uniformly 500×300 40 m 60 J 81 mW 30 mW - 

HEED [53] 

100-500 
Every 10 

Sec 

Randomly 100 ×100 10-30 

8000-

12000 

units 

- - 100 

CC_MAC 

[39] 

20 – 

1000 

(Each 

Node) 

Wait time 

= 20 – 70 

Sec 

%20 

Probability 

Randomly - - - - - - 

RRP [13] 500-

1000 

- - 50×50 - 1 J - - - 
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Distribute 

Protocols 

[61] 

200 - Randomly 100×100 40 M - 0.660 W 0.395 W  

PAWiS [62] 

50- 500 10 S Uniform 100×100 30 M - 720 mW 

369 

mW 

16,000 

Sec 

Maximizing 

Network 

Lifetime 

[38] 

100- 700 - Randomly - 30 – 50 M - - - - 

Reliable 

Transport 

100 

20 Sec 

Rounds 

Randomly - - 2 J - - - 

Energy 

Efficient 

[45] 

100 - Uniform 200×200 40 M - - - - 

SOWSN 

[51] 

3000 - Randomly 190×190 20 M - - - 

5000 

Rounds 

LEACH-C 

[24] 

50-200 - - 100×100 - 10 J - - 620 Sec 

AIDA [54] 100-400 - Randomly 300×300 50 M 0.2 J - - - 

Table 4 – Protocols and techniques simulation criteria 

 

Studying Table 4 shows that the number of nodes in different research and work is in the 

range of 50 to thousands of nodes, while most research is focused on hundreds. The size 

of area simulated ranges from 50 to 500 meters with the most common size being used in 

different work. Nodes are most often deployed randomly, but are also frequently 

deployed uniform. 

 

Metrics are used to determine the outcome of the simulation. The value of the metrics is 

influences by the input parameters for the simulation. The performance metrics and input 
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parameters used in the evaluation of the systems discussed in chapter 2 are summarized 

in Table 5. There are different performance metrics such as number of alive nodes, 

network lifetime, data delivery, reliability, coverage, and many different parameters such 

as time, number of nodes, number of cycles, distance from sink, network size, and traffic.      

 

Name Performance Evaluation/ Metrics Parameters MAC Protocol 

HEED [63] # of Rounds/ Clustering Energy # of Nodes/ Distance from the Sink TDMA 

CC_MAC [39] 

Avg. Energy Consumption/ MAC delay/ 

Good-put 
Period CC-MAC 

RRP [13] Energy Efficiency/ Reliability PER CSMA/CD 

AIDA [54] 

Delay/ Energy Consumption/ Aggregation 

degree 

# of packet/ Traffic Simplified 802.11 DCF 

Distribute 

Protocols [61] 
Coverage/ Connectivity/ # of Alive Nodes - - 

PAWiS [62] Network Life Time # of Nodes CSMA /CD 

LEACH-CE 

[24] 

# of Alive Nodes/ Network Life Time Time TDMA 

BESM [64] Coverage Lifetime/ Data Delivery Lifetime Network Size - 

Table 5 – Protocols and techniques, simulation parameters, and performance metrics 

 

A closer look at the Table 5 shows that other work mainly uses either TDMA or CSMA 

for the MAC protocol. Also frequent parameters in other work are number of nodes, data 

packets, time related parameter. Different work exploits different metrics to evaluate their 

results, but energy, coverage, and numbers of alive node/ network lifetime are most 

frequently occurring metrics.  

 



 

64 

 

After considering the aforementioned discussion, the most appropriate parameters and 

metrics our simulation test-bed can be determined and are shown in Table 6. The 

performance metrics could include energy consumption, node life time, network life time, 

response time, latency or propagation delay, coverage, and accuracy of data. Since our 

proposed approach focuses on prolonging the network lifetime while the sensor nodes 

continuously sense the field to send data to the sink/ base station, we focus the number of 

alive nodes (which translates to network lifetime) and on the data received by sensor 

nodes within the simulation time.  

 

During the simulation we vary the parameters for four categories of input variables: 

Network, Sensor Node, Data Communication, and Energy Model. Each category has 

several variables and each variable may have one or several possible values. Table 6 

shows the complete set of input variables and the initial values used in the simulation. 

The parameters have been chosen according to well-known and well-designed protocols 

[13, 14, 24, 38, 39, 41, 45, 51, 53, 54, 61-64], which will permit comparison our results 

with results from similar research. 

