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Abstract 

Though Wireless Sensor Networks (WSN) have invaded every walk of modern life due to low 

setup time and cost yet Research and Development (R&D) for further reduction in sensor 

costs and energy consumption is still a high priority area for research community. Major 

chunk of energy consumption of WSN is in communication activity therefore most of the 

research has targeted the aspect of reduction in energy consumption during communication of 

data. As a result of research efficient hardware and numerous network protocol stacks along 

with data reduction techniques have been developed.  

In a WSN, reduction of data is possible at two stages: „In-network‟ and at „Base Station‟ (BS). 

Due to limited processing capacity of sensor nodes, data processing in network is possible to a 

limited extent only whereas, at the BS the room for manipulation is much more.  

In this work processing at both the stages In-network aggregation and BS optimization has 

been used to bring about reduction in data to be communicated. 

The proposed framework:“Compression At inpuT with Multi query Optimization at Sink” 

(CATMOS) is built upon query type data extraction technique and makes use of both In-

network optimization and Base Station optimization for efficient Query Processing. In the 

work, element of Network management has been employed by using In-network compression. 

Query optimization at BS, has been achieved by merging new queries with already running 

queries resulting into fewer new queries. Query language syntax has also been modified in 

which single syllable Static variables have been used in place of repeated phrases. The 

framework has been designed to benefit any WSN irrespective of application being served by 

it. The work has adopted a simple generalized approach for efficient operation of WSN, 

therefore, it is different, from most of the researches which has used highly technical or 

specialized means and have intended to be application specific.  

This proposed generalized approach is applicable to WSN of any size or topology. It isolates 

the user from the lower level details of network configuration or protocols used.  

In „In-network aggregation‟ the data has been compressed at the node level.  The main 

objective has been to reduce the data size by eliminating spatio-temporal redundancies. Data 



iii 
 

fidelity has been given importance therefore quantitative reduction in data has been allowed 

without any compromise in quality of data. Reduced data to be communicated has produced 

desired result of less consumption of sensor node energy. Three compression algorithms i.e., 

Huffman, LZW and Deflate compression algorithms have been examined on a Sun Small 

Programmable Object Technology (SunSPOT) network. Possible data reduction through each 

algorithm has been tested on a simulator „Solarium‟. 

For BS optimization, a frugal approach has been adopted. In case of any new query, data 

available in response to already running queries within the network has been scrutinized to 

check whether the reply to the newly injected queries can be generated from the data or not. If 

at all, query has to be sent to the network, it has been merged with the running queries. A 

novel algorithm for rewriting queries after merging two or more queries has been proposed. 

New queries are rewritten along with the already running queries within the network. Only 

those mergers have been chosen for action, which provide actual Gains as verified through the 

algorithm. The merged queries have been given the name „Synthetic Queries‟. The proposed 

algorithm sees to it that the chosen synthetic queries achieve all the desired objectives. In 

addition to this query language syntax modification by using single syllable static variable has 

also been used to achieve additional Gains. 

Simulator results of compression and query optimization have been encouraging. More than 

10% Gain has been possible through use of these simple compression algorithms only.   

 

Keywords: Wireless Sensor Network (WSN), Compression at Input with Multi-query 

Optimization at Sink (CATMOS), Multiple Query Optimizations (MQO), In-network 

processing, Base Station optimization, SunSPOT 
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from a WSN. It is also established from the literature that optimization of communication load 

is the most effective means for achieving energy efficiency. Therefore, query optimization 

was chosen as the area of research work.  

Based upon the literature review, elimination of redundant data may be done with the help of 

two stages in In-network and at Base Station (BS). Due to limited processing capacity of 

sensor nodes, the In-network data processing is possible to a limited extent only whereas, at 

the BS the room for manipulation is much more. In this stage, the response to any query for 

the available data at BS is scrutinized to find out whether the query can be replied or not from 

the data. 

For query optimization multiple queries merging at base station through an iterative algorithm 

was proposed.  Various queries are merged and iterative algorithm is employed to select the 

best merger based on the maximum „Gain‟ achieved. In-network processing can also help in 

eliminating redundancy in sensor data and thus, reducing the communication load. Therefore, 

compression algorithms suitable for WSN sensor nodes were selected and used on data 

streams of WSN. 

The proposed framework „CATMOS‟ employs In-network processing, multiple query 

optimizations at base station and modification of query syntax. „Solarium‟ the most general 

simulator for SunSPOT motes was used for experimental verification of the proposed 
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Chapter-1 

 

Introduction 

 

Wireless Sensor Network (WSN) is a distributed network of a large number of randomly 

deployed tiny devices called nodes which have inbuilt computational, storage and 

communication capabilities. WSN is supposed to operate in an unattended mode and 

collect data of interest from its coverage area. The nodes are low cost devices also prone 

to failures due to harsh and uncertain environment in which these operate. Though the 

nodes are self configuring and network reconfigures itself on failure of nodes however 

high failure rate may affect the network badly.In addition to failure due to environmental 

conditions, exhaustion of limited battery also renders a node useless. As the life of a 

WSN depends upon life of its constituent nodes,the main objective in a sensor network is 

to extend life of a node. Environmental conditions cannot be changed as these are to be 

monitored by the WSN, so node failure due to battery depletion is to be minimized. Out 

of the three basic operations-Sensing, Computation and Communication carried out by a 

sensor node, communication is the most energy consuming operation. Therefore, to 

extend life of the battery of a sensor main thrust should be on reduction of 

communication load. Endeavour to use limited battery power of a node efficiently has led 

to many hardware and software advances in WSN area. 

Adoption of new fabrication technologies has improved operating efficiencies of these 

nodes. Besides the research in hardware improvements, research community is more 
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inclined towards research at software level as it has many possibilities and great potential 

to yield significant results. Data collected by sensors is extracted by various applications 

which set up data flow or communication of data in the network. Various strategies such 

as application specific MAC and routing protocols, In-network processing,data 

aggregation techniques etc. have been employed to minimize communication.  Query is 

the most popular and convenient method of data extractions. Optimization of the queries 

at the Base Station (BS) is another tool to reduce communication load. Modern WSN are 

so versatile that they can serve simultaneously multiple users having varying 

informational interests.  

A framework has been proposed under which similar queries fired by various users at the 

BS are merged and synthesized into new queries. An algorithm has been developed to 

check whether the merger is beneficial or not, for which a new metric „Gain‟ has been 

introduced. Besides this In-network compression has also been employed, as a result of 

which there is a considerable reduction in communication load. Compression results have 

been compared by employing some well known compression algorithms. 

This chapter gives an overview of WSN, building blocks, its architecture, characteristics 

and applications and information extraction from WSN through various means. Queries – 

the most popular means of information extraction and their processing has also been 

discussed. Various performance evaluation metrics for WSN and sensor nodes have also 

been defined.  

 

1.1 History of Wireless Sensor Networks (WSN) 

 

Though rapid interest and research in WSN fields have taken place only recently but, use 

of sensors for specialized services is not new. During the Cold War, quiet Soviet 

submarines were detected by deploying the Sound Surveillance System (SOSUS), which 

employed acoustic sensors. These systems are now adopted by National Oceanographic 

and Atmospheric Administration (NOAA) for sensing the events in the oceans. 

Simultaneously, Air defense radar networks were developed employing aerostats as 
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sensors. The predecessor to the internet, Advanced Research Project Agency 

(ARPANET) formed by US DARPA in 1969, served as a test bed for new networking 

technologies connecting various universities and research centers. A sensor network can 

be assumed to have many spatially distributed autonomous sensing devices which route 

the information to a node which can make the best use of the acquired information. The 

actual WSN may be traced back to the Distributed Sensor Networks (DSN) program 

which started in 1980 at Defense Advanced Research Projects Agency (DARPA). 

Figure 1.1: Technology transitions in WSN 
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Recent advances in micro fabrication technologies have made it possible to produce tiny 

nodes which can house multiple sensors and have reasonable processing and 

communication capabilities. In addition to this, development of wireless networking 

standards having security, stability and minimum end to end delays have led to 

proliferation of WSN in to the field of control and monitoring the area which was 

unheard of earlier. The usage of WSN is increasing exponentially due to the features such 

as: Scalability, Adaptability, Convenience, Mobility, Accessibility, low cost etc. 

 

Figure 1.2: WSN gain market traction with decrease in sensor costs [104] 

 

1.2 Features of WSN 

 

The striking features in WSN are as follows: 

 

i) Scalability: WSN can be extended to any extent by adding more and more devices 

in random to serve more geographical area and applications. Strength of a WSN 

lies in numbers. As nodes are added WSN interconnections become stronger 
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which is contrary to other wireless networks such as - cell phone network, where 

increasing number of active cell phones in a small area hamper the service. Nodes 

are self configuring; therefore they build themselves up into a meaningful 

collaborative network. 

 

ii) Adaptability: These networks are able to adapt dynamically to changing 

environment or needs. Inbuilt easy adaptation mechanisms are quick to respond to 

changes in network topologies or failure of nodes. Network can shift to vastly 

diverse modes of operations. 

 

iii) Low cost networks: Besides low cost of nodes, no cable laying/ routing or pre-

existing infrastructure is required to setup these networks. Each individual node 

when added to the network becomes part of the overall infrastructure called 

wireless sensor network.  

 

iv) Convenience: Wireless communication technologies provide freedom and 

distributed capabilities at affordable cost which has made their use ubiquitous. 

These are capable of providing spatio temporal information according to the 

needs/ demands of the users. 

 

1.3 WSN 

 

Randomly deployed innumerous self configuring nodes having sensing, computation and 

communication abilities make a WSN. Individual capabilities of these nodes may be 

minimal but their build up in a network opens up vast areas of diverse application 

possibilities that may be real-time tracking, monitoring of environmental conditions or  

in-situ monitoring of health of structures, equipment or humans.  
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Figure 1.3:  Abridgement of WSN 
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Development of usage of WSN was initially stared from military applications like 

battlefield surveillance which gradually grew into the areas like applications of 

healthcare, home automation, traffic control etc. Advances in wireless networking, micro-

fabrication & integration using Micro Electro Mechanical System (MEMS) technology 

and embedded chips called, micro-processors have led to the evolution of a new 

generation of WSN, which are capable of performing numerous applications which 

hitherto have been unbelievable.   

Applications of WSN are going to revolutionize the way we live [1-3]. It is not a distant 

possibility when these sensors would be sprayed on the roads, walls, machines etc. for 

monitoring vehicular traffic, track job flows and supply chains in smart factories etc. 

Each node in a sensor network is equipped with various sensors, a radio transceiver, a 

microcontroller and an energy source (usually battery). Size and cost constraints on 

sensor nodes force the manufacturer to introduce corresponding constraints on available 

resources like energy, memory, computational speed and bandwidth in a node. 

A sensor network is usually set up as a wireless adhoc network where each sensor 

supplies multi-hop routing.WSN can also operate actuators controlling various processes 

thus extending their control to physical world also.  

 

Figure 1.4: A Wireless Sensor Network [101]comprising of Sensor nodes and Base 

Station 
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1.3.1 Sensor Node Architecture  

 

Dynamic random topology of WSN and collaborative processing by nodes in a 

distributed setup makes classical network organization concepts irrelevant. Separate 

programming techniques and technologies are required to cater to special characteristics 

of WSN which make their software architecture special and vibrant. Software 

architecture is unique so as to solve inherent difficulties[4] of these networks. Special 

characteristics influencing the software architecture are:  

i) Self-Organization: Due to large number of nodes in a WSN network organization 

[5] by manual means of users is very cumbersome. The nodes are capable of 

organizing themselves in a meaningful configuration and partition for efficient 

operation. The nodes of a sensor network are robust [6] and the aggregate formed 

by the nodes is required to tolerate any device failure and change in topology. It 

requires complex software routines to be implemented for fault tolerance.  

 

ii) Concurrency, Cooperative Processing: The nodes in a network control the 

information flow through the network. Each sensor node possesses a limited 

amount of memory, so buffering of data is impractical [6]. A node has to perform 

a number of operations such as: acquiring, processing and transmitting sensor data 

and then forwardingthisdata along with data received from other nodes to a 

gateway or cluster head depending upon network topology and routing. WSN 

relies on cooperative processing. Cooperative processing reduces network traffic 

through data aggregation and processing [5].  

 

iii) Energy Efficiency: WSN generally operatesintough and inaccessible areas 

therefore energy efficiency is the prime factor of importance which need 

minimization of communications. This has led to the development of various 

protocols and network configuration. Additional power savings can be given by 
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Operating System (OS) for the nodes by supporting advanced power management 

and task scheduling [5].  

 

iv) Modularity: In case of special networks sensor nodes are application specific and 

contain the hardware needed for that special application only. The wideranges of 

possible applications create a large variance in hardware required for sensor nodes 

for varying applications. Therefore, the software for the nodes should show high 

degree of modularity[6].  

 

1.3.1.1 Network Layer Stack of WSN 

Architecture used in WSN follows generally five layers of OSIModel. In it also worth 

mentioning that because of multi-hop communication, the Transmission Control Protocol 

(TCP) is not suitable for WSN.  

 

 

Figure 1.5: Comparison between the OSI Model and the TCP Model [102] 
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Different layers used in it are: application, transport, network, data link and physical. In 

addition to these, the special tasks of a WSN such as power management, mobility 

management and task scheduling to increase the efficiency of the network are controlled 

by three cross layers. 

 

 

Figure 1.6: Network layer Stack of WSN[103] 

 

a) Application layer: It manages traffic and provides software for various 

applications which send queries to obtain information.  

 

b) Transport layer: This layer is required in case of internetwork communication. 

Many protocols have been designed to provide reliability and congestion 

avoidance. Because of multi hop communication TCP is not suitable for WSN.  

c) Network Layer: This layer serves the function of routing which is a challenging 

task in WSN. Due to low power, limited memory, routing protocol has to provide 
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reliable and redundant paths, for which many protocols are available according to 

the desired metric. This layer protocols may either be divided into flat routing or 

hierarchical routing or can be divided into Time driven, Query driven or Event 

driven.  To ensure reliability in case of node failure, redundant nodes are 

deployed which result in production of a lot of redundant data. This data can be 

processed as processing consumes less power as compared to communication. It 

is achieved through Data Aggregation and Data Fusion. Data Aggregation 

iscombining the data from many sensor nodes into meaningful information and 

eliminates redundancy. It is used in flat routing [7]. Data Fusion is further 

processing of aggregated data such as reduction of noise from aggregated data [7].  

Some Data centric Routing Protocols are SPIN, Directed Diffusion etc. 

d) Data link layer: It ensures reliability from point-to-point or point-to-multipoint. 

Error control and multiplexing of data streams is also done by this layer. In WSN, 

Medium Access Control (MAC) has an important role to play. It provides higher 

efficiency, reliability, low delay and higher rates of communication [8].  

e) Physical layer: It provides an interface to transmit streams of data over a physical 

medium. Selection of frequency, generation of carrier frequency for modulation, 

signal detection and security etc. are done in this layer. IEEE 802.15.4 is one such 

protocol. 

 

1.3.1.2Network Components 

 

WSN is composed of devices (nodes/ motes) capable of sensing the environment of the 

area under study. The data sensed by the nodes is transmitted to the sink (Base-

Station(BS)) either through single hop or through multi hops. As multi-hop saves energy 

so it is preferred and most widely used method of communication. These nodes may be 

stationary or moving, homogeneous or heterogeneous and be aware of their location or 

not. The diagram below shows a typical node. Main components of a wireless sensor 
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node are various sensors, a micro controller, memory, transceiver, and Analog-to-Digital 

Convertor (ADC).  

i. Micro controller: The micro controller operates at low frequency compared to 

traditional processing units. It performs various tasks such as: processing data and 

controlling the functionality of other components of the sensor node.  

 

ii. Transceiver: Sensor nodes operate in Industry, Scientific and Medical (ISM) 

Band, which allows a free radio spectrum allocation and global availability. Radio 

frequency-based communication is the most relevant mode which suits most of 

the WSN applications. WSN generally use license-free communication 

frequencies: 173 MHz, 433 MHz, 868 MHz and 915 MHz and 2.4 GHz. The 

function of both transmitter and receiver are combined into a single device which 

is called transceiver. The operational states of the transceiver are transmitter, 

receiver, idle and sleep. The transceiver may be in anyone of the states such as 

transmitting, receiving, idle or sleep. 

 

iii. Memory: The most relevant kind of memory is the on-chip memory of a micro-

controller. Memory requirements are usually application dependent. They are 

employed for storing the application related data and for programming the device. 

Memory storage is only a few kilobytes (kB). 

 

iv. Battery/Power Source: The most critical aspect in the development of a wireless 

sensor node is to ensure that there is always sufficient energy available to power 

the system. Power is consumed by a node in sensing, communicating and data 

processing. The energy required in data transmission is very large as compared to 

any other process. Power source is generally a low power between 1.2volts to 3.7 

volts battery. 

 

v. Sensor: This is a hardware device which responds to a change in a physical 

condition like temperature, pressure etc. and converts it into a measurable analog 

signal. It measures the physical parameter to be monitored. The analog signal 
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generated by the sensors is digitized by an ADC and sent to controller for further 

processing. Sensor may be of any category like passive omni-directional, passive 

narrow-beam sensors and active sensors. Passive omni-directional sensors sense 

the data without intruding the environment. They are self powered and require 

energy to amplify analog signals and have no means of distinguishing directions 

of sensed conditions in measurement.  Passive narrow-beam sensors have well 

defined notion of direction of measurement (like a camera) and active sensors 

actively probe the environment e.g. SONAR or RADAR sensors. 

 

 

 

Figure 1.7: Sensor node Architecture & tasks performed by various components 

 

Sun Small Programmable Object Technology (Sun SPOT) mote, a WSN mote developed 

by Sun Microsystems [9] that hasbeenused for our experimental verification has: 180 
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MHz 32-bit ARM920T core processor, 512K RAM, 4MB Flash, 2.4 GHz IEEE 802.15.4 

radio with integrated antenna, AT91 timer chip and a USB interface. The sensor board is 

equipped with 2G/6G three-axis accelerator, temperature and light sensor, 8 tri-color 

LEDs, 6 analog inputs, 2 momentary switches and 5 general purpose I/O pins and 4 high 

current output pins. It is equipped with 3.7V rechargeable 750 mAh lithium-ion battery. It 

has 30µA deep sleep mode power requirement. Unlike other available mote systems, the 

Sun SPOT does not use TinyOS it is built on the Squawk Java Virtual Machine. 

 

 

Figure 1.8: Anatomy of a SunSpot [9] 

 

 

\ 
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1.3.2 WSN Infrastructure 

 

WSN follows ubiquitous computing [10]which is more popularly known as pervasive 

computing. Ubiquitous computing is an advanced computing concept where computing is 

made to appear everywhere and anywhere. In contrast to desktop computing, ubiquitous 

computing can occur using any device, in any location, and in any format. The general 

WSN infrastructure is made up of Mobile Hosts (MH)/ Stationary Hosts (SH) or motes 

and BS. The communication between the motes and the base-station is wireless whereas 

the communication between the base-station and the Fixed Host (FH) i.e. a PC is wired 

 

Figure 1.9: A WSN comprising of Base-Station and free Motes 
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1.3.3 Attributes of WSN 

 

WSN does not require any infrastructure, it itself is an infrastructure which grows 

according to the needs and serve the objective of ubiquitous computing. WSN 

infrastructure has some basic characteristics which are enumerated as below: 

i. WSN may consist of thousands of nodes which are far big in number than 

traditional networks. 

ii. Limited amount of data is stored in these nodes due to small size of the nodes.  

iii. WSN are required to withstand harsh environmental conditions therefore are 

programmed and equipped to cope with node failures.  

iv. WSN are able to change topology dynamically and hence are suitable for 

mobile applications also. 

v. Communication in a WSN is data centric and very short packets are 

communicated due to low bandwidth and power. Therefore network layer 

overheads should be very small. This makes protocol design for a WSN a 

challenging task. 

vi. Communication failures are frequent due to failure of intermediate nodes from 

the source to the sink (BS) or due to battery exhaustion. Redundant links or 

nodes are deployed to maintain communication.  

vii. In order to gather information like the temperature, pressure, light etc. from 

the environment it is essential that the nodes are deployed in large quantity at 

random.  

viii. Node location is important in these networks as they are deployed for 

monitoring of physical environment. Therefore, various localization 

techniques are used in WSN. 

ix. In these networks nodes do not compete with each other for resources rather 

nodes work in a cooperative and collaborative manner to accomplish same 

goal of providing desired Quality of Service (QoS) for the designed 

application. As size of traditional wireless networks increases problem of 

spectrum congestion is faced and efficient division multiplexing techniques 
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are required. Sarma et al. in [11]has proposed application of Artificial Neural 

Network (ANN) in wireless communication where as in case of WSN no such 

problem is faced as sensors co-operate with each other moreover multi-hop 

transmission make re use of channel in the network possible so limited 

bandwidth can be put to optimum use. 

 

All these characteristic unique features of a WSN make it imperative that network 

protocols are designed by keeping these requirements in mind and which can use 

constrained resources efficiently. However, packing all these features in a single protocol 

is not feasible in multi-hop small packet communication. Therefore a number of 

applications specific protocols from data link layer to transport layer have been devised 

which suits best to the requirements of the application. 

Atul M. Gonsaiet al. in [12] have described network routing algorithms for WSN which 

can cope with the problems of path failures, packet loss, dynamic nature of topologyand 

node density. JianPing Wang et al. in [13]have proposed use of nature inspired 

algorithms swarm intelligence and Ant Colony Optimization (ACO) for developing 

routing algorithms for WSN. Menik Tisseraet al. in [14] has proposed a new method for 

information extraction from WSN with minimum latency and energy usage thereby 

making them suitable for mission critical applications. 

 

1.3.4 Applications of WSN 

 

Sensor network applications are so numerous and varied that volumes are required to 

enumerate even some of the major ones. However, to have an idea of these applications, 

the applications may be classified broadly into three classes: i) environmental data 

collection ii) real time process or security monitoring and iii) tracking.  
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Figure 1.10: Applications of WSN 

I. Environmental data collection: Basic feature of such networks is a collection of 

large number of nodes which require very low data rates and extremely long 

lifetimes. The nodes are evenly distributed over an environmental area of study. 

Nodes are spread at minimal distance to cover the area fully so that no details are 

missed out. The nodes used are capable of arranging themselves in a reliable 

topology and develop optimal routing strategies which can be used to route data 

to the central collection points. It is not essential that the nodes develop optimal 

routing strategies on their own. Possible optimal routing topology can be 

calculated outside the network and then communicated to the nodes. This is 

feasible as the physical topology of such networks remain static over long 

duration of time therefore routing topology once transmitted is valid for long 



19 
 

periods. In environmental data collection applications tree-based routing 

topologies are used. Here root of each routing tree is setup at high-capability node 

which sends the data to the sink. Data is transmitted from the child nodes to the 

parent node upwards in the tree till it reaches the sink. In tree based data 

collection, each node is responsible for forwarding the data of all its children. 

Nodes having large number of children have to transmit significantly more data 

than the leaf nodes. These nodes can quickly deplete their energy therefore may 

require change in topology to assign more responsibility to a node having more 

energy so that node failure can be avoided. Once the network is configured, each 

node periodically samples its sensors and transmits its data up the routing tree and 

back to the BS (sink). The typical environmental parameters like temperature, 

light intensity and humidity do not change quickly therefore sampling rates may 

be more than 15 minutes. Besides low sampling frequency, environmental 

monitoring applications do not require quick response as data is collected for the 

future analysis and there is no quick change.  

 

We can say in order to meet high lifetime requirements duty cycle is to be 

optimized. The network is to be reconfigured to handle node/ link failure by 

redistributing network load. In addition to this, as the researchers learn more 

about the environment under study they may require finer details and insert 

additional sensing points. In both the cases the reconfigurations are required but 

these are relatively infrequent and therefore do not use much energy. 

 

The most important characteristics of the Environmental monitoring networks are 

long-life, precise synchronization, low data rates and relatively static topologies. 

As real-time data transmission is not critical, the data transmission can be delayed 

inside the network if it can improve network efficiency.  

 

II. Security Monitoring: For these applications sensor network is generally not 

required to collect or transmit any data at a predefined rate. Therefore, optimal 

network architecture is such that each node has to do self diagnosis and check the 
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status of other nodes assigned to it at regular intervals. Responsibility of status 

checking of surrounding nodes is evenly distributed among some nodes in the 

network. Any security violation alarm is to be reported without any delay in a 

deterministic way. This requirement, needs all the nodes to be kept active all the 

time which results in unnecessary energy consumption during idle period. In these 

networks, transmissions are rare therefore transmission costs are not much 

significant as compared to costs involved in ensuring minimum latency.  

 

These networks are made up of nodes placed at fixed locations throughout the 

environment which is to be monitored continuously. The main difference between 

these and environmental monitoring networks is that these networks actually do 

not collect any data. This fact has a significant impact on arriving at the optimal 

network architecture. Each node has to check the status of sensors but it has to 

transmit a report only when it observes any deviation from the setup. The 

immediate and reliable communication of alarm messages is the primary 

requirement of the system. These networks are known as “report by exception” 

networks. It is also essential that each node must confirm its status or may be its 

neighbor also. The optimal topology of a security monitoring network may differ 

vastly from that of a data collection network.   

III. Tracking: In this application object to be tracked is tagged with a sensor node. It 

is tracked as it moves through a WSN area covered with sensor nodes which have 

been kept at known locations. Sensor nodes of WSN in this case are to sense RF 

messages from the node tagged to the object under observation. These networks 

are required to sense continuously moving objects which are leaving or entering 

the network.  

 

The WSN application may also be classified as i.e. Event Detection (ED) and 

Spatial Process Estimation (SPE). In ED the sensors are deployed to detect an 

event e.g. fire in a forest, a quake etc. The number of nodes deployed depends 

upon the area to be covered and communication range. In SPE the main task is to 
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get estimation of the behavior of the spatial process based on samples taken by the 

sensors. Environmental monitoring is an example of application belonging to both 

the categories. Variety of possible applications of WSN to the real world is 

practically unlimited. Today we have entered the 3
rd

 wireless revolution, “Internet 

of things”. The 3
rd

 wave uses the wireless sense & control technology to bridge 

the gap between the physical world of humans and the virtual world of 

electronics.  

 

1.4 Types of WSN 

 

Depending upon the environment or area of operation the WSN may be categorized as 

follows: 

I. Terrestrial WSN: On ground networks, these networks can either be Ad-Hoc 

(unstructured) or Preplanned (structured) in nature. 

 

II. Underground WSN: These usually fall into the category of preplanned i.e. 

structured network. The equipment involved is very expensive, and after 

deployment, regular maintenance is required. 

 

Figure 1.11: Underground WSN[105] 
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III. Underwater WSN: The sensor nodes are sparsely deployed. The network is more 

expensive than the terrestrial WSN. The technique adopted by the WSN is 

underwater acoustic wave communication. Under water communication is 

difficult due to small available bandwidth and long propagation delay. 

 

 

 

Figure 1.12: Underwater WSN [105] 

 

IV. Multi-media WSN: These employ application specific devices. The network is 

equipped with cameras and microphones. High bandwidth/ low energy, filtering, 

data processing and compressing techniques are adopted for execution of the 

applications and deliver required QoS. 
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Figure 1.13:  Multimedia WSN [105] 

 

V. Mobile WSN: These networks may be defined as WSN where the sensor nodes are 

mobile. The nodes are versatile and capable of repositioning and organizing into 

the network. Initially the sensors are deployed and these then spread out to gather 

information.  

 

1.5 The Underlying technology 

 

As discussed above, various application specific communication protocols are being 

employed by the users to gather required information with the desired QoS. However, 

some sort of standardization is required to make the things interoperable globally. In the 

area of WSN, various standards are either waiting for a formal acceptance or are under 

development[15]. The major standardization bodies dedicated towards standardization 

are Institute of Electrical and Electronics Engineers (IEEE), the Internet Engineering 
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Task Force (IETF), the International Society for Automation (ISA) and the HART 

Communication Foundation etc. Various protocols established by IEEE to suit the varied 

requirements of range, heterogeneity of devices in the networks, cost, security and 

fidelity of data are covered under various IEEE 802 standards which have evolved over 

time. 802.11 series of standards governs the communication between wireless networks. 

However, to support newer modulation techniques for higher data rates and low 

susceptibility to interference 802.15.4 series standards have come up. 

 

Figure 1.14: Wireless sensor communication technologies comparing data rate and 

range[106] 

The first standard for WSN, based on IEEE 802.15.4 was ZigBee. It was developed with 

a target to make it a common standard for industrial, commercial, residential and many 

more applications. ZigBee[16]hasupper layer specification built upon IEEE 802.15.4. It is 

a standard employed by Wireless Personal Area Network (WPAN) functioning in the 

868/915 MHz and 2.4 GHz ISM bands along with Bluetooth [17]. However, according to 
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[18], ZigBee is highly unsuitable for industrial applications as it does not comply with the 

stringent requirements of industry. It provides no security/ reliability and does not 

guarantee the maximum latency in end-to-end communication delay required by 

monitoring applications that need to communicate with sensor nodes within a second. As 

new applications of WSN are envisaged in industry also, further research led to 

development of many more standards. These are based on ISA 100.11a. WirelessHART 

is devised for process monitoring applications. 

 

1.6  Query processing 

 

In a WSN, huge amount of data is generated by sensor nodes continuously. Data 

generated by nodes make a large distributed database. Information requirements for 

various applications can only be satisfied if the data available in the network is extracted 

to a suitable location and processed efficiently. However, query based systems are 

popular in database type environment. For extraction of information from the data, 

queries are injected as in other databases. A good DBMS is a system which optimizes on 

resource consumption in response to a query. Query processing is an elementary part of 

any DBMS. The means by which we can obtain the best plan, used in implementing the 

data extraction request from database is “Query Processing”.  