 

 Parameter Value 

Network Network grid 

Sink coordination 

Number of sensor nodes 

From (0,0) to (500,500) 

(0,0) 

100 

Sensor Node Initial energy 

Range 

Propagation delay 

CH Probability 

2J 

55m 

0.5ms 

0-1 
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Data communication Data packet size 

Round 

Broadcast packet size 

100 byte 

5 TDM frames = 20 time units 

100 bytes 

Energy model Eelec 

Efusion 

     

50 nJ/bit 

5 nJ/bit 

0.00013 pJ/bit 

Table 6 – ACDA Simulation Parameters 

 

A closer look at the simulation parameters shows that we set the monitoring area or 

phenomena field of our work as a 500 × 500 m
2 

area that is a more common size for the 

monitoring field in most work, where 100 nodes are randomly deployed. Both the 

monitoring field size and the number of nodes are comparable to the values of work we 

want to consider for comparison. Data are produced randomly as phenomena in the field 

via event producer actors, and data variable of sensors in the range will be set with 

constant data that indicate the data have been sensed. The entire field is gridded into 100 

× 100 m
2
 partitions (Figure 14), with the base station located at the origin.  
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Figure 14 –WSN Field Grids 

 

The process of the simulation is discussed in the following section in detail. 

 

4.1.1 Setting up the test-bed 

The simulation was constructed by first a creating a virtual sensor node with all 

capabilities and aspects of a real sensor. A java class for the constructed sensor was 

created and the field is set up considering the features mentioned in previous section. A 

sample implementation of our proposed network in VisualSense is depicted in Figure 15. 

The picture shows the sensor field including sensors and event producers on the left. On 

the bottom left hand side, parameters of the simulation are defined. On the right hand side 

the data analysis module can be seen. This module receives data from sensors and 

analysis them, shows them as charts and graphs or stores in files as raw data. The data are 
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sent and received via the radio channels, and sensors communicate with each other, base 

station, or data analysis module with different radio channels. 

 

 

Figure 15 – Proposed Wireless Network Simulation Snapshot 

 

To implement the system, we create a sensor actor class, which is designed using 

Ptolemy discrete event director, and have the capability of communicating both as a 

sender and receiver trough a wireless channel, the battery capacity and power 

consumption, and the computation ability (Figure 16). The figure shows the block 

diagram of the sensor node. It shows the general idea of the sensor and the parameters. 

The sensor node is designed with Ptolemy DEDirector, and the modal models are used to 

implement different features of the node. In order to create the sensor node, we use 
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wireless port parameter, and we set up the sensor’s attributes, which are signal radius, 

icon, circle size, antenna, and colors in different situation, broadcast to other nodes in its 

range, battery power, data process and check, and the location. The sensing task is done 

by means of a parameter. In case phenomenon, which is produced randomly in the field 

by event producer actors, happens in sensor’s sensing range, the parameter is set.   

 

 

Figure 16 – Sensor Node Implementation 
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The designed sensor actor class is instantiated one hundred times to create enough sensor 

nodes for our purpose to cover the monitoring area. The instantiated actors are all the 

same with different IDs, therefore the system is a homogeneous network and the location 

of each sensor node is set randomly at the beginning of the simulation (random 

deployment.)  

 

All deployed sensor nodes communicate with each other via a director which is a 

WirelessDirector of VisualSense. The director let the nodes receive the coming messages 

through the input port, and send their messages via the output port. The semantic of the 

communication will be managed by the WirelessDirector director, which is the selected 

director for our simulation platform. In addition, sensor nodes are able to communicate 

with BS/ sink through same channels. There are other wireless directors as report 

channels that communicate with data analysis module to get the result and analyze data.  

 

In the model that we use, digital electronics such as actuator, sensing, signal emission, 

and reception,      ; and computation,     is consumed.         stands for the energy 

needed for data aggregation. It listens to the coming messages through its input port, but 

we do not process the coming messages since it has no effect on the result of this work. 

The base station is able to send messages, such as queries or acknowledgment, to the 

field via its output port. There is no energy or computation limitation for base station, and 

we do not consider base station related issues in our work.  
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We will allocate probability for each sensor node using GeNIe decision theory modeling 

system. GeNIe is a software package that is used to create decision theoretic models. It is 

a Bayesian inference engine, which we employ to set up the BN model and calculate the 

probability of each sensor. It is a part of our evaluation test bed, which was discussed in 

detail in former chapters. 

 

4.2. Evaluation and Experiment of Network 

This section is about implementing the experiment of proposed protocol on the provided 

test-bed. The proposed network using the proposed protocol is evaluated with defined 

parameters (Table 6) to get the performance results of the network. Since the network life 

time, which depends on the number of live sensors, is a key characteristic for WSN 

evaluation, and is the focus of this work, the evaluation metric for our work is set upon 

the network life time. We set the number of live nodes within a time period as the 

simulation metric. For the sake of simplicity, in this work, other parameters such as 

connectivity, coverage, throughput, and QoS are not considered in the evaluation. 

 

Nodes are located in the field by giving a random location (setting coordinates randomly 

in order to simulate the random deployment) at the beginning of the simulation (Figure 

17.) The figure shows how the sensor nodes are initialized and deployed in the field, and 

the simulation is running. The event producers move around the field to randomly 

produce events all around the field. The lines between nodes show the wireless 

connections among the nodes. Meanwhile the first round of the simulation is started, and 
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the probabilities of all nodes are set. In order to set the probabilities, the decision 

variables (information variables of the decision theory) are passed to the GeNIe software, 

and the results are fetched back in the form of CH probabilities. Former activities and 

energy level, as opposed to node location, are set during the simulation based on any 

node activity including sending data packets and sending the aggregated data. The node 

location is set at the start of the simulation, and stays unchanged during the simulation 

 

 

Figure 17 – Wireless Sensor Network Implementation 

 

In each round, as soon as all nodes’ probabilities are set, the probability along with node 

id of each node will be broadcast to all other nodes in the range, and the node with the 

highest probability is selected as the cluster head. To decrease the overheads, the process 
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is done by nodes autonomously rather than sending the data to the base station.  In case of 

any tie, the node with the lowest ID is the selected cluster head. Then the selected cluster 

heads, send the aggregated data, which are aggregated based on the mean approach (not 

subject of this work,) to the nearest CH that is closer to the base station. In case a cluster 

head receives the aggregated data from another cluster head that itself is closer to the 

base station, the receiver simply discard the data. In this case the bandwidth and energy is 

not used for unnecessary data relay.  

 

Since the network is as an acyclic graph, the nodes IDs are set based on the distance from 

the base station, so a node closer to the base station has lower ID. The node ID is used to 

select the cluster head when there is a tie among nominated sensor nodes, or the cluster 

head receives the aggregated data. 

 

The process of cluster head selection and cluster forming repeats at the beginning of each 

round. The node consumes its power whenever it broadcasts its probability, relays sensed 

data or sends aggregated data as a CH. In both cases the former activity variable is 

updated as well. If the node energy is under 0.2, the node is not able to send data and it is 

not considered alive anymore.  

 

There are ten event creator actors that are designed to create random events, as the 

phenomena on the field. The events are simple data, which make the nodes receive and 

relay the data (in both cases the former activities and power energy are updated.) The 
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received data simulates the node sensed a phenomenon. The sensed data affects the node 

former activity as an information variable of the probability decision.  

 

To make the simulation visually descriptive, nodes adopt different colors in different 

situations. At the beginning nodes are set to white till they are dead, in which they turn 

red. In addition, during the simulation nodes get green if they sense or receive data, blue 

if they send data, and yellow if they are selected as a CH. 

 

At the beginning of each round of 20 seconds, the decision variables of each node is sent 

to the GeNIe, where probability of being CH is decided, and probability is fetched back 

to the simulation. Then all nodes send their probabilities to the neighbor nodes in the 

range and within the grid. All nodes autonomously compare their probability with all 

received probabilities, and a node is selected as a cluster head if its probability is greater 

than all other probabilities. If tie happens, the node with the greatest ID, who is closer to 

the base station, would be the selected as the CH. Sending the probability, results both the 

power and former activities to be updated.  

 

During all rounds, same process is repeated. And the simulation continues till over 90 

percent of nodes are dead. The nodes’ former activities and energy level variables are 

updated in each round, but since there is no node mobility the field location variable is set 

at the beginning of the simulation and remains the same for the whole simulation period.    
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The count of live nodes is monitored during the simulation time. The simulation results 

are as number of rounds, number of dead nodes, number of CHs per round, energy 

consumed in each node and in all nodes in each round, and charts of number of nodes 

alive during the time, and the number of data items received by base station. Next chapter 

reviews the results and discuss it in detail while compare that with other well-known 

protocols. 
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5. Chapter 5 – Results and Evaluation 

Introduction 

This chapter presents the results of the simulation in form of graphs and discussion. A 

summarized form of the raw results is attached in the appendices. We compare the results 

with the research results reported for other protocols that similar to the approach 

proposed in this work. We also discuss several possible improvements to our approach. 

Next section shows and studies the results of the simulation, and in the following sections 

we discuss and compare the outcomes while study the power management improvement 

of the proposed approach. 

 

5.1. Results 

The focus of this work is power management in order to improve the lifetime of the 

sensor network, thus the primary results that are reported are about node power. 

Moreover, the results also consider the nodes’ activities and the overall network lifetime 

to study the proposed approach from other aspects of the network. The results are 

categorized in power related, activity and data related, cluster head related, and lifetime 

related segments.  
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5.1.1 Power Related Results Category 

The power related results include total power consumption per round and time, average 

power consumption per round and time, total power consumed, and sum of power in all 

nodes.  