Huge repository of data is available in the form of various databases. To make this data 

into information, it is essential that the user be able to extract precise and relevant data 

with minimum consumption of invaluable resources- time and energy in response to the 

query injected by the user. Query processing is an elementary part of any DBMS. Query 

is a tool to gather information. The word derives from the Latin “quaere” i.e., to ask or 

seek.  

We can choose parameters from the list called menuwhich contains all the available 

parameters in the database. Various manipulations like retrieval of available information 

from the database, insertion of new information into the database, deletion of information 

from the database and modification of the stored data are possible through Data 



26 
 

Manipulation Language (DML).Query language is a subset of DML which is used for 

writing a query. Query processing is the means to obtain the best plan for executing the 

database request.  

 

1.6.1 Query Types 

Various types of queries are described below: 

I. Select queries: It helps in retrieving the data from various tables of the 

database using primary key(s). Results are displayed in a single table.  

II. Parameter queries: These are the queries created by the user on the basis of 

criteria which may be available during the running of the query. These are 

called on-the-fly queries also.  

III. Crosstab queries: These are used to generate reports using an attribute/ field. 

The report is then tabulated.  

IV. Action queries: These are used to manipulate the data of the database. There 

are four types of action queries: 

i) Delete queries – The ones which are used to remove records from the 

tables. 

ii) Update queries – The ones that make global changes in a group of records 

in a table. 

iii) Append queries – The ones that are used to add records from one or more 

tables at the end of table(s). 

iv) Make table queries – The ones that are used to create a new table by using 

a complete or a part of the data of an existing table. 

V. SQL queries: Query created by using Structured Query Language (SQL).SQL 

is an advanced query language.  

VI. Contextual queries: These may be any one of the following: 

i) Search context – It is used for accessing or retrieving information from 

database having bulk of data such as Web Indices, bibliography, 

catalog etc. The contextual query language may have a single or 

multiple search clause(s) joined by Boolean operators. They are also 
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associated with keywords, which may either be at the start or at the 

end of clause. 

ii) Taxonomy – The parameters are represented in the form of trees 

having a root and various nodes (children). Each node is associated 

with an established groups or classifications. These groups are 

specified by the labels. These labels run from the root to its children. 

iii) Level-N category, ancestor category and sibling category:  This is 

used for a particular classification (category), specifying the level 

taking into consideration the location (say n) of the node.  

 

 

Figure 1.15: Various query types 
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1.6.2General Strategy for Query Processing 

Generally queries posed by the user are not in a standard form. Therefore it has to be 

converted into a form which is understandable to digital processing systems. The query 

processor [19]performs the job of transforming the query into a standard form like 

relational calculus, relational algebra, object graph, operator graph or tableau. The query 

processing involves three stages: parsing and translation, optimization and evaluation. 

 

1.6.3 Relationship between Query processing and WSN 

 

Recent studies have shown a great attention being focused on mobile computing, with 

intent of accessing data at any place, at any time. The devices so mentioned are not only 

capable of transmitting voice but are able to transmit the data as well. The main purpose 

of WSN is to collect data and aggregate the data. The presence of full-fledged computing 

hardware in the sensor node capable of performing multiple sensing functions like the 

temperature, light, humidity, etc., these sensor networks (which are composed of 

thousands of such nodes) may be thought of as a „distributed database‟. 

This database accumulates physical measurements, inside the memory available on the 

board about the environment and aids in providing answers to the queries injected by the 

users. Each sensor node produces data packets that are acquired by the sensing devices 

present in the node.  

The nodes which are composed of micro processor, transceiver, battery, memory, sensing 

device and ADC enable the node to sense, compute and communicate the data. The nodes 

in the WSN generate the data which may be extracted by its name, which depicts 

similarity to the traditional view of relational databases. 
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1.6.4 Query Processing in WSN 

 

Unlike query processing in traditional databases, multi query processing in WSN is 

different because of its own semantics (of queries), objectives and resource constraints 

(of the node). 

For the ease of users, WSN may be considered similar to a database [20-22]. This 

assumption makes it more comfortable for the usage along with the ease of modifiability 

and scalability resulting into better performance. All these factors enable WSN to execute 

various tasks at the same time. Considering WSN to be a database approach, query 

processing in WSN is executed as follows:  

 

Initially, a user injects the query of his interest to the BS. The BS generates the query 

plan and communicates the query to the free nodes in the network. On receiving the 

query the nodes collect the required data (of the parameters specified) from the 

environment followed by data processing. Then the data is transmitted to the BS jointly 

with the other free nodes. On receiving the data final processing takes place at the BS and 

finally the result is submitted to the user‟s query. 

 

1.6.5 Multiple Query Optimizations (MQO) in WSN 

 

Queries in WSN are continuous and we consider data as stream. Technically, an 

appropriate term given to it is “Window” i.e. data coming during a specific period of time 

as a unit. The query optimization methods may be categorized as: Base station 

optimization and In-Network optimization. 
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Base Station Optimization: This method helps in reduction in energy consumption in the 

network by reducing the communication messages as the number of injected queries in 

the network is reduced at the BS. This is done by finding out whether any new query 

submitted to the BS can be rewritten using the already running queries. This newly 

rewritten query is tried to be evaluated at the BS using the results of the currently running 

queries.

 

Figure 1.16: Categories of Query optimization methods (Base station optimization and 

In-Network optimization) 
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In-Network Optimization: The sensor nodes collect the data for all the queries that have 

been injected into the WSN. It is processed for deletion of redundancy etc. Resultant data 

is broadcasted thereby minimizing the number and quantity of radio messages thus 

making it bandwidth and energy efficient. Sensor nodes being resource constrained 

devices, it is required that the queries be processed in an efficient way [9]. Therefore, it is 

necessary that all the nodes should be at the disposal for supplying continuous data 

streams of the data gathered to satisfy the query in hand.  

Various new proposals have come up regarding Two-Tier Multiple Query Optimization 

(TTMQO) leading to decreased number of radio transmissions and lowering the 

transmission time in the sensor network.  

 

1.6.5.1 Key requirements of MQO 

 

The key requirements of MQO may be categorized as: 

i. Scalability: it is required that the WSN should comprehend the users‟ 

requirements by providing accurate results without getting hanged. 

 

ii. Energy Efficiency: Seeing the current scenario as the number of applications 

increases, energy and bandwidth would always be constrained. In order to 

circumvent with this problem it is essential to have optimized plan for sensor 

nodes. 

 

iii. Adaptability: WSN executing multiple queries should accommodate the queries 

according to the current workload and network condition.\ 

 

iv. Simplicity: Taking into consideration various constrained resources (storage, 

bandwidth etc.) it is required that light weight processes be generated. 
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1.7  Metrics for WSN Evaluation 

 

WSN find usage in a wide range of applications. It is possible due to various mechanisms 

such as adhoc routing protocols, in network data aggregation and signal processing etc. 

performance of the network can be improved by tweaking these features. In order to 

evaluate performance of a network objectively a number of metrics have been defined.  

Some important ones are: lifetime, coverage, cost and ease of deployment, response time, 

temporal accuracy, security and effective sample rate. Many of these metrics are 

interrelated. Generally, performance in one metric may have to be decreased to achieve 

increase in some other metric. All these metrics form a multidimensional space where 

every possible application is represented by a single point. The single point represents 

value of all these parameters which may be high in one metric and low in other as 

required by that specific application. A network will be able to serve the application if 

that point lies in the multidimensional space of performance metric. In other words a 

tradeoff is to be established.  

i. Lifetime: One of the requirements of a WSN serving any application is to place 

nodes in the network which can serve for years without any intervention. Primary 

limiting factor in achieving this is energy supply. Efficient energy management is 

necessary to score higher in this metric. Significant factor to be monitored or 

controlled is amount of radio communication. Any gain in this front may be at the 

cost of other system metrics. 

 

ii. Coverage: Importance of this metric is next to lifetime only. A WSN is supposed 

to cover a large physical area. Multi-hop communication is used in these networks 

allow the coverage area to be extended independent of range of wireless 

communication links being used in the network. However, coverage is limited by 

the fact that multi hop networking protocols increase power consumption of the 

nodes by increasing overhead transmission costs.  
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iii. Scalability: it is a key component determining range or coverage of the network. 

A fully scalable network gives confidence to the user that the network will save 

every eventual need of the user. 

 

iv. Cost and ease of deployment: Low cost and ease of deployment are the 

advantages of WSN. Ideally nodes of WSN may be placed by an untrained person 

randomly and the system should work. However, in actual conditions there are 

some constraints which should be assessed and indicated by the nodes. Therefore, 

each node must have adaptability to discover links and determine their quality. To 

have a low lifetime, network should be able to adapt to changing environment. 

System should be robust and perform continuous self diagnostic and generate 

maintenance requests if required. These features require some energy allocation 

for this purpose only which designing the network which may ultimately affect 

lifetime or it can be compromised with decrease in sampling rate. 

 

v. Response time: Response time gains significant importance in mission critical real 

time applications. Nodes must be capable of sending high priority messages 

immediately. Low response time conflicts with requirement of longer lifetime. 

Response time can be improved by including externally powered nodes which can 

report alarm messages instantaneously but this will reduce metric of ease of 

deployment.  

 

vi. Temporal accuracy: in many applications samples from various nodes must be 

accurately time stamped so as to correlate data of various nodes placed at various 

locations. It requires global time synchronization mechanism which requires 

power and bandwidth.  

 

vii. Security: Data dissemination from the network should be secure and should reach 

authentic user only. User of encryption and authentication measures, costs power 

and bandwidth.  

 

viii. Power:Each node should use power economically. This is achieved by using low 

power consuming hardware and optimization of duty cycle. During active 



34 
 

operation radio communication uses a significant portion of total energy. 

Application specific algorithms and protocols are developed and emphasis is to 

use localized computation. 

 

ix. Flexibility: Nodes should be designed with sufficient modularity to assemble right 

set of software and hardware suited to specific application.  

 

x. Robust: System should be robust to node failures and external interferences. 

Immunity from external interference can be increased through use of multi 

channel and spread spectrum communication. 

 

xi. Communication: Transmission range of individual nodes may not affect the 

coverage area of a WSN however it has a significant impact on minimal 

acceptable node density. Radio communication range may require higher node 

density than deployed to meet requirement of a particular application. 

 

xii. Computation:  A wireless sensor node is required to perform “In-network data 

processing” and management of the low level wireless communication protocols. 

There are strict real-time requirements associated with both communication and 

sensing.  

 

 

1.8 Gaps 

 

Recent years have seen proliferation of WSN into almost every field where modern 

technology is being used. WSN are called to serve numerous applications.Applications 

are becoming diverse and more demanding. This has brought about the use of 

heterogeneous sensors, different networking topologies, protocols, and communication 

means and data extraction techniques in this field. Due to diversity of sensor applications 

evaluation and selection of a particular set of hardware setup has become very difficult as 

a lot of subjectivity has cropped up in performance in evaluation of WSN. In order to 

have evaluation objectivity, a number of metrics as described above in the chapter have 
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been devised which have made the job a bit easier.  The research literature reviewed has 

shown that most of the research has been for application specific WSN where main 

emphasis is on a particular parameter of concern. This limits the use of WSN to that very 

application only. Research in communication technologies and development of various 

software has made it possible to use same WSN for varying application simultaneously or 

at different times.  

However, the research work has targeted only a few metrics of the lot. In addition to this, 

most of the proposed techniques for communication reduction are based on data 

prediction or modeling which introduce some set of approximation.  

 

1.9 Problem formulation 

 

In view of these gaps a generalized approach has been proposed which will be applicable 

to every type of application. There shall be no compromise on data fidelity. Researchers 

can further add on their application specific tools of routing, protocol selection etc. to 

reap more gains. Therefore, the problem for research work has been formulated as to 

devise a framework which is beneficial to all WSN irrespective of their application. 

Solution to problem of some data loss which may prove to be critical at time has also 

been given importance in the work. Out of all the means of data extraction query based 

approach is the most popular approach for data extraction. Therefore, for finding solution 

to the problem and popularity of query based approach following objectives have been 

set up for the work.  

 

1.10 Research Objectives 

 

The objectives of researchare listed below: 

I. Review of the literature on Query processing and WSN. 
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II. To propose an efficient framework for Query Processing in WSN environment. 

III. To design and develop the proposed framework. 

IV. Verify and validate the proposed framework. For e.g. by using synthetic data set. 

 

1.11 Thesis Organization 

 

The contents of the thesis are summarized below: 

The thesis is divided into six chapters. Concise information regarding each chapter is as 

follows: 

Chapter 1: Introduction to WSN, concept of query processing, relationship between 

query processing and WSN, query processing in WSN, various performance metrics etc. 

are discussed. 

Chapter 2: Research literature available in the field of WSN development has been 

reviewed.  

Chapter 3: It gives details of our work. The objective of our work is to propose a 

“Framework for Efficient Query Processing in WSN”. The first part aims at processing 

multiple queries fired from the base station with a view to reducing energy consumption 

inside the WSN. In the work, an energy-efficient multiple query optimization method to 

reduce the number of monitoring queries running in the sensor network has been 

proposed. When a new query is submitted to the BS, the proposed scheme checks 

whether the same can be merged with the already running queries or running queries can 

be rewritten to satisfy the new query. As a result, the number of queries injected into the 

sensor network is reduced, resulting in lower energy consumption. Secondly, we also 

propose an In-network optimization technique leading to reduction in the data to be 

transmitted, leading to energy saving. 
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Chapter 4: Analysis and comparisons of the various algorithms used in the study and 

results of work are discussed. 

Chapter 5: This is the concluding chapter, conclusions drawn and future scope of the 

research work carried out is outlined in this chapter.  
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Chapter-2 

 

Literature Review 

 

Recent unprecedented advances in fabrication and computing technologies have made it 

possible to produce sensor nodes of very small sizes having sufficient computing power 

at affordable costs.  These developments have made the use of these devices very 

popular. As such applications of WSN where sensor nodes are the basic constituent have 

invaded every walk of life. Today we can find WSN applications into the areas such as 

healthcare, traffic monitoring, remote control of appliances in buildings, surveillance in 

difficult areas etc. As a result of sensing the area in which these networks operate a lot of 

data is produced. Millions of bits of data in the form of continuous data streams become 

available for manipulation to extract desired information. 

 

A lot of literature related to evolution of sensor networks from limited defense or 

specialized applications to every walk of life, their limitations and distinctions from the 

traditional networks as a result of these limitations were reviewed. Quest to utilize the 

limited WSN resources optimallyhasdriven the researchers world over to undertake 

numerous research projects to enhance resource efficiency. The research has resulted in 

development of a number of variants of network protocols for network operations, 

techniques and means of data extraction. These means and protocols are kept application 

specific as the main target is to achievemaximum for the metrics of significance for that 

particular application only.  
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For reliable and economic extraction of information various database management 

systems/ techniques have been developed. The objective is to manage the ever growing 

data so as to facilitate information extraction with minimum drain on resources. These 

processes/ techniques may be categorized into three broad categories [23-25]: agent-

based, query-based and macro-programming based.  