 

In power related category the results show that power consumption is uniform both in 

single nodes and in all nodes as an overall system. Studying the power related graphs and 

outcomes show that the power consumption is distributed rather evenly in the network, 

and in each node alone, that helps all nodes consume their power more efficiently as 

opposed to some nodes consume their energy faster and die sooner as opposed to other 

nodes. This relatively uniform power consumption help the network exploit the power 

resources more efficiently that leads to better coverage for the network life time as well. 

The result graphs in the power related category show the same outcome as well.  

 

The power consumption per time graph (Figure 18) is a cumulative graph of consumed 

power in all nodes. The sum of power consumption starts from 0 to 1,800 microwatts at 

the very end of the network lifetime, which is over 13,000 second. It shows a steady 

increase with a rather constant slope that means there are no drastic changes in power 

consumption during time. The strength of the proposed technique is the rather constant 

power consumption within the most of the network lifetime. Through clustering and 

changing the CH role among nodes in an adaptive way the nodes power consumption is 

distributed uniformly although the events are random. The power consumption toward 

the end of the network lifetime does not show the same uniformity. The reason is because 
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nodes’ energy drains during the time and some nodes die. Since the graph is cumulative 

the power consumption at each time is the sum of power consumed in all nodes till that 

time.  

 

 

Figure 18 – Sum of Power Consumption / Time 

 

Another graph in power category is total power consumption per round (Figure 19) stem 

plot shows the power consumption in each round. The graph shows similar result as the 

previous graph. In each 180 different rounds except the very last rounds nearly similar 

amount of energy in range of 1 to 1.5 microwatt consume in all nodes. A closer look at 

the graph reveals that in more than 60 percent of the rounds total power consumption is 

relatively constant, and in all rounds except the very last rounds of the network lifetime 

power consumption varies very little.  
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Figure 19 – Total Power Consumption per Round 

 

The average power consumption per round graph (Figure 20) shows the average power 

consumed in each round. A closer look at the graph reveals that the average of power 

consumption in the network does not fluctuate much. In this chart, the result shows 

similar consistency with previous results in the power category, and the standard 

deviation is 0.46 and the mean for total power consumption per round is 1.09 microwatts. 

This means the nodes’ energy is consumed evenly across all nodes; therefore, the whole 

network power consumption is distributed rather evenly.  
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Figure 20 – Average Power Consumption per Round 

 

Also the sum power consumed per round graph (Figure 21) shows decline in network 

total power in a relatively constant way. The total power consumed in the network is 

about 200 microwatts in the first round. It keeps decreasing toward the round 180 since 

the energy decreases in the network. In this graph the consumed power in the network, 

except toward the end of the network lifetime that is normal, decreases in a way that 

means the overall power is consumed rather evenly that makes the energy consumption 

efficient.  
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Figure 21 – Sum Power Consumed per Round 

 

Power consumption in each node graph (Figure 22) is the graph shows the sum of power 

consumed in each individual node during the time. Considering the random way of event 

production in the simulation, the graph displays the small range of fluctuation in nodes 

power consumption. A closer look at the graph reveals that the power consumption in 

each node is between 0.025 to 0.035 microwatts during the network lifetime. The average 

power consumption is 0.0278 microwatts in our simulation. Therefore, considering the 

graph and the power consumed in each node during the time, the network does not 

experience a considerable fluctuation.  
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Figure 22 – Power Consumption in Each Node / Time 

 

All results in power consumption category show fairly constant energy consumption 

distribution during the network lifetime. Using the clustering technique along with the 

adaptive way to choose the cluster head selection make the system power management 

efficient in a way to distribute the load of the work during time.  

 

A closer look at the gathered numbered in total, average power consumption in all nodes 

and the whole network reveals that all numbers are in a small range in different rounds. 

The average power consumption per round is 1.086 microwatts, where the maximum is 

1.618, and the minimum, except the very last rounds is 0.723 microwatts. Studying 

standard deviation of the results in average power consumption which is 0.459, also 
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shows that the results are not volatile. The proposed approach also considers the CH 

selection to review the number of cluster head selection in each round. 

 

5.1.2 Cluster Head Results Category  

In cluster head category the results show total number of cluster heads per round. Total 

activity per round and total received data are two other results in activity and data related 

category. Network lifetime is another category that is shown through the number of dead 

nodes. 

 

In this category two graphs show the total number of the cluster heads in each round and 

the time. The total number of CHs in each round graph (Figure 23) shows that the 

number of cluster heads in each round does not change drastically except toward the end 

of the simulation. The standard deviation for the number of CHs in each round is 3.8 

nodes, and therefore the dispersion of data is low compare to the number of cluster heads 

in each 180 rounds or during the time. In addition, the total cluster heads per time graph 

(Figure 24) shows similar outcome. During time cluster heads are not fluctuating much, 

and the total number of cluster heads stay in a small range of numbers. A closer look at 

the graph reveals that total number of cluster heads in the range of 45 to 55 except toward 

the end of the network lifetime. Since the focus of the work is not the number of cluster 

head selection and coverage, the work studies the cluster head selection briefly.  
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Figure 23 – Total Number of CHs per Round 

 

 

Figure 24 – Total Number of CHs / Time 
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5.1.3 Data Activity Results Category 

In data activity category received data per round bar graph (Figure 25) shows the total 

data received in all nodes. The total data received in all nodes is between 4000 to 7000 

byte per round, and does not fluctuating much in different rounds. The graph shows good 

coverage for network since all nodes are alive in the main portion of the network lifetime. 

The other graph in the data activity category is the accumulative activity in all nodes 

during the time (Figure 26) that shows increasing amount of sensed data, which is normal 

in a wireless sensor network. The total amount of data packets during the time increases 

for half of the network lifetime up to        , and then decreases toward the end of the 

network lifetime since some nodes start dying. 

 

 

Figure 25 – Received Data per Round 
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Figure 26 – Activity / Time 

 

5.1.4 Network Lifetime Category  

In network lifetime category there is a line chart shows the network lifetime based on the 

number of dead nodes at each time. The line chart shows when nodes start to die. For the 

purposes of this simulation, we consider that the network does not efficiently monitor the 

area if 75 percent of all nodes are out of power supply, although the simulation runs till 

90 percent of the nodes (90 nodes) are dysfunctional. The graph shows the all nodes are 

alive in one third of the network lifetime, and the network works efficiently in more than 

80 percent of network lifetime. In a nutshell the proposed protocol helps a wireless sensor 

network work efficiently in terms of power consumption. 
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Figure 27- Number of Dead Node / Time 

 

5.2. Result Comparison 

Since focus of the work is to improve the power management efficiency, and to compare 

with similar clustering protocols, we followed similar parameters (as mention in Table 6) 

that other protocols with the same goals exploited. LEACH, LEACH-C, TEEN and MTE 

are well-known protocols use other approach of clustering nodes and selecting cluster 

heads randomly. In LEACH and LEACH-C CHs send data directly to the base station 

that drain the nominated nodes energy faster. This work also considers other clustering 

approaches that use constant CH selection, or use the base station to select the CH by 

sending and receiving data to the nodes, which causes power consumption overload for 
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nodes by sending and receiving REQ and ACK data. Also, these approaches are 

somewhat prone to errors, security risks.   

 

Figure 28 shows the number of nodes alive during the network’s lifetime for three 

protocols (MTE, LEACH, and LEACH-C Figure 28.) Figure 29 shows the TEEN 

protocol compared to LEACH and LEACH-C. The worst network lifetime is when static 

clustering is used. The best network lifetime in the protocols achieved by TEEN (Figure 

29.) In all similar protocols the nodes die in a short time after the first node dies. Our 

work shows the same pattern but with a slower pace and improvement in network 

lifetime compare to other work. In our work nodes consume the energy in a slower pace, 

and therefore the network lifetime is longer compare to these protocols. 

 

 

Figure 28 - MTE, LEACH, LEACH-C, and ACDA Number of Node Alive 
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Figure 29 – TEEN Number of Nodes Alive 

 

Considering the number of data items received in base station in LEACH, LEACH-C, 

and MTE protocols (Figure 30) and the total activity in all nodes during time (Figure 26) 

or the total received data per round (Figure 25) show improvement in data category 

somehow. In our simulation we do not consider data packets received in base station, but 

the data items received in base station in other work can someway be compared to data 

activity in our work. Both total data received in all nodes per round and total activities in 

all nodes during time show that the amounts of data packets are comparable with other 

work. In other work the data received in base station shows the network activity and 

aliveness of the system where nodes are still working.  
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Figure 30 – LEACH and LEACH –C Data Items Received in BS [65] 

 

In energy category the simulation results are comparable with TEEN and LEECH.  The 

graph shows improvement in TEEN protocol in power consumption during the time 

(Figure 31.) Our results show more improvement in this area even more. Comparing the 

energy consumed in each node during time (Figure 22), and the consumed raw data 

reveal the nodes stay alive longer compare to other work. Therefore, using the proposed 

protocol makes the network lifetime longer, and it is more efficient in terms of power 

management.  
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Figure 31 – Energy Dissipated in LEACH, LEACH-C, and TEEN / Time 

 

Reviewing the average energy per round in LEACH (Figure 32) shows the fluctuation in 

average energy dissipation in each round. In contrast our outcomes show rather constant 

energy consumption in each round, and using our protocol leads the system experience 

less fluctuation in power consumption in different rounds. This means a more robust way 

of power consumption in network which helps for a better performance in terms of power 

management.  
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Figure 32 – Average Energy Dissipation 

 

Comparing the proposed protocol outcomes with different similar work shows the 

improvement in power management and thus the lifetime of the network.  