 

 

Figure 2.1: Various Information extraction techniques 
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Literature has beenreviewed and a brief of the finding is-WSN may be abstracted as a 

distributed database of sensor data. Therefore, query based approach is very easy and 

popular. Research has been focused on devising efficient query processing schemes or 

techniques. 

Till early 80s query processing techniques were mostly available for wired systems only. 

Researchers wanted to broaden the applicability of these techniques to wireless networks 

also, so that the use of wireless networks could be made popular.WSNis built up of 

sensor nodes deployed over a large geographical area. Each node in a WSN acts as a 

source of input from where the sensed data makes its way into the WSN for reaching the 

user. Each node within a WSN is having sensed data and this can be considered as a mini 

database which isdistributed in nature, making WSN a “distributed database”. To this 

distributed data, queries are to be applied to extract the desired information. Query 

processing techniques may vary so as to meet the QoS and performance requirements. A 

number of evaluation metrics are employed to compare these techniques and best 

possible is chosen.  

Some of the metrics used for evaluation of performance are timeliness, accuracy, 

reliability and optimum usage of resources etc. These metrics are not independent of each 

other. To achieve better score in one parameter, we may have to sacrifice some other 

parameter. Therefore desired QoS is the main objective for which a particular metric may 

have greater significance over others. 

As costs of wireless networks were getting down, the versatility of nodes made WSN 

suitable to a number of applications. Moreover the WSN could be set up easily without 

any previous infrastructure. Initially wireless networks were used for some specialized 

services such as defense etc. as data retrieval methods from these networks were not 

developed and costs of hardware were also prohibitive. WSN have caught the fancy of 

many research and development scholars recently due to increasing affordability and 

versatility of these networks. Applications of WSN have grown, however the inherent 

limitations such as limited power, low processing capabilities and available bandwidth 

hamper the growth of WSN applications. There is a whole lot of research going on in 

WSN field with the main emphasis on energy efficiency. 
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2.1 Agent based approach 

 

Agents are autonomous software which work independently for achieving any designated 

task without the intervention of user. They are equipped with capabilities of decision 

making, self-replication and handling unpredictable environmental so [26,27]which make 

them suitable for WSN environment. The agent based systems may have a group of 

agents, which team up for executing a particular task for information extraction which is 

a feature of WSN in most of the applications. Agents may be static or mobile.  

 

H. Qi et al.[28] proposed Distributed Sensor Network (DSN) architecture having mobile 

agents. Mobile agents transmit the computation code to the sensors having raw data. This 

saves energy used in sending raw data to base station. Moreover the system remains 

unaffected by intermittent fluctuations in data or connectivity. Robert Wesson et al.[29] 

in theirworkhave shown 90% savings in data transfer by using Mobile agent DSN. 

Similar model of In-Network processing incorporating collaborative signal and 

information processing discussed by HairongQi et al. in[30] again haveshown a large 

amount of saving.  

Bhupinder Singh et al [31]haveintroducedmobile agents which are guided by ant‟s colony 

optimization for self-adaptation to suit dynamic nature of wireless networks. The mobile 

agents are able to discover required rate from heterogeneous, dynamic networks. 

Work by C. Min et al. [32]hasshown that in a multi hop network having flat architecture, 

mobile agents may be designed to use context aware In-network processing or data 

aggregation to reduce communication load.  In this approach data redundancy can be 

eliminated at node level or task level.  

An agent based framework has been proposed by L. Szumel et al. [33] which can be 

helpful in a wide variety of applications. In this scheme agents are mobile and can visit 

one or more nodes. Agent uses the resources of the node which it has moved. Agent 

based approaches are delivering encouraging results however the distributed databases of 

WSN pose a challenging task in designing the mobile agents because the resource 

constraints and unforeseeable environmental  conditions of WSN are to be taken care of. 
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Moreover testing and debugging agent based system is not easy.Some of the major 

frameworks using agent based approach are- Mate [34], Agilla[35], and Impala [36]. 

 

2.2 Macro programming based approach 

 

The second approach is to develop macro program for WSN. In macro programming 

WSN is treated as a whole by the programmer, individual node level programming is not 

required. It is based on a high level language, which incorporate global abstractions. 

Node level data is abstracted by modeling and is approached by the macro programs.  In 

this the programmer is relieved from the in depth study of the system‟s resources, 

topology etc. On the contrary the programmer is required to possess sufficient amount of 

knowledge and experience so that a macro program engulfing large heterogeneous 

networks of wireless nodes can be designed.  

Whitehouse et al. [37] proposed node level abstraction called hood in which 

neighborhood nodes are selected on the basis of set criteria and the set of variables which 

are to be shared. Range of hoodmay vary according to application or parameter required. 

A hood can be one hop for an attribute and two or more hops for other attributes.  

Although macro programming is supposed to save the programmer from the 

programming at the node level, however certain macro programming based systems 

cannot fully abstract the details up to the node level. In such cases node level knowledge 

becomes necessary. Moreover, learning of macro programming is time consuming and 

requires a lot of expertise. 

Some of the major systems using macro programming based approach are-

Kairos[38],Knowledge-Representation for Sentient Computing[39]. 

 

2.3 Query based approach 

 

This is the most widely used approach for data extraction. It is based on querying the 

database for information retrieval.  
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All the three approaches are well suited for diverse WSN applications. Undoubtedly, 

agent based approach and macro programming approach have an upper hand in terms of 

flexibility but implementing them in WSN is not an easy task in comparison to query 

based approach as the user feels a great degree of comfort while working with queries. 

Therefore because of popularity and ease of use query based approaches have been 

reviewed. 

 

Through queries a user can get timely and reliable information economically from very 

large database systems running in diversified environments. Query instructs a DBMS to 

retrieve or update data. Complete processing of a query generally involves three steps: 

Parsing or translation followed by Optimization and finally Evaluation. The first step 

involves conversion of query into a form understandable by the query processing engine. 

In the next stage the query processor converts the internal data structure into equivalent 

but more efficient representations. This internal representation by query processor may be 

done on the basis of mathematical or cost models, heuristics, semantics or selection 

algorithms etc. Choosing these and applying them for an efficient result is the work of 

Query Optimization Engine. It develops plans which are evaluated in the final phase. 

Finally, the evaluation phase selects the best plan out of the various plans generated by 

the optimization engine keeping in view the application specific metrics such as latency, 

energy efficiency, security etc.  

Some of the major frameworks using query based approach are- COUGAR [40],Sensor 

Information Networking Architecture (SINA)[41],Data Service Middleware 

(DSWare)[42],Framework in Java for Operators on Remote Data Streams 

(Fjords)[43]and TinyDB[44]. 

 

2.4 DBMS Query Processing vs. WSNQuery Processing  

 

Query processing in traditional databases and in databases related to WSNdiffers to a 

great extent because of the inherent characteristics of these networks and nodes. Query 
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processing plansin traditional databases are mostly unsuitable for WSN. In traditional 

database es, the best query plan chosen by query optimizer is the one which needs 

minimum number of disk accesses. However, in WSN the best query plan chosen by the 

optimizer is the one which has minimal estimated energy cost. In addition to this the 

design limitations of the sensors constituting the wireless network force architecture and 

protocol stacks of WSN to be different from traditional networks. The nodes comprising 

a WSN are more prone to failuresbecause of harsh environment and low costs. Therefore, 

nodes have restricted memory size, use vast amount of energy for data transmissions 

which is in the continuous data streams.  

Table 2.2:  DBMS Query Processing vs. WSN Query Processing. 

 

Type of Database 

 

Features     

DBMS(Traditional) 

Database 

    WSN  

Database 

 

 

Processing Level Centralized  Centralized;Distributed 

 

  

Data Type Static Real-time continuous data stream 

 

Available Memory Available without  

any constraints 

 Restricted 

 

 

   

Computational abilities Unlimited Restricted 

 

   

Available Energy Unrestricted Limited    
 

  Therefore, in contrast to the traditional query processing in DBMS, the input received 

from a sensor of a WSN is in the form of continuous data streams in an unordered and 

unreliable form (due to various environmental factors). Therefore, in order to ensure 

efficient query processing in WSN, resource management like- memory, energy, 

bandwidth etc. should be taken care of. Query processing techniques in sensor networks 

may be classified as:  

a) In-network or 

b) Base station or as distributed processing or warehousing.  
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P. Bonnet et al. [45] states that Distributed processing or In-network processing reduces 

transmission costs as raw data is processed at node level and data to be transmitted 

reduces considerably.  

Warehousing approach involves data transmission (for processing), to a place centrally 

located equipped with abundant energy. Main disadvantage associated with this approach 

is the vast amount of energy requirements for data transmission from node to the 

centrally located area. Moreover, even when information is to be extracted from a small 

portion of the data, the warehousing approach follows the order of transmitting the whole 

data to the central location for processing and analysis. Main advantage is that there is 

centralized control which saves retransmission costswhich is very much likely in WSN 

environment. 

 

2.5 Energy Efficient Approaches for WSN 

 

Easy availability of WSN which are suitable for almost any thinkable application has 

made energy efficiency or conservation a crucial issue.Various approaches keeping in 

view the priority of desired metrics (defined earlier) have been devised. These 

approaches may be classified into three categories namely mobility based, database 

optimization and duty cycling.  

 

Figure 2.3: Various Energy efficient approaches in a WSN 
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2.5.1 Mobility based 

 

The data sink is made to travel to node in a network for data collection reducing the 

energy consumption. The mobility based approach used for data collection is divided into 

two categories i.e.  

i) using a single mobile sink and 

ii) using multiple mobile sinks. 

In single sinkapproach the data packets are collected by the sink itself resulting in huge 

benefits. However, the failure of single mobile node may lead to loss of precious data as 

data is generally real time data. To overcome this problem, multiple mobile sinks are 

used for data collection. The mobile sinks may collect the data from the nodes by moving 

in a random, predictable [46] and controlled mobility fashion [47]. In this way risk of 

data loss in case of single failure is eliminated. However, this requires more detailing or 

even some redundancy may also crop up. 

 

2.5.2 Duty Cycling 

 

In this mode, sleep and wake cycle called duty cycle of a node is adjusted according to 

the application thereby reducing wastage of energy in a node when it is idle. Sensors 

consume a large amount of energy in idle mode also. Therefore, the nodes which are used 

for sensing, reception and transmission of data are switched off when idle. This saves 

wastage of energy while idle. However, downside of this approach is that a node may fail 

to detect some event when it is sleep. Moreover, switching off of radio signals 

intermittently may lead to connectivity problems. Hence a tradeoff is to be maintained. 

By operating at a low duty cycle i.e. cycle of operation of a node which operates 

intermittently helps in energy conservation. It is most appropriate in conditions where 

sensors usually remain idle. A trade-off has to be established between the sensing and 

data transmission in an intermittent manner in WSN, as nodes go into sleep and wake 

mode. The intermittent condition of the node sometimes fails to detect an event. Also 

switching off the radio signals may lead to connectivity problem between the nodes. As a 

result the data is unable to find the path for its transmission.  
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Sleep awake scheduling is an effective way to reduce energy consumption of a node but 

introduces delay as each node has to wait for the receiver to awake. In delay sensitive 

applications this delay is unacceptable. In case of synchronized sleep/awake scheduling 

[48-50] sensor nodes exchange synchronizing information with neighboring nodes, this 

incur additional communication load. Therefore asynchronous sleep/awake protocols 

[51,52] are more efficient. However to reduce the delays Anycast has been proposed in 

[53-57]. In this the sending node wakes up a group of neighboring nodes and picks up the 

node which has woken up first. This reduces the waiting time and hence delays. However 

the set of nodes to be awakened is to be chosen carefully as it may affect routing path 

also.  

To maintain reliability in case of node or communication failure, redundant nodes or 

paths are set up in a WSN.Node redundancy can be used to advantage and only a subset 

of nodes is made active and put to use[58-60].  These active nodes cater to the need of 

monitoring whole area and maintain connectivity. By shifting different subset to active/ 

sleep state energy can be conserved. However, if node redundancy is lost due to any fault 

this mechanism is not useful [61, 62]. 

 

2.5.3 Database Optimization 

 

Optimization of database consists of optimization at data acquisition and data processing 

stage. 

 

 

Figure 2.4: Various Database Optimization approaches in a WSN 
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2.5.3.1 Data Acquisition 

 

Data acquisition is the process of measuring or sensing the physical parameter or event of 

interest converting this data into digital numeric values which can be operated upon with 

the help of computer. Physical parameter that is to be measured is initially sampled with 

the help of sensors. Measured signals are analog in nature. These signals are converted 

into digital form so as to make operable by the microcontroller. Elements of data 

acquisition system are: transducers, signal conditioners and ADCs. Data acquisition may 

be summed as acquisition of signals from the environment, subjecting them to 

digitization and finally saving as digital data.  

Traditional Data acquisition approaches can be categorized as: Data logging and 

Decentralized data aggregation. 

In the first case the data is acquired at various nodes and then each node transmits the 

data to the BS. It is a time consuming and an inefficient approach but limited bandwidth 

is used efficiently in this way. However, in decentralized data aggregation the acquired 

data is processed at various nodes and aggregated before its transmission to the sinknode 

as has been described by Rice et al. in [63]. Processing of data at node level decrease the 

size of the data to be transmitted [64] there by reducing energy consumption. According 

to C. Alippi et al. [65] energy efficient data acquisition can be achieved through 

techniques like duty cycling and adaptive sensing. In Duty cycling sleep and wake cycle 

of sensor node is adjusted. Adaptive sensing/ data acquisition can be done with the help 

of any one of the below mentioned techniques i.e. hierarchical sensing, adaptive 

sampling and model-driven sampling. 

Hierarchical Sampling: In this approach the sensed data moves through a path from 

energy rich nodes (with low energy consumption) to the nodes possessing lesser amount 

of energy lying in close proximity to the BS. Low energy consuming nodes are given 

priority in hierarchy.  
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Adaptive Sampling: It is based on the relationship existing between the sensed data and 

the energy possessed by the node. Temporal correlation exists when there is not much 

change in the sensed data spanning over a period of time. Spatial correlation exists when 

the sensors lying in close proximity sense the data with no distinction/ dissimilarity. 

Hybrid of both temporal and spatial correlation may be used for getting the samples, 

keeping in view the energy left within a node.  

 

Figure 2.5: Various Adaptive Sensing/ Data Acquisition approaches in a WSN 

 

Model driven:In this approach a model is constructed with the help of sensed data over a 

period of time. This model is used topredictdata. The approach is energy efficient as 

continuous data transmissions may be avoided (as data is predicted). Only changes 

beyond a certain band from the predicted values are transmitted. Model based approaches 

require regular model updating to comply with the changing physical conditions of the 

area under study to maintain reasonable authenticity. In addition to this only approximate 

values are available because available data is based on model driven prediction. Sangeeta 

Rani et al. in [66] have used data series clustering for understanding inner trends of time 

series dependence of data which will help in predicting the future values of data. 
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Sally Ida McClean et al. in [67] have introduced new term activity recognition which 

uses low level sensor data to construct higher level activities behavior of network. This 

helps in creation of models for activity prediction.  

2.5.3.2 Data Processing 

 

Different data processing strategies are required for different applications. Data 

processing needs may change with passage of time foreven the same applications. As 

user interests may change and user may require different data over a passage of time or 

user may demand data on event occurrence only. In such cases SungboSeo[68] has 

proposed multivariate stream data classification where signal changes are differentiated 

by assigning different symbols and then classification algorithms are applied to classify 

the data. Various approaches of data processing are as follows: 

 

Figure 2.6: Various Energy Efficient Data Processing approaches in a WSN 

 

a. Data compression:It is one of the basic measures adopted to optimize usage of 

limited resources. Data compression leads to reduction in size of the data to be 

transmitted, which require- less bandwidth and less power.Thoughpower is 
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consumed in executing the compression algorithmalso, however, there is a net 

power gain as the cost of data compression is less than the cost of data 

transmission. Compression algorithms considered for the sensed data in a dense 

sensor network follow a distributed approachhere as in sparse sensor network 

local approach is implemented.  The advantages of using compression technique 

are that power optimization leads to increase in WSN‟s performance; reduction in 

cost, space & data transmission time; etc. 

 

Keeping in view the desired QoS, various techniques and algorithms are in use for data 

compression. Huffman code [69] is a lossless compression technique. Video/ image 

compression uses techniques such as JPEG 2000 [70]whichinvolve some loss. 

 

Techniques of data compression and associated data loss: 

i. String based compression: provides lossless compression. 

ii. Image based compression: Some minor loss is present. 

iii. Distributed source coding: It uses Seepian Wolf Theorem which states that two or 

more co related data streams can be encodedindependently and decoded jointly at 

the receiver without any loss. 

The Lempel–Ziv–Welch (LZW) algorithm [71]constructs a dictionary dynamically to 

encode new strings based on previously encountered strings. LZW is computationally 

simple and has no transmission overheads. A special algorithm for WSN SLZW called 

sensor LZW has been proposed in [72]. Other variant of LZW such as SLZW-MC is also 

available.  

In image based compression, WSN is organized into a hierarchical architecture and 

sensor data is considered as an image. Wavelet transformation is performed to extract 

spatial and temporal correlation.  

b. Filtering:  Due to sensing, a node generates data continuously which is to be 

handled efficiently as per the requirement of the application. Besides the genuine 

useable data, a node may get afflicted with false data injection from rogue nodes. 

This rogue data is a major threat to network security and energy resources. 
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Effective filtering techniques must be in place to identify and separate the rogue 

data and rogue nodes also.  Filtering technique “Bandwidth Efficient Cooperative 

Authentication” (BECAN) [73] is used for early detection and filtering of 

maximum possible false data. Source authentication to identify rogue nodes 

injecting false data is also employed. This technique has high computational and 

communicational overheads of its own which is a drain on energy. Schemes with 

low overheads are also available, tradeoff between energy depletion due to 

overheads and desired QoS is to be decided by the user.  

 

c. Data Fusion:  WSN are deployed to monitor and measure physical conditions, 

which may be very harsh and dynamic. Sometimes strong variations in ambient 

conditions affect the measurement of sensors resulting in acquisition of imprecise 

or unreliable data. Data fusion techniques are employed to overcome such 

problems. In this, data from multiple sources is combined and analyzed for its 

validation. It helps in getting more accurate data as compared to data given by 

single source. Data fusion can be applied on centralized or distributed basis. In 

WSN, distributed fusion means fusion of data of a node and its neighbors. Data 

fusion is helpful in overcoming effects of sensor failure, technological limitations 

and spatial and temporal coverage problems through cooperation, redundancy and 

complementarities. Sensor nodes deployed in a network may cover a partial 

portionof the network. Fusion of data of nodes cooperating with each other results 

in complete view of the network. Redundancy helps in mitigating the effect of 

sensor failure and complementarities is used to make different sensors observe 

different parameters and fusion is used to draw out inferences which may not 

have been possible with single measurement. As such researchers 

[74,75]havedefined data fusion as “multilevel, multifaceted process handling the 

automatic detection, association, correlation, estimation, and combination of data 

and information from several sources”. Fusion of data decreases probability of 

errors and enhance reliability of data.Increased confidence in reliability and 

accuracy of the acquired data helps in better understandability of WSN 

application resulting in execution of response quickly.  
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Figure 2.7: Data Fusion- Collecting results from multiple nodes 

 

On continuous data stream, Data Fusion is to be implemented at regular intervals, 

Otherwise it may result into data explosion. Various models based on- input and 

output obtained [74], in context to software engineering [76] and random sets [77] 

have been proposed for data fusion. Data fusion is a tough job to handle as the 

available techniques vary in range and have many other limitations also.  

 

d. Data aggregation: The terms Data Fusion and Data Aggregation seem to be the 

same therefore; there is lot of confusion about the interchangeability of these 

terms.  No doubt that there are similarities between the two but the protocols 

designed for them differ in terms of the number of nodes deployed (density) and 

the frequency with which the queries are injected. Data fusion is applied on a 

WSN covering a large area using compressive functions where as data 
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aggregation is applied on a WSN covering a small area using functions like count, 

sum, average etc. 

 

Figure 2.8: Data aggregation performed by Sensor Node Coordinator 

 

Data aggregation aims at increasing the lifetime of the network by reducing data 

transmissions which are redundant. This technique aggregates the similar data 

sensed by various sensor nodes while passing through various nodes before 

reaching the base station. The data may be aggregated with the help of various 

aggregation schemes like Low Energy Adaptive Clustering Hierarchy (LEACH) 

[78], Tiny Aggregation (TAG) [79] etc.  

 

The aggregation may be performed either by  

i) Reducing the data size or  

ii) Without data size reduction that is to be transmitted.  

 

The former method involves combining and compressing the data sensed at a particular 

node which receives the data from other neighboring nodes before allowing the same to 
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make its way to the BS/ sink. In the second method, the data that is received from other 

nodes is merged at a particular node which reduces communication overheads. No 

processing takes place on this merged data which is then forwarded to the base station. 

Data aggregation can also be achieved through specific routing schemes such as: 

i) Address  based and 

ii) data based. 

In the address based routing scheme [80] the query is sent to the particular address and 

the node of specified address in the query transmits the result to the BS. In contrast to the 

address based routing, in data centric routing, the query is broadcast to all the nodes 

within the WSN which satisfy the given condition as mentioned in the injected query. All 

the nodes which have that similar condition combine their data and aggregated data 

makes its way to the base station.  

 

Figure 2.9: Various Energy Efficient Database Optimization approaches in a WSN at a 

glance 

= 
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e. Data prediction: Prediction based data reduction/ optimization isvery helpful in 

WSN as environmental data sensed periodically has a great temporal redundancy. 

Prediction based approaches exploit temporal correlation of the sensed data and 

prepare model for data prediction. This saves the network from communicating 

redundant data or data within the acceptable accuracy. Due to changing ambient 

conditions the model needs to be updated regularly. This model updating involves 

its own overheads which need to be studied to work out the tradeoff point. On the 

basis of above study we may conclude that optimization of database can be 

summarized as in the Figure 2.6. 

 

2.6Types of Query processing Frameworks  

 

WSN can aptly be calledadistributeddatabase because of the availability of the data in the 

nodes distributed over the network.Though inherent computing capabilities of these 

nodes are very limited, however effective gains can be made through use of these limited 

processing capabilities also. Processing of query or data in these nodes can prove to be a 

major energy saver.  

Query processing at node level is Distributed data processing approach. 

Intanagonwinvat et al. [81] conceived the idea of the term “In network processing” in 

WSN.  

The credit of being the first generation systems employed for query processing in WSN 

goes to TinyDb[44] and COUGAR [40] which use SQL.  

Various frameworks have been proposed for various types of queries and various 

processes and the techniques employed in processing those queries.  
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Figure 2.10: TinyDb approach: Query Processing Model [44] 

 

TinyDb[44] and COUGAR [40]use distributed approach to query processing. SQL based 

query is injected into the network. Query is routed through a spanning tree with sink as 

root. Results are sent back to the sinkthrough the tree.Data aggregation on data is carried 

out at nodes enroute, in this way, irrelevant data is discarded.  In COUGAR [40] query 

proxy layer is placed on each node. Queryoptimizer placed on gateway node,distributes 

query processing plans to the network nodes. Query processing plans giving detailed plan 

of data flow and information processing at each node are constructed by COUGAR on 

the basis of metadata catalog and query specifications. It was found that TinyDb 

overweighed COUGAR in context to energy savings. In SINA [41] hierarchical 

clustering of sensors on the basis of available power and proximity is done to increase 

efficiency. Cluster heads process information by filtering, fusion and aggregation. For 

accessing the data it employs Sensor Query and Tasking Language (SQTL). Both event 
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monitoring and data accessing according to the query injected are its key features. It 

adopts methods like sampling operation to make it resource efficient. 

 

Figure 2.11: The COUGAR approach [40] 

 

These systems provide high level interfaces and inner workings of the network are 

abstracted. However, the range of queries that can be issued in these systems is very 

limited. Queries cannot express spatio-temporal characteristics also. These limitations 

can be overcome by finding new low level operators which means application specific 

functionality has to be introduced which comprises the feature of inner network 

abstraction. .  
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In subsequent work it was found that the focus of concern as stated by Gehrke et al. [43] 

was multi-query optimization, choosing nodes which stored the concerned data and 

heterogeneous networks. SINA [41] too follows distributed database query interface. 

However, SINA failed to address the problems of spatial/ temporal queriesP.Bonnetet et 

al.in [82] considered WSN to be a database. This database was equipped with 

warehousing and distributed query processing approaches. The proposed method was not 

apt for processing continuous data stream which is basic characteristic of data generated 

in WSN. 

Active QueryForwarding(ACQUIRE) [83] too is in the category of distributed 

dataprocessing. Here a query is injected into WSN via a node. Nodes lying in close 

proximity to the node that injected the query transmit updated information to that node. 

The node further picks up another node for broadcasting that query in order to get the 

desired result. The system can be used for nested queries also. However, spatial or 

temporal characteristics of a query are not addressed.  

A two-phase algorithm for query routing and result assimilation & processing of query 

formed the basis of the framework as proposed by A.Coman et al. [84]. In another In-

Network Querying framework for WSN proposed by M.Demirbas et al. [85], the 

difficulties encountered due to the resource constraints while executing the queries, were 

addressed by making use of Distributed Quad-Tree (DQT).  

Data Service middleware (DSWare) as stated by L.Shuoqi et al. [42] is a data centric 

approach for real-time applications. It is a middleware approach which can handle real 

time events and at the same time it can provide abstractions which are available in case of 

databases. The system is not suitable for complex aggregate queries.  

Framework in Java for Operation on Remote data Streams(Fjords)proposed by Madden et 

al. [43]proposes an architecture which supports processing of multiple queries over 

continuous data streams generated by sensor nodes. 
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Figure 2.12: Fjords architecture [43] 

Fjord operators known as sensor proxies serve as mediator between query processing 

plan and sensor. Fjord operator waits for data from the sensor and pushes it to the query 

processor. Fjord operator acts as non-blocking operator as it receives data from the sensor 

as and when it comes and pushes it to the query processor. These operators receive and 

push data therefore operators have time to assess other parameters of the network such as 

power, communication bandwidth etc. in this way it addresses issue of energy efficiency 

to some extent which is ignored in COUGAR. However, it is not able to handle complex 

queries or aggregate type queries.  

Y.Chen et al. [86]proposed “an energy-efficient framework for multi-rate query” where 

only a single data source is available to serve information needs of queries emanated 
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from various base stations requiring data at different frequencies. The framework is one 

of its own kinds where an integrated data stream is communicated over high frequencies 

from which various data streams of desired frequencies can be reconstructed. This 

requires rate conversion mechanism and elaborate path sharing routing techniques. 

Wringer [87] gave a framework that employs tools for finding the bugs and fixing them 

was developed by A.Tavakoli in 2007. RUASN (A Robust User Authentication 

framework for Wireless Sensor Networks) by Pardeep et al. [88] was a framework that 

dealt with the security aspects. H.Jiang et al. [89] proposed a framework based on 

clustering along with prediction scheme where the network is divided into various 

clusters headed by a cluster head which is responsible for data collection from their 

respective clusters. The authors claim their work to be an initiative in the field of 

prediction scheme for clustering-based data collection in WSN.  

“Hybrid in-network Query processing Framework for WSNs” as proposed by S. Pervin et 

al. [90]combined both approximate and aggregate query processing techniques. While 

doing this it was ensured that their constraints were overcome. A framework proposed by 

AmroQandour[91] is developed to render help in monitoring the physical conditions like 

the gas leakage, quality of air etc. To enhance the affinity between the physical world and 

the WSNs, the framework was equipped with OverThe Air Programming (OTAP), the 

connections within the network, sensors‟ governability and alarm signaling. 

LambrosSarakis et al. [92] worked in an emerging field ofVirtualSensorNetworks 

(VSNs) in the area of WSNs. Efforts were made in realizing the scalability, flexibility, 

energy-efficiency with the aim of decrease in cost, deployment, complexity etc. 

MAC designed for traditional network laid less importance on energy conservation. So 

many new MAC protocols have been designed which have WSN specific features. 

MACAW [72] and IEEE 802.11 [93] eliminate wastage in collisions. Further energy loss 

has been checked by improvement in PAMAS[94] where unintended destinations are not 

sent the packets. It has been seen that idle power consumption is also a significant portion 

so MAC protocols for sensor networks control sleep awake cycle also. 

Jose E. Bessa Maia et al. [95] in their work proposed a framework for processing 

complex queries where the framework proved to be energy efficient by decreasing the 
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amount of data injected into the network. EvAnT framework proposed by M.Woehrle et 

al. [96] is used for analyzing the events in the network. The framework supports 

heterogeneity in terms of devices and test beds. The framework works towards enhancing 

the life-time of the network. Dynamic Conflict-free Query Scheduling (DCQS) is another 

framework proposed by O.Chipra et al. [97]. The framework developed claims to provide 

conflict-free transmission. Its dynamic nature adjusts itself according to the changes in 

workload without involving much change in the transmission schedule. 

After extensive study of literature regarding evolution, applications and efficient 

operation of WSN as discussed above, it has been inferred that: 

I. WSN have a great potential to serve the human need of anytime and any 

information. 

II. WSN can be scaled up to cover large geographical extent and can serve multiple 

applications of multiple users. 

III. Query based approach is the most popular and easy approach of data extraction in 

WSN. 