 

5.3. Discussion 

The novelty of ACDA is to provide dynamic adaptive data aggregation to prolong nodes 

and the network lifetime. The major pattern in the experiment is one of rather constant 

power consumption in each node and network. The overall observations show that the 

network experiences little fluctuation using the proposed method. The clustering 

technique along with the change of role amongst nodes, if it is possible in a wireless 
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sensor networks, shows great promise as a techniques to make the system work more 

efficiently. The analysis of the results shows that there is reasonable improvement in 

performance and efficiency when compared to other protocols. Also, possible 

improvement in other aspects of the network such as monitoring area coverage, data 

throughputs make the adaptive protocol using dynamic clustering a suitable candidate for 

other type of wireless networks as well. 

 

Sharing the role of cluster head among nodes and dynamically forming the clusters 

distribute the load of work evenly among all nodes. Evenly distributing energy 

consumption among nodes increase the energy efficiency, and let the network get the 

advantage of all nodes spend most of their energy more efficient, rather than having some 

nodes with more energy while others’ energy are exhausted.  

 

In our work, we assume similar data occur in the field, and we create unique events 

sensing by event producers. Using data aggregation within networks that different events 

happen in the field makes not much difference in quality of data since data loss might 

occur in aggregation. But, on the other hand, there is less data loss and data collision in 

the networks where similar events occur most of the time, and aggregating data help 

increase the QoS.  

 

In all wired and wireless networks collision is another important issue to be considered. 

Collision occurs when a number of nodes send their data trough hops to the base station 

and data are lost while signals from different sources are combined in physical layer.   
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Using the adaptive clustering approach, collision within clusters considerably fewer since 

data are sent to the CH directly or through a single hop. Also, clustering reduces the data 

transmitted through data aggregation. In multi hop networks, data traverse via a couple of 

nodes to get to the base station. In MTE the data traverse about 6 hops to get to the base 

station [24], moreover, because of the possibility of collisions, sending successful packets 

requires more energy. In the proposed work base station receive data from each node 

either directly from the CH close to it, or in the worst case scenario the aggregated data 

gets to the base station through possibly 4 to 6 other CHs. Therefore, the average number 

of hops for data packets to get to the base station is possibly less than the one in the 

approach data are sent to the base station hop by hop.  

 

The tradeoff between communication and computation is always a question in WSNs. 

Knowing that the energy required to transmit 1 bit over 100m equals to 3 million 

instructions [66], prove that the computation energy consumption is inconsequential 

when compared to the energy required for data transmission. Also, sending, receiving, 

and relaying data in wireless networks require more energy than wired network [67]. The 

dynamic and adaptation capability of the algorithm, while try to prevent extra internal 

computation, minimizes the energy needed for data transmission. 

 

The probability of having no coverage in some areas is smaller since sensors power 

consumption is distributed rather evenly throughout the sensor field. In this case most of 

the nodes stay live; therefore, the possibility of having a sub-field with all nodes dead is 

low. There is no restriction regard to the network scalability with the proposed technique. 
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The network is expandable, improvable, and repairable since the new deployed nodes can 

join to the network autonomously within the first start of next round. 

 

The results of this work are similar to previous work focused on the clustering, power 

management, and network lifetime. Moreover, there is no disagreement with other work 

in terms of the outcomes. The good use of techniques of adaptation with or without 

clustering approach can lead to improvement in both in power management and network 

lifetime. The importance finding of the proposed approach is the exploitation of the 

adaptive technique to use the nodes’ energy more efficient, which is critical in wireless 

sensor networks.  

 

5.4. Summary 

To summarize, considering the results, discussions, and the comparisons, the ACDA 

shows some improvements in power consumption and the power management efficiency 

of the WSNs. The results show the power consumed in all nodes uniformly, and although 

nodes act as cluster head some time, but the load of the work is distributed by changing 

the role of being cluster head. The uniform power consumption of all nodes, network 

scalability and expandability, better coverage to the end of network life (assuming the 

events occur uniformly in the whole sensor field,) and possibly better throughput (it was 

not focus of the work so has not been studied) can be other benefits of this protocol. 