IV. Resource constraints of these networks are forcing research community to 

develop and devise means which use the resources judiciously.  

 

In WSN, efficiency of one parameter may come at the expense of some other parameter. 

Therefore, most of the research activity has been application specific so that significant 

parameter for that application is available efficiently. 

However, WSN are able to serve multiple applications and many of these applications 

may have some correlation which is not exploited by the application specific techniques 

or tools. It results in processing and transmission of similar data multiple times in 

response to various applications. Therefore, in data intensive WSN it is imperative that 

same generalized approach be used which treats whole data and network and exploit 

correlation and redundancy of data so that processing and transmission of data is not 

repeated for similar queries.  
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The proposed framework is generalized approach which employs general compression 

algorithms and multiple queries are optimized at BS. Repetition of data processing or 

transmission is checked almost completely in this case.  

 

2.7 Summary 

 

In this chapter we presented a review of various information extraction techniques, 

highlighting the differences between the DBMS Query processing and WSN Query 

Processing techniques. A discussion on Energy Efficient approaches based on Mobility, 

Duty Cycling and Database Optimization has also been carried. Different frameworks 

proposed for Query Processing have also been presented. In the next chapter, a discussion 

on experimental environment and the proposed „CATMOS‟ framework is done. 
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Chapter-3 

 

Proposed Framework for Query processing in WSN: 

Compression at Input with Multi-query Optimization at 

Sink (CATMOS) 

 

A WSN exists or serves its intended purpose as long as its constituent nodes have energy. 

Hence to extend life of a WSN energy consumption of each node is to be reduced as 

much as possible. Nodes have to perform sensing, some basic processing and 

communication through low power radio signals. Communication takes place when a 

node transmits sensed data in response to a query or in case of occurrence of a predefined 

event. Data communication gulps a large amount of energy. Therefore, attempts to 

decrease communication traffic
1
are the most significant steps towards reduction of 

energy consumption. WSN are being deployed to serve a multitude of applications and 

each application is has its own metrics of priority.  

                                                           
1
Some work/ contents of this Chapter have been peer reviewed and accepted for publication 

[1] Vandana Jindal, Anil Kumar Verma, SeemaBawa, “Quantitative Reduction in Communication Load 

for Energy Efficiency in WSN”, Wireless Personal Communications (WPC), Vol. 83, Number (4), August 

(II) 2015, pp. 1-16.  (SCI-E)     (Impact Factor: 0.693) 

[2] Vandana Jindal, Anil Kumar Verma, SeemaBawa, “Green WSN- Optimization of Energy Use 

through Reduction in Communication Workload” International Journal in Foundations of Computer 

Science & Technology (IJFCST), Vol.5, No.3, May 2015, pp. 57-69. 
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Research work to optimize energy consumption by devising various Medium Access 

Control (MAC) and routing protocols has taken place and is going on. It has resulted in 

availability of a number of WSN specific and application specific variants of these 

protocols.These protocols may serve some applications very efficiently, where as for 

some applications the same protocols may prove to be unproductive.  Since a single large 

WSN is supposed to serve multiple users for single application or for multiple 

applications also therefore, a framework has been proposed which employs a generalized 

approach which can be used for any WSN application. Further gainscan be achieved by 

superimposing application specific protocols by the user. The framework is based on: 

a) Network management by using In network compression; 

b) Query optimization at BS, which merges multiple queries into new queries fewer; 

c) Query language syntax modification by using single syllable Static variables in 

place of repeated phrases. 

 

All these means have been designed to benefita WSN irrespective of application being 

served by it. This general approach will benefit query based applications of data 

extraction from WSN of any size which isolate user from the underlying network 

configuration. 

 

3.1 Components of the Proposed Framework 

The proposed framework consists of the following components: 

 

3.1.1 WSN Structure 

WSN is made up of a BS/ Sink and numerous sensor nodes. The sensor nodes 

communicate with the BS in a multi-hop fashion to reduce communication load as multi-

hop communication consumes less energy than a single hop for the same distance and 

route. This is a flat structure for medium size networks. 
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3.1.2 Base station/ Sink 

Base station also called a sink is the place for accumulating the sensed data from the 

sensors in the WSN. It possesses unlimited power supply. Function of the BS is to act as 

an interface between the network and the user. It injects queries requesting data from the 

network and receives data sent by nodes as per pre-configured program in nodes or as per 

instructions from time to time. The queries injected may be continuous, self-generated or 

manual.  

 

 

Figure 3.1: A multi hop structure of a WSN 

 

A continuous query requires the sensed data periodically.  

A self-generated query is the one where the node transmits its sensed data to the sink 

whenever the sensed data fulfills some given condition. 



67 
 

A manual query asks for the sensed data from particular sensor(s) randomly as and when 

desired. 

3.1.3 Sensor nodes/ Motes 

Sensor nodes or Motes used in the testing are SunSPOT developed by Sun Micro 

Systems and are built upon the IEEE 802.15.4 standard. The mote is built on Squawk 

Virtual Machine (VM) [98]. Size of a SPOT is nearly equal to the size of a 3×5 card. It 

consists of 32-bit ARM9 CPU, 1 MB RAM and 8 MB of Flash memory, a 2.4 GHz radio 

and a USB interface.  

The network platform of SPOT has built-in sensors along with the capability of 

interfacing with external devices. It is also known as a free range SPOT having a battery, 

processor board, a sensor board and a sunroof. It houses light and temperature sensors. 

3.1.4 User 

A user is a person desirous of retrieving information from WSN sitting in a lab/ home/ 

workplace. User injects a query or number of queries from the PC or any other interface 

with the WSN. It may be a single user with multiple queries or multiple users with 

similar query or both. 

3.1.5 Software 

Programs written in Java[99], utilized for the data reduction are compression algorithms 

employed at nodes in the network and the proposed query merging/ optimizing algorithm 

at the sink. 

3.1.6   SPOT nodes and Software Tools 

Initially sensor nodes used TinyOS as Operating System (OS) and programming was 

done in NesC. These devices were made by Crossbow Technologies. Sun Microsystems 

have come up with Java based devices known as SPOTs. These devices have light, 

temperature and acceleration sensors. The devices need no OS and run Squawk Java 
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Virtual Machine which serves the purpose of OS and application platform. Each SPOT 

has a unique ID of sixteen digits. First eight hexadecimal numbers are fixed for each 

SPOT. Last eight digits fix the identity of each device. Java used is based on J2ME. 

SunSPOT software can be managed by two tools SPOT Manager and Solarium.  

SPOT Manager manages the SunSPOT SDK software. SPOTs can be accessed and 

configured through this tool. Various Tabs are available to carry out different operations 

like accessing, configuring, setting up Over TheAir(OTA) (wireless) communications. 

Any Software Development Kit (SDK) available at Sun\SPOT website can be installed 

on SPOT. 

Solarium Tool: It is a host workstation tool to manage application software on 

SunSPOTs. It can be started from SPOT Manager Tab or from SPOT project directory. 

Solarium finds all the SPOTs available within radio range. It shows all the identified 

SPOTs through their numeric address. In Standard Java Micro Edition, only one 

application can be run at a time in Java VM, that application may have many threads. 

Squawk enables a SPOT to run many applications on it. It uses a special Isolate Class 

which prevents one application interfering with other.  

Radio connection on a specific port number is given to isolates on first come first basis. 

All other resources on a SPOT can be shared by Isolates. Master isolate controls the 

SPOT at system level.  

A  SPOT application consists of single MIDLET that runs in the master isolate. Solarium 

is used to start and stop multiple MIDLETs on a SPOT. Several MIDLETs can be packed 

in a jar file. Virtual SPOTs can also be created in Solarium. Battery of a SunSPOT is 

720mAH. Its LED power consumption can be controlled through brightness control. 

ant.info command is used to get 16 digit unique MAC address of a SPOT. OTA 

command server can be enabled or disabled. 

Radio Communication:Radio stream connection interface available in a SPOT provides 

peer to peer radio protocol with reliable buffered stream based I/O between two devices. 

Single hop or multiple hop communication can be set up. Radiogram protocol allows 

exchange of packets between two devices. It supports broadcast mode where there is no 



69 
 

guarantee of delivery. Important data should be uni-cast via radiograms because this 

mode uses Ack/ retry mechanism whereas broadcast mode does not use this feature. 

In case broadcast is to be used packet size must be limited to the extent that each 

broadcast is maximum three fragments. Single packet broadcast does not require 

fragmentation header so more space is available for data therefore it increases efficiency. 

Solarium can be used to discover SPOT in a WSN and it can manage complete life cycle 

of applications running on the discovered SPOTs.  

 

3.2 Query processor architecture 

 

Proposed framework is basically based on query type data extraction technique. In WSN, 

limiting factor for query processing is power consumption so distributed database of 

WSN is to be managed and protocols for Transport and Network layers are to be 

optimized. Basic query processing architecture for WSN has: 

a) Application layer is at BS, it provides user interface to query the sensor network.  

b) Database layer receives queries from the application layer. At BS, database layer 

contains parser, network catalog manager, query optimizer, buffer manager and 

scheduler. All these components work for optimizing resource usage by 

generating query plans, managing memory and systemizing various operations.  

c) Transport layer for BS needs adaptation to deal with both TCP for 

communication with PC and transport protocol used in WSN. Nodes are not 

addressable so TCP is not used in the WSN. 

d) Network layer provides efficient data centric routing algorithms for optimization 

based on available power with the nodes, energy consumption and hop count for 

the route chosen. It also takes into account current status of network and detailed 

query execution plan.  
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3.3Working of CATMOS 

The query injected from the PC is sent to the BS. In response to the query, query 

optimization is done using query merging technique through the proposed algorithm. BS 

may encounter multiple queries simultaneously. Response to these queries from the 

network is optimized by the proposed scheme.  

 

Figure 3.2: Sequence diagram of Query Request 

A query is injected into the WSN via the BS whenever some sensed data from the 

environment is to be sought. The sensor nodes as per the query plan receive the query 

request from the BS. The sensed data is transmitted to the BS hop-by-hop as per the 

preconfigured or application specific route.     
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Figure 3.3 Sequence Diagram of sensed data collection 

i. Sensor nodes collect the sensed data, process it i.e. In-network aggregation/ 

processing and finally transmit the processed data to the next node as per routing 

protocol which is decided by the requirement of application. 

ii. The sensor node that receives the processed data in turn forwards it to the next 

node till the processed data reaches the BS. 
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iii. The BS on receiving this transmitted data from the sensor nodes makes use of this 

data for further processing it to convert it into reply of the query or queries 

running or fresh injected query into the base station. 

 

Sensor data generated by sensing activity of the nodes lies in a distributed manner in the 

network. This distributed database having WSN specific characteristics is handled by the 

proposed framework in a judicious and generalized way. 

Low complexity small size data compression algorithms compatible to limited memory 

and processing power of nodes have been employed to eliminate redundancies and 

compress the data without any loss of useful information.  

In-network compression and modification in Query syntax help in reducing the size of 

data to be transmitted from node to node and nodes to base station and Query 

optimization at the base-station (sink node) reduces the number of queries injected into 

the network and thereby reduces the number of transmissions for answering the queries.  

In the latest WSN, advanced In-network processing is possible due to increase in the 

computing capacity of sensor nodes. There are two stages in our optimization process. In 

Stage-I, the data streamis subjected to compression in the network and in Stage-II Query 

merging and use of static variable in query syntax is employed at base-station. 

BS acts as an interface between the base station application running on the host (PC with 

Windows platform) and those running on the targets. Energy source available at the base-

station is replenishable. In response to a query injected at the base-station query 

optimization is done using query merging technique. BS encounters multiple queries 

simultaneously. Response to these queries from the network is optimized. The 

optimization of multiple queries at the BS helps in achieving significant reduction in 

energy consumption. As the BS is not resource constrained therefore, there is no 

limitation on size of optimization algorithm or other tools. Queries posed to WSN 

generally have similar nature as the main applications are of monitoring be it physical 

environment, health care, military surveillance. Therefore, these queries may contain 

identical expressions. 
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The identical expressions have been replaced with single character called „Static 

Variables‟. This reduces the data injected into the network. In addition to this action at 

sink or BS a query initiates following action at the BS: 

When a new query qn arrives at a BS where results of a query set Qs are already available 

it is checked whether the query can be satisfied with the available data. If no, the new 

query is merged with the existing queries and a synthetic query emerges out of this 

merger. An algorithm has been devised which compares energy benefits of solving the 

new query as it is or by merging it with already existing queries and generating new 

synthetic query and finding its solution.  

A „Gain‟ metric has been developed to compare the Gain of query merging. In case, Gain 

is positive synthetic query is used. The process continues and slowly existing query set 

transforms into a set of synthetic queries. Once requirement of any query is fulfilled it is 

removed from the query set. In addition to this as the queries injected into the network 

have identical expressions to a large extent these identical expressions are replaced with 

single characters called “Static Variables” which further compresses the data to be 

transmitted in the network.  

The proposed framework utilizing “Compression At input with Multi-query Optimization 

at Sink” (CATMOS) runs on Java VM platform. In this work we depict how CATMOS 

compresses the query syntax and the sensed data along with query merging at the base-

station before presenting the final results in response to the user‟s queries. 

 

3.3.1ProposedStrategy for Energy Optimization 

Sensor data collected with the help of densely deployed sensors which is to be used by 

users for useful information extraction is retrieved in an energy efficient manner through 

the two pronged strategy as detailed below: 
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In-network compression  

 

The sensed data by the nodes is in the form of continuous data streams. These data 

streams are tokenized, generating strings of data. These strings are subjected to various 

compression algorithms such as: Huffman, LZW and Deflate algorithm. These algorithms 

have been employed to remove redundancies in the sensor data. No useful information 

has been sacrificed thereby maintaining full data fidelity. 

Besides the In-network compression results, whichhave been evaluated on simulator and 

are presented in the next section, base-station optimization as described below is also 

employed.  

Base station Optimization  

Due to generation and storage of data continuously by nodes in a sensor network a WSN 

may be considered similar to a distributed database [50, 4]. Assumption that the data is 

distributed in a database makes the usage of data more comfortable as modification of 

data becomes easy. Queries are injected to extract information from this database. 

 

Queries may be categorized as one shot queries and continuous queries. Queries reporting 

the current data only once are termed as one shot queries where as continuous queries are 

those where the sensors produce and report the data periodically. Multiple queries being 

studied may be of any of these types. 

 

Optimization of multiple queries at BS by query merging results in reduction of energy 

consumption significantly. The queries are considered to be long running ones. In case of 
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Figure 3.4: The proposed architecture “CATMOS” 

long running queries after sometime mostly result dissemination messages are left in the 

network so a metric in terms of number of result dissemination messages in a unit time is 

considered to calculate or arrive at the cost involved in answering a query.  
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Table 3.5: Table of Notations 

Symbol  Definition  

Q={q1, q2, q3,………qn } Set consisting of already running queries  

q’new a rewritten query of qnew defined over q1,q2,…,qn 

ep Epoch or sample period  

sel(p)  Selectivity of a predicate  

SC(q)  Selection Criteria of q  

Wqi  Cost of data acquisition query  

Gain  Saved cost in query rewriting  

An Attributes like temperature, pressure etc.  

A(q)  Set of attributes listed  

mini  Minimum range of attribute  

maxi  Maximum range of attribute 

uppervaluei  Upper value of predicate p 

lowervaluei  lower value of predicate p 

q1, q2, q3,…………qn, Queries  

q’ Synthetic query  

Qs Synthetic query set  

GCD  Greatest Common Divisor  

da1, da2, …..,dan Decomposition of query  

n  Sensor node  

Gain in cost reduction can be evaluated by finding the difference between the energy cost 

of newly injected query or queries and query merger. If we assume that each sensor node 

then has equal chance of being queried, selectivity of a predicate from the data is sel(p), 

in case of multi hop query with sensor at depth d, cost of data acquisition query (Wqi) 

shall be: 
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where Si is sampling rate of the query. Sel(p) depends on the distribution of attributes. 

Selectivity is computed over the whole data range. If a system has A attributes for 

querying and each attribute has a range which falls between [mini, maxi] (i =1, 2,…A) the 

selection criteria of the predicate p having the range [upper valuei, lower valuei] may be 

written as: 

 

If an existing query set Q1 is synthesized into new query set Q2generated as a result of 

query merger called synthetic query the cost difference is given as: 

                             

where, WQ1 is cost of all the queries in Q1 andWQ2 is the cost of queries in new set Q2. 

Value must be positive for synthesis to be beneficial. While synthesizing queries into new 

one it is to be ensured that new query is super set of queries being merged. Semantic 

correctness is also essential in case of data aggregation queries. Positive difference is 

denoted by a metric called Gain. Gain metric quantifies the saved cost in query rewriting. 

If we merge two queries q1 and q2 into one synthetic query q', it should be such that all 

the data requested by q1 and q2 must be requested by q' also. 

Gain12=sel(p1)/s1+ sel(p2)/s2 - sel(p1U p2)/GCD(s1,s2)         

We shall write q1 and q2 into q' if and only if Gain12>0. 

Gain12>0 only if   

 Cost difference = W
Q1 

– W
Q2

 ……….(iii) 
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(„s‟ refers to the sample period or the „epoch‟)            

3.3.1.1 Mathematical Analysis of the proposed approach 

Dual strategy of In-network processing/ aggregation and Base station optimization are 

discussed in details in this section.  

In-network aggregation: This involves data compression at the node level. In response to 

a query injected into the network by the base station, the data is sensed by the sensors and 

is stored in the nodes in the shape of data streams. The data stream is converted into a 

string format and is subjected to various compression algorithms. The data is then 

transmitted to the Base Station (BS) where it‟s optimization takes place.  

The main objective is to reduce the data size by eliminating spatio temporal 

redundancies. Data fidelity is given importance and there is quantitative reduction in data 

only without any reduction in quality. Reduction in data to be communicated, results into 

less draining of scarce energy of nodes. Gains through compression have been verified on 

a simulator. Brief simulator setup & results have been discussed in the following 

sections.  

Whenever a query is injected into the network it drives free nodes of the network into 

action and they sense continuous stream of data from the environment. The queries that 

flow into the WSN after initiation from the base station generally have many identical 

expressions. In order to reduce communication load these identical expressions are 

replaced by a single term. It acts as a sort of compression at the time of compilation itself.   

The base station is connected to a PC where power is not the limitation. The results 

generated by the already running queries within the network are explored to obtain the 

reply for newly injected queries before floating them into the network. A modern WSN is 

able to perform multiple tasks for multiple users as it is versatile enough to satisfy 
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information needs of widely varying applications simultaneously. Hence it is flooded 

with multiple queries at any instance. Here Query merging which is the process to rewrite 

the queries with the help of already running queries is resorted to. For this, query 

rewriting algorithm has been proposed which merges new queries with various already 

running queries. Rewriting the Query is demonstrated as follows: 

qinject1= select nodeid, illumination from sensors where 40<illumination<80epoch 3sec 

qinject2= select nodeid, illumination from sensors where 120<illumination<160epoch 6sec 

Now a new query is written such that the data requested by new query should be 

obtainable from the results of the two queries. In this case attributes and predicates of the 

new query will be Union of these two queries and epoch duration will be the Greatest 

Common Divisor (GCD)of the epoch of these two queries. Therefore new query q‟ 

should be: 

q‟= select nodeid, illumination from sensors where 40<illumination<160epoch 3sec 

In this way by using Greedy Algorithm one can merge two or more queries. The 

algorithm calculates the Gain from the merger. If Gain is more than zero then we go 

ahead with the merger. 

Now let us assume these queries q1,q2,q3 such as: 

q1=”select nodeid from sensors where 150<pressure<450 epoch 2sec” 

q2=”select nodeid from sensors where 40<pressure<360 epoch4sec” 

q3=”select nodeid from sensors where 20<pressure<320 epoch4sec” 

Here, Gain(q1,q2)= 300/2 + 320/4 – 410/2 

         =150 + 80 – 205 

         = 230 – 205 >0 

Gain>0, therefore queries will be merged. Hence the new queries may be written as: 

q‟1 = select nodeid from sensors where 40<pressure<450 epoch2sec 

Gain(q‟1,q3)= 410/2 + 300/4 – 430/2 

         = 210 + 75 – 215 >0 

Query will be merged q‟2 will be executed. 
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q‟2 = select nodeid from sensors where 20<pressure<450 epoch2sec 

Similarly, we can explore the possibility whether we can answer a new query by reusing 

the results of existing queries. We can save unnecessary data communication and save 

energy. For example: 

If the existing running queries in a network are: 

q1= select nodeid from sensors where illumination>25 epoch2sec 

q2= select nodeid from sensors where illumination>60 epoch4sec 

If a new query is injected to the BS as follows: 

qnew= select nodeid from sensors where illumination>40 and humidity>70 epoch8 sec 

In this case we can answer the new query from the results of the existing queries q1 andq2 

without injecting the query into the network.

 

Figure 3.6: In-network processing  
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In case Gain < 0, new queries are not integrated and go directly into the existing synthetic 

query list. If Gain > 0, queries are synthesized, new synthetic query is then checked for 

positive Gain with other queries of the set. The iterative algorithm is so designed that any 

achievable positive Gain is exploited fully. 

__________________________________________ 

Pseudo code/ Algorithm for In-network processing 

__________________________________________ 

Step 1: Start 

Step 2: Input: Data sensed by the sensor node. 

Step 3:d → {d1, d2,d3,d4.d5,,……., dn}  /*Data = d, sensor node = n, queue = Q*/. 

Step 4: Compressing the data by using three different algorithms. 

Step 4.1 Huffman Algorithm 

huffman(d)   { 

n1 = │d│; 

Q= d; 

for (i= 1 to n-1){ z= new node; 

left[z] = extract – min(Q); 

right[z] = extract – min(Q); 

f[z] = f[ left[z]] + f[right[z]]; 

insert(Q, z);} 

  return extract-min(Q)} 

Step 4.2 LZW Algorithm 

w = nil; 

while( read a character d) 

{if wd exists in the dictionary 

  w=wk; 

else 

 add wk to the dictionary; 
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output the code for w; 

w=d; 

} 

Step 4.3 Deflate algorithm 

Step4.3.1: set the coding position to the beginning of input stream 

Step4.3.2: if coding position is not at the end of input stream, search the 

window for the longest match with the look ahead buffer;  

else algorithm terminates. 

Step4.3.3: if find match,  

output (off, length, d),dc is the character following the match, 

coding position and window move length+1 bytes forward; 

  else goto step4.3.4. 

step4.3.3: output current character at coding position, coding position and 

windows move 1 byte forward;  

goto step 4.3.2. 

Step 5: select the most optimal compression from these three algorithms. 

Step 6: Generate the packets from the compressed data. 

Step 7: Generate packets stored in sensor node database. 

Step 8: Stop. 

Synthesis of Multiple Queries: The section here presents multi-query optimization 

algorithms. The base-station is the interface between the network and the user. User 

sends queries and obtains the result at the base station. Base station is not resource 

constrained as the nodes. Therefore, base-station is used to filter out the redundant load of 

multiple queries into the network. Multi-query optimization algorithm rewrites a set of 

similar queries into a new set of queries before injecting them into the network, so that 

redundant data requests can be eliminated as much as possible. Correctness of semantics 
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of queries is to be ensured while rewriting new query. All this is achieved with the help 

of different algorithm designed to obtain maximum Gain. 

Treatment of a new query: If a new query qn arrives at a base station where results of a 

synthetic query set Qs are already being calculated or obtained from the network, the 

algorithm will evaluate the benefit of rewriting the new query with the existing synthetic 

queries and find the most beneficial(in terms of cost) one. A new query is generated by 

merging the new query and existing query where the Gain is maximum. If there is no 

such query then new query is directly added to the set qs .Iterative evaluation of cost 

reduction by integration of new synthetic query in the qs: When a synthetic query is 

generated on arrival of new query as explained above the previously existing query set Qs 

gets modified. 

 

Figure 3.7: Base station optimization 
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It is evaluated through successive iterations through algorithm whether new synthetic 

query can be synthesized with any of the existing queries in Qs to achieve further Gain. If 

so the pair is rewritten and the new one is again checked. This iterative process is 

continued till no further Gain is achievable. When duration of a new injected query gets 

finished it is to be removed from the query set being evaluated. Query list is updated 

again to the previously optimized status prevailing before injection of the query. In this 

way Multiple Query Optimization (MQO) design should be scalable-every new query is 

treated individually for positive Gain, energy efficient and adaptable-no redundant query 

should be there in the system. 

Query Rewriting is employed for answering the newly injected queries by reusing the 

results of the already existing queries. This results into optimization of resource usage as 

duplicate data requests can be removed. The notations used in the algorithm are: 

Q = {q1, q2 ,…, qn} the set consisting of already running queries;  

an =  The attributes like temperature, pressure etc.; 

q‟new = a rewritten query of qnew defined over q1,q2,…,qn; 

EP = Epoch is the time interval of taking the readings; sampling rate; 

SC(q) = Selection Criteria of q; 

A(q) = Set of attributes listed; 

S(q) = Set of attributes that are in selection criteria SC; 

(sc= p1 ⋀ p2 …..) e.g.sc= (light > 100) ⋀ (temp<30) 

Decomposition of query qnew into da1, da2, …..,dan; 

dai=     ∏ nodeid, ai(σsc(qnew,ai)(sensors)), if ai∈ A(qnew) 

           ∏ nodeid(σsc(qnew,ai)(sensors)), if ai∈ S(qnew)- A(qnew) 

for1 ≤ i ≤n. 

e.g. dtemp= ∏ nodeid, temp(σtemp(qtemp<30)(sensors)) 

dlight ∏ nodeid(σlight<100)(sensors)) 
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_______________________________ 

Algorithm for Rewriting the Query 

________________________________ 

1. Let A(qnew) ⋃ S(qnew) = {ai}; 

wherei = 1,2,3…..n;   /* composing the Prospect Query set*/ 

2. Q‟ = Q;  

3.  for j=1 to m 

forqj∈ Q‟j do 

if ((EP(qnew) % EP(q)!=0)⋀(SC(q) ⋀ SC(qnew) == false)) 

  remove q from Q‟; 

  end 

end 

end 

4. fori=0 to n, A(qnew) ⋃ S(qnew)  

doQ‟ ai = {q | (q ∈ Q‟) ⋀ (ai∈P(q))}; 

end 

5. for each Q‟ai (1≤i ≤n)  

do compute test C(qnew, ai) → 𝑆𝐶(𝑞)𝑞∈𝑄′ 𝑎𝑖  

if test == true 

hold; 

elsereturn;     

end 

6.for i=1 to n in A(qnew)  

do dai= ⋃𝑞 є 𝑄’ 𝑎𝑖  nodeid ,   aiσsc(qnew,ai)(q));  

end 

7.  for i =1 to n 

  S(qnew)- A(qnew) 

dai= ⋃𝑞 є 𝑄’ 𝑎𝑖  nodeid , (σsc(qnew,ai)(q));   

end 

8. Return q‟new = da1 a2   … dan;  
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In this chapter we have proposed an energy efficient In-network compression technique 

to reduce traffic in WSN facilitating an extended life time of the network. At the base-

station query re-writing method is used for writing a new query if possible from the 

already injected queries. Both methods resultinto reduced energy consumption of the 

nodes. The work is implemented using the SPOT wireless platform. After the data has 

been sensed by the sensor of a free-range SPOT that is installed in the network as a 

sensor node, the data compression algorithm comes into play.  This compressed data in 

then transmitted to the BS SPOT which in turn sends the data to a PC. Results indicate 

that compression rate and power reduction are quite impressive. The query optimization 

processing algorithm described in this chapter results in cutting the cost in terms of 

energy and bandwidth usage, both of which are scarce resources in a WSN. 

 

3.5 Summary 

 

The chapter presents in details about the proposed Framework „CATMOS‟, explaining all 

its components, the software employed for its working, and query processing 

architecture. Query optimization processing algorithm was discussedfor rewriting of 

query at the base station. 
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Chapter-4 

 

Simulation Setup, Results and Analysis 

 

The goal of this simulation study is the evaluation of the achievable energy gains when 

data compression is applied prior to packet transmission. We examine a multi-hop 

scenario, where a node periodically delivers the data to the sink (BS). The data collected 

through high density distributed WSN are immense. In applications like temperature 

monitoring, the data collected at the free nodes needs to be transferred to the base-station 

periodically with low latency so that the data available is up-to-date. When readings are 

taken at regular time intervals, they are not expected to change significantly, but need to 

be transferred to the base-station at regular intervals. 

4.1 Simulation Setup 

SunSPOT mote used in the study
2
 is a WSN mote developed by Sun Microsystems. The 

device is built upon the IEEE 802.15.4 standard. Unlike other mote systems, The SPOT is 

built on Squawk VM [100]. A SPOT is about the size of a 3×5 card with 32-bit ARM9 

                                                           
2
Some work/ contents of this Chapter have been peer reviewed and accepted for publication 

 Vandana Jindal, Anil Kumar Verma, SeemaBawa, “Two pronged Strategy for Energy 

Optimization in WSNs by using In-network Compression and Synthesis of Multiple Queries 

at Base-Station”, In Proceedings of the  International Conference on Systems, Control, Signal 

Processing and Informatics (SCSI 2015), Barcelona, Spain, April 7
th

 -9
th 

, 2015, pp 135-141. 
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CPU, 1 MB RAM and 8 MB of Flash memory, a 2.4 GHz radio and a USB interface. The 

network platform of SPOT has built-in sensors along with the capability of interfacing 

with external devices. Two kinds of SPOTs i.e. free-range SPOT and base-station SPOT 

are present. The anatomy of free range SPOT has a battery processor board, a sensor 

board and a sunroof. 