Results comparison with other well-known protocols show ACAD acts better in terms of 

nodes power consumption, therefore it leads to a better network lifetime. The broader 
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implication of the results can be the improvement of the wireless sensor network in other 

aspects as well. One can study and experiment the protocol from other aspects of the 

sensor networks.   

 

There is always room to improve any technology, and the proposed technique is not an 

exception. Next chapter contains conclusion and the future work to improve the proposed 

technique.
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6. Chapter 6 – Conclusion & Future work  

Introduction 

In this work, an adaptive way of cluster head allocation and cluster forming in WSNs is 

examined. We propose an adaptive technique namely Bayesian network to increase the 

efficiency of the sensors’ power consumption, thus increase of the whole network life 

time accordingly. The ACDA, Adaptive Clustering and Data Aggregation, an adaptive 

data link layer protocol designed for wireless sensor networks, to increase the efficiency 

of the network by exploiting adaptive clustering and data aggregation approach. 

Clustering using adaptive technology is a new approach toward WSNs power efficiency. 

 

The power resources are very limited in sensors of wireless sensor networks. Considering 

this fact, an efficient power management is needed for the network to work effectively. 

Therefore, the proposed protocol, ACDA is focused on power management improvement. 

ACDA protocol using an adaptive approach with clustering technique in wireless sensor 

network improve the power management of the network where the power consumption is 

distributed uniformly amongst nodes, so no node is overwhelmed with the load of data 

communication. 

 

Similar technique can be used in other type of wired or wireless networks as well to 

improve their efficiency. Adaptive clustering can also be a good approach for other 

scientific areas that deal with a large number of objects. From computer science to 
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molecular science, to space science in projects dealing with a large number of 

phenomena, adaptive clustering might be a good approach to improve the efficiency. 

 

6.1. Conclusion 

Clustering is a promising way that has been proposed to improve the power management 

of WSNs, unless the sensor nodes are deployed sparsely and the distances between nodes 

are lengthy, for which other approaches might be more efficient, the clustering technique 

is a good approach to reduce the energy consumption. SNs clustering will result both 

sensed data aggregation and shorter and less data transmission. 

 

Meanwhile, adaptive technology gives the ability of making the cluster heads selection 

and cluster forming dynamically based on the network condition with the most fitting set 

of sensor nodes.  The BN assigns a probability to each node based on the node location in 

the field, former activities, and the remaining power. Then, the node with the highest 

probability is selected as the cluster head, which aggregates and sends data within the 

formed cluster.  

 

In this work, we have shown through simulation that adaptive clustering in a WSN 

increase the network lifetime. The proposed protocol was simulated and compared with 

well-known protocols such as LEACH, LEACH-C, and APTEEN, and the results show 

improvement in some areas. The ACDA achieved better results including efficient CH 

selection, data aggregation, and reduced data transmission distance. Outcomes also show 
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exploiting adaptive technique can lead to a better and more efficient clustering and 

improvement of power consumption and network lifetime.  

 

In terms of power management, the study shows rather uniform power consumption in all 

nodes. In addition, more network lifetime achieved by keeping the more nodes alive 

longer. Having more alive nodes in longer time makes the network functional and 

efficient. During the time the network is functional the proposed protocol shows the 

nodes transmit data in rather constant pace. More than 80 percent of nodes stay 

functioning toward the end of the network lifetime, so the coverage of the monitoring 

area is efficient as well.  

 

To summarize the work, we would say exploiting simple adaptive techniques with WSNs 

results in improved network performances. Compare to other work, we showed 

improvement in the network power management by improving power efficiency in each 

node. Our approach focuses on the context of each node rather than the whole network to 

minimize the overhead data communication. Thus, the overall network power 

management is improved through the nodes. 

 

Because WSNs are used in many different applications, the network topology cannot 

always be the same. In addition, occurring phenomena are not known in many 

applications. As a result having adaptive topologies, protocols, and approaches in 

different layers and panels of WSNs, are more efficient protocols for WSNs. 
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Though ACDA is a promising protocol in WSNs using clustering technique, there are 

areas that can be considered for improvement in future work. There are some 

assumptions that can be eliminated to improve the implementation of the protocol, and 

adaptation technique needs some improvement, for example. 

 

6.2.  Future work 

The proposed approach is efficient and well designed; but it is always possible to expand 

any new approach to improve it. Adding the more parameters to the input variables for 

the Bayesian network would give more contexts when setting the nodes’ probability. 

Parameters such as the relation of sensed data among certain neighbor sensor nodes, or 

the number of times a node has been CH in previous rounds. Other parameters can be 

considered to improve the probability assignment, such as former sleep or inactivity 

periods, and physical environment and condition of each node. In some cases or 

application adding more parameters might not improve the power management; 

therefore, selecting parameters for assigning probability needs to be considered 

accurately. Also, the ranges for the parameters can be studied to find out the most 

accurate and suitable for the selected parameters.  Future work can consider and evaluate 

the optimized number of parameters and their ranges in different situation and 

applications. In case of node mobility or multiple base stations other parameters can be 

used to improve the power management.  

 

A more efficient approach to determine the best number of cluster head is desirable. 
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To optimize the number of CHs the network is seen as tree where the base station has the 

knowledge of all nodes’ information. The base station determines the number of CHs, 

which can be done through an adaptive approach as well, and broadcast the information 

to all nodes. There might be little disadvantage in this approach since there is the 

overload of broadcasting data to the nodes. Having more parameters of the system make 

it more knowledgeable to make the system more efficient in terms of power consumption.   

 

Finding the optimized number of rounds, forming clusters based on more efficient 

techniques can make the work more efficient. Also, adding adaptation modulation, 

adaptive sleep, and adaptive MAC layer protocol [68] can improve the proposed 

approach more efficient in terms of power management and other aspect of network in 

general. 

 

It might be beneficial if the protocol is studied with a variety of locations for the base 

station, such as having the base station in the middle of the field, having multiple base 

stations, or a mobile base station, that changes its position or moves in the monitoring 

area. 

 

Adding mobile or multiple base stations might improve the network performance, 

although it may add to the complexity of the adaptation approach. But, if the protocol is 

implemented efficiently considering the movement of the base station or its multiple 

locations, exploiting the shorter distance of data transmission, there is a main chance to 

improve the power management in the wireless sensor networks. To have better cluster 
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heads and cluster formation the system needs to consider both nodes conditions and the 

base stations conditions together. In this case, the adaptation of the system can be done 

with more information variables feed to the BN.  

 

Moreover, mobile sensor nodes can be another approach that can be considered to 

experiment the proposed approach. Adaptation through the mobility of the sensor adds 

another parameter to the network which is a considerable variable that can play a major 

role toward the adaptability for energy conservation. 

 

Another trend that can be considered as future work is adding another dimension to the 

sensor field. To be able to exploit the adaptive clustering technique in this case, the 

experiment forms clusters in a shape of spheres. The adaptive clustering approach might 

improve the 3D network lifetime. 

 

Adaptive modulation (AM) [68] also known as link adaptation makes the adaptation in 

the link layer by dynamically select the communication. This method improve efficiency 

by adapting the transmission parameters to choose the communication method through 

data or/ and coding rate scheme. Exploiting the adaptive modulation in the proposed 

system is another way to improve the protocol. Also, exploiting Adaptive Sleep with 

Adaptive Modulation (ASAM) [68] algorithm with our proposed protocol might improve 

the efficiency of the power management even more. It is also possible to use other 

techniques such as dynamically adjusting data transmission parameters, BER [69] MAC 
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layer adaptation module [70-72] and adaptive ideal time [68]  along with the proposed 

protocol to improve the network life time as future work. 

 

Probabilistic Adaptive Clustering and Data Aggregation (PACDA) is another approach 

that can be considered as future work, uses a protocol similar to proposed approach while 

forming the clusters with an adaptive approach. For this purpose, forming the cluster in 

more efficient way might be helpful toward the improvement of the nodes power 

management. Different techniques can be used to form the clusters either before CHs 

selection or after that. A similar approach for future work is to use the proposed protocol 

while forming the clusters in an adaptive manner and then selecting nominated CHs 

within formed clusters to aggregate data dynamically. In this approach, the whole sensor 

network is considered as directed graph. Then by exploiting a Bayesian Network the 

sensor nodes obtain a conditional probability that shows the capability of the nodes along 

with the relation of the nodes with its neighbors. Allocating the CHs and having the node 

probabilities let the system form the clusters around the CHs dynamically in an adaptive 

way, where collecting and aggregating data in the clusters are more optimized in many 

cases. 

 

In this work we proposed a power management approach to efficiently exploit the 

wireless sensor networks overall energy by optimizing the nodes power consumption 

through an adaptive clustering technique. We showed by means of the simulation that the 

protocol improves the WSNs lifetime and possibly the monitoring area coverage. This 
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protocol is distinctively advantageous in data centric wireless sensor network applications 

that have a large number of nodes deployed in a condense way in the monitoring area.  

 

Exploiting adaptive and clustering approaches are prominent ways to improve different 

research work efficiency. Our proposed approach improved the power management thus 

the energy efficiency in wireless sensor networks. Similar adaptive and clustering 

approaches can be used in other area of science from technology to medical to physics 

and chemistry in order to improve the efficiency of the work. Especially in work deal 

with large number of objects where decisions are not certain based on the conditions of 

the work.  
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