The sensors present are capable of measuring acceleration, temperature and light 

intensity. The base-station SPOT does not have a sensor board. It acts as an interface 

between the base station application running on the host (PC with Windows platform) 

and those running on the targets. The host application is a J2SE program [101] and target 

application is a Squawk Java Program. Two of the platforms used here are the SPOT 

Manager tool and Net Beans 7.0 Integrated Development Environment. The SPOT 

Manger tools are – the SPOT Manager and Solarium [102]. Each SunSPOT has an IEEE 

network number. Solarium has an emulator for running applications on a virtual SPOT. 

Initially sensor nodes used TinyOS as operating system and programming was done in 

NesC. 

 

 

 

 

Figure 4.1: SunSPOTs with an AA battery[107] 
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The compressed data is then transmitted to the user‟s end via the base station thus 

reducing the quantum of data transmission. The reduction in the size of the data leads to 

saving energy of the nodes in the WSN.  

 

Figure 4.2: The SPOT Manager[107] 

NetBeans is a software development platform written in Java. The NetBeans Platform 

allows applications to be developed from a set of modular software components called 

modules.Applications based on the NetBeans Platform, including the NetBeans 

integrated development environment (IDE), can be extended by third party 

developers[103].The NetBeans IDE is primarily intended for development in Java, but 

also supports other languages, in particular PHP, C/C++ and HTML5 [96][10].NetBeans 

is cross-platform and runs on Microsoft Windows, Mac OS X, Linux, Solaris and other 

platforms supporting a compatible JVM. 
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Figure 4.3: NetBeans[107] 

 

Figure 4.4: Solarium Application[107] 

The findings have been summarized in tabular form and then the graphical 

representations have been depicted. 
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Figure 4.5: Solarium showing the graph from the sensed data[107] 

Table 4.6:Raw data(bytes) andCompressed Data (bytes)using Huffman/ LZW/ Deflate 

algorithms 
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Table 4.7:Compression Factor (CF) (%age compression using Huffman/ LZW/ Deflate 

algorithm) 

 

  Table4.8:Percentage compressions (Huffman / LZW Compression algorithm) 
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4.2 Test cases, test results and test analysis 

A. Test Case I 

Test Objectives 

Tests were conducted with the objective to find out change in energy consumption before 

and after In-network processing of raw data streams at nodes using compression 

algorithms with strict monitoring so that there is no data loss. For this, in Test Case-I the 

data streams were compressed using the Huffman compression. The test bed used for the 

test was „Solarium‟. Verification of the output was done employing synthetic data.   

Test Results 

A graph was plotted using raw streams of data and the final results obtained after 

processing this sensed data. The x-axis denoted the number of queries where as the y-axis 

depicted data generated. The plotted graphsshowed both the results with uncompressed 

raw data streams and after the streams were compressed.  

The final graph plotted between the number of queries executed against their respective 

data sizes i) without compression and ii) with Huffman Compression are as under: 

 

Figure 4.9:Raw Data vs. Compressed Data using Huffman Compression algorithm 
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Test Result Analysis 

The main objective of the study is to assess the achievement in energy savings by using 

data to compression before transmitting data to the base-station via other nodes as per the 

established route. Compressing the data leads to decrease in the size of data that is to be 

transmitted. Reduced data size leads to reduced number of the radio transmissions. 

Reduction in radio transmissions leads to lower energy consumption. It is observed   that 

the produced data gets reduced through the applied compression algorithm without losing 

its contents. The compression factor was attainable up to 48.64%.  

 

B. Test Case II 

Test Objectives 

Tests were conducted with the objective to find out change in energy consumption before 

and after In-network processing of raw data streams at nodes using compression 

algorithms with strict monitoring so that there is no data loss. For this, in Test Case-IIthe 

data streams were compressed using the LZW compression. The test bed used for the test 

was „Solarium‟. Verification of the output was done employing synthetic data.   

Test Results 

A graph was plotted using raw streams of data and the final results obtained after 

processing this sensed data. The x-axis denoted the number of queries where as the y-axis 

depicted data generated. The plotted graphs showed both the results with uncompressed 

raw data streams and after the streams were compressed.  

The final graph plotted between the number of queries executed against their respective 

data sizes i) without compression and ii) with LZW compression are as under: 
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Figure 4.10: Raw Data vs. Compressed Data using LZW algorithm 

 

Test Result Analysis 

The main objective of the study is to assess the achievement in energy savings by using 

data to compression before transmitting data to the base-station via other nodes as per the 

established route. Compressing the data leads to decrease in the size of data that is to be 

transmitted. Reduced data size leads to reduced number of the radio transmissions. 

Reduction in radio transmissions leads to lower energy consumption. It is observed   that 

the produced data gets reduced through the applied compression algorithm without losing 

its contents. The compression factor was attainable up to 92.90%.  

C. Test Case III 

Test Objectives 

 

Tests were conducted with the objective to find out change in energy consumption before 

and after In-network processing of raw data streams at nodes using compression 

algorithms with strict monitoring so that there is no data loss. For this, in Test Case-IIIthe 
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data streams were compressed using the Deflate compression. The test bed used for the 

test was „Solarium‟. Verification of the output was done employing synthetic data.   

Test Results 

A graph was plotted using raw streams of data and the final results obtained after 

processing this sensed data. The x-axis denoted the number of queries where as the y-axis 

depicted data generated. The plotted graphs showed both the results with uncompressed 

raw data streams and after the streams were compressed.  

The final graph plotted between the number of queries executed against their respective 

data sizes i) without compression and ii) with Deflate algorithm are as under: 

 

Figure 4.11: Raw Data vs. Compressed Data using Deflate algorithm 

Test Result Analysis 

The main objective of the study is to assess the achievement in energy savings by using 

data to compression before transmitting data to the base-station via other nodes as per the 

established route. Compressing the data leads to decrease in the size of data that is to be 

transmitted. Reduced data size leads to reduced number of the radio transmissions. 

Reduction in radio transmissions leads to lower energy consumption. It is observed   that 

the produced data gets reduced through the applied compression algorithm without losing 

its contents. The compression factor was not attainable up to the mark. It was 115.78% 

(more than the original size) which failed to serve the purpose.  
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D. Test Case IV 

Test Objectives 

The objective of the test case IV is to verify the effect of query merging at base-station 

data to be communicated in response to a number of queries. The test is executed on the 

test bed “Solarium”. It is to be established whether the results obtained using the 

synthetic data fulfils the intent of answering multiple queries with reduced 

communication load in the network. 

 

Test Results 

The graph in Figure 4.10 is obtained by employing three techniques i.e. i) injecting  

autonomous queries, ii) query blending/ merging and iii) rewriting of queries conjointly 

with the merger of the previously injected queries at the base-station. The values along 

the x-axis depicts the total number of sensor readings generated and values along the y-

axis depict the number of sensor readings required to be relayed through the established 

route to the sink (base-station).  

 

Figure 4.12: Results obtained from Number of Sensor readings transmitted and received 
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Test Result Analysis 

Undoubtedly, the integration or the merger of the queries is beneficial in terms of data 

reduction. It is established that rewriting queries from amongst the lot in operation as 

most of the queries are continuous queries with new injected queries proves to be 

profitable. The technique shows positive results. The total number of bits required to be 

communicated gets reduced. Out of the two approaches, the latter proved to be more 

effective in energy conservation as it greatly reduces. 

In order to further extend the battery life of the sensors, we made use of „Static variables‟ 

i.e. substituting the repeated text in queries by a single variable, which can be thought of 

compression at the time of compilation. By employing these static variables, the 

compression level enhanced further. 

E. Test Case V 

Test Objectives 

The objective of the test is to evaluate the amount of energy savings after employing 

static variables during compilation. The approach was extended on the queries to be 

injected from the base station. Huffman compression was employed further on the query 

to be injected into the WSN. The test bed used for the experiment was „Solarium‟.  

Test Results 

A graph was plotted with the x-axis depicting the number of queries where as the y-axis 

depicting the compressed data with Huffman code without using Static Variable in 

queries and compressed data with Huffman code and using Static Variable at compilation 

time. 

Test Result Analysis 

The main objective of the study was to assess the achievement in energy savings by 

subjecting queries to static variables during compilation. It is evident that the objective of 

enhancing energy savings was achieved. There was a further increase in saving up to a 

maximum of 12.63% after the compression when data subjected to Huffman code.  
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Figure 4.13: Compression Factor (without Static Variable) vs. Compression Factor (with 

Static Variable) using Huffman Compression Algorithm 

F. Test CaseVI 

Test Objectives 

The objective of the test is to evaluate the amount of energy savings after employing 

static variables during compilation. The approach was extended on the queries to be 

injected from the base station. LZW compression was employed further on the query to 

be injected into the WSN. The test bed used for the experiment was „Solarium‟.  

Test Results 

A graph was plotted with the x-axis depicting the number of queries where as the y-axis 

depicting the compressed data with LZW code without using Static Variable in queries 

and compressed data with LZW code and using Static Variable at compilation time. 



100 
 

 

Figure 4.14: Compression Factor (without Static Variable) vs. Compression Factor (with 

Static Variable) usingLZW Algorithm 

Test Result Analysis 

The main objective of the study was to assess the achievement in energy savings by 

subjecting queries to static variables during compilation. It is evident that the objective of 

enhancing energy savings was achieved. There was a further increase up to maximum of 

4.48% after the compression when data subjected to LZW code.  

 

We have proposed use of low power consuming compilation techniques at node level and 

query merging at base station for optimization of data transmission in order to decrease 

the energy consumption for serving multiple applications by a WSN. 

The application of this optimization resulted in a modest 10.29% reduction in the power 

consumption. Energy savings in one network may seem to be miniscule but as the 

number of deployed WSNs is increasing day by day, these savings translate into huge 
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savings globally. Therefore any saving in energy through software means, results in 

benefits for the times to come. Reduction in energy consumption and possibility of 

deployment of WSN in any unimaginable location will go a long way in achieving 

environmental protection targets goals also.  

Table 4.15: Comparative features of various frameworks with CATMOS 

 TinyDb Cougar CATMOS 

In-network processing √ √ √ 

Query optimization at 

BS 

× × √ 

Platform used TinyOS Query-optimizer for energy-

efficient query routes 

Java 

 

4.3 Summary 

 

The testing of the proposed framework „CATMOS‟ was carried out on test-bed 

„Solarium‟ along with the motes. Use of low power consuming compilation techniques 

have been proposed at node level and query merging at base station for optimization of 

data transmission in order to decrease the energy consumption for serving multiple 

applications by a WSN. The main objective of the study was to assess the achievement in 

energy savings and the objective was successfully achieved. 
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Chapter-5  

 

Conclusion and Future Scope 

 

The objectives of the research work have been: 

I. Review of the literature on Query processing and WSN. 

II. To propose an efficient framework for Query Processing in WSN environment. 

III. To design and develop the proposed framework. 

IV. Verify and validate the proposed framework. For e.g. by using synthetic data set. 

A lot of research literature on WSN regarding history, evolution and ongoing research to 

overcome the inherent limitations of WSN was reviewed. On the basis of the literature 

reviewed it has been construed that query based techniques are the most popular and 

relevant means of information generation from WSN data. It has also been established 

from the literature that optimization of communication load is one of the most effective 

means of achieving energy efficiency. The research work has been formulated on these 

two premises. Therefore, a framework for efficient query processing in WSN has been 

proposed. 

Most of the researchers have adopted topological and routing innovations in their work, 

these works have been able to achieve the desired objective but the suitability of the work 

has been limited to certain specific applications only. However, as the WSN today find 

use in diverse applications such as: ambient condition monitoring, forest fire detection, 

health care monitoring, battlefields intrusion or any application in any inaccessible 
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location etc., proposing a generalized approach has been the main motive. The proposed 

approach is applicable to all types of applications, irrespective of size, topography or 

protocols used.  

In addition to this, it has been taken care of that algorithms or processing proposed do not 

use scarce resources of sensor nodes in compression. Some of the routing protocol based 

or agent based approaches introduces overheads or processing needs which negate the 

objective of reduction in energy consumption as processing consumes energy which is 

more than the saving in data reduction.  

The proposed framework:“Compression At inpuT with Multi query Optimization at 

Sink” (CATMOS) has been built upon query type data extraction technique which has 

made a two pronged attack on data redundancy i.e.,In-network optimization processing at 

node level and BSoptimizationprocessing at BS for efficient Query Processing. In the 

work, element of Network management has been employed by using In-network 

compression. 

In „In-network aggregation‟ the data has been compressed at the node level.  The main 

objective has been to reduce the data size by eliminating spatio-temporal redundancies. 

Data fidelity has been given importance therefore quantitative reduction in data was 

carried out without any compromise in quality of data. Reduced data to be communicated 

resulted into less consumption of node energy. Three compression algorithms i.e., 

Huffman, LZW and Deflate compression algorithms were examined on a Sun Small 

Programmable Object Technology (SunSPOT) network. Possible data reduction through 

each algorithm has beentested on a simulator „Solarium‟. 

For BS optimization, the data available at BS in response to already running queries 

within the network has been scrutinized to check whether the reply to newly injected 

queries could be generated from the data before floating the query into the network. If at 

all query has to be sent into the network it has been merged with the running queries and 

a new query has been rewritten. A novel algorithm for rewriting queries, based on the 

concept of Query Merging was proposed. In Query merging,new queries were rewritten 

along with the already running queries within the network. Only those mergers 
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werechosen for action, which provided actual Gains as verified through the algorithm. 

The merged queries were given the name „Synthetic Queries‟.The proposed algorithm 

ensured that the chosen synthetic queries achieved all the desired objectives. In addition 

to this, query language syntax modification by using single syllable static variable has 

been employed to achieve additional Gains. 

Simulator results of compression and query optimization were encouraging. The 

application of this optimization resulted in a modest 10% reduction in the power 

consumption of the application. This much Gain has been possible through these 

compression algorithms which were chosen because of their low processing energy 

consumption.   

In the future as the technology progresses the application areas of WSN will become 

broader than the existing scenario. Their availability to the masses will become more than 

right now. The applications are going to be more and more diverse with increased 

heterogeneity of sensors and network platforms. Generalized approaches are the best 

possible tools to exploit the potential of this wonderful technology. Concept of smart 

cities to improve quality of life using IT has acceptance world over. It is conceived on the 

idea of Internet of Things (IoT)such as vehicles, electronic appliances, buildings etc. 

which will be having wireless sensors to monitor various physical parameters. 

Communication among such heterogeneous objects and platforms will require 

standardization or approaches which are independent of nature of device or platforms.  

Generalized approach used in the proposed framework maybe developed by future 

researchers to create more efficient applications. With time knowledge base and expertise 

in developing application specific energy efficient programs will increase. The proposed 

framework can be used along with other application specific tools to achieve further 

gains in the metrics of significance.  

Future researchers have many obstacles to overcome to make the use of WSN to their 

maximum potential for the benefit of mankind. Reduction in energy and possibility of 

deployment in any unimaginable location should be the main focus of research.  
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