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ABSTRACT

Energy conservation is a major issue in Wireless Sensor Network (WSN). In order to obtain energy conservation, Time Division Multiple Access (TDMA) has been discussed as one of the potential solution. Many researchers proposed TDMA as a Media Access Control (MAC) in order to conserve energy. The main advantage to using TDMA MAC is avoidance of collision of data packets during transmission and the added facility to use sleep modes. The use of sleep mode enables switching off the radio antennas thus reducing the energy conservation. 

Prior to usage of TDMA MAC, scheduling of the sensor nodes, i.e. providing time slot to the sensor nodes must be performed. Efficient scheduling of transmitting time slot in a TDMA is important for low power Wireless Sensor Network. This thesis deals with the issue of scheduling.

In this thesis, two decentralized scheduling algorithms “Distributed Randomized TDMA (DRAND)” and “Deterministic Distributed TDMA (DDTDMA)” are compared. In these algorithms, flowing the messages among the sensor nodes the scheduling is performed by assigning transmitting time slot to each node. So, their efficiency is analyzed based on schedule length, message complexity and  convergence time to obtain scheduling. It is shown that DDTDMA is efficient algorithm than DRAND in terms of schedule length, message complexity and  convergence time.  
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Chapter 1: INTRODUCTION
1. 1 Background

A wireless sensor network (WSN) consists of spatially distributed autonomous sensors to monitor physical or environmental conditions, such as temperature, sound, vibration, pressure, motion or pollutants and to cooperatively pass their data through the network to a main location[1]. The more modern networks are bi-directional, also enabling control of sensor activity. The development of wireless sensor networks was motivated by military applications such as battlefield surveillance; today such networks are used in many industrial and consumer applications, such as industrial process monitoring and control, machine health monitoring, and so on.

The WSN is built of "nodes" – from a few to several hundreds or even thousands, where each node is connected to one (or sometimes several) sensors. Each such sensor network node has typically several parts: a radio transceiver with an internal antenna or connection to an external antenna, a microcontroller, an electronic circuit for interfacing with the sensors and an energy source, usually a battery or an embedded form of energy harvesting. A sensor node might vary in size from that of a shoebox down to the size of a grain of dust. The cost of sensor nodes is similarly variable, ranging from a few to hundreds of dollars, depending on the complexity of the individual sensor nodes. Size and cost constraints on sensor nodes result in corresponding constraints on resources such as energy, memory, computational speed and communications bandwidth. Wireless sensor networks have a wide range of potential applications including environment monitoring, military scenarios and robotic exploration. Many of the sensor networks will be battery-powered, so lifetime is the most essential requirement. This motivates the proposal of many MAC protocols [2].
In order to conserve energy, TDMA MAC has been proposed by many researchers. The main advantage to using TDMA MAC would be avoidance of collision of data packets during transmission and the added facility to use sleep modes. The use of sleep mode will enable switching of the radio antennas thus reducing the energy conservation. It should be noted that the major consumption of energy takes place during transmitting and receiving data packets in wireless devices. In TDMA protocols, a TDMA frame is divided into time slots and each admitted node is assigned one. The transmission schedule allows nodes to send and receive without collision [2].
The main objective of scheduling is to avoid one-hop and two-hop collision. In one-hop  transmission it is not possible to transmit message from one node(say node A) to another node(say node B) while another node (B) is transmitting data to the node(A) itself, otherwise there may be collision in transmission of data i.e. One-hop conflict. Similarly in two hop transmission it is not possible to transmit message from two- hop node(C) to one hop node(B) while transmitting node(A) is transmitting data to one-hop node(B), otherwise there may be collision in transmission of data i.e. Two-hop conflict. The constraints of collision in the wireless communication process:
1) Any node can't simultaneously send or receive data, nor send and receive data. 
2) The existence of hidden terminal problem causes the interference of channel, leads to transmission collision [4]. 
So to avoid collision in one-hop and two-hop, TDMA MAC can be used.
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1.2 Objective 

TDMA MAC is one of the potential solutions for energy conservation in wireless sensor network. Scheduling will be performed prior to usage of TDMA MAC.  The main objective of this thesis work is to compare two decentralized scheduling algorithms namely “Distributed Randomized TDMA (DRAND)” and  “Deterministic Distributed TDMA (DDTDMA)” in terms of its efficiency which will be based on the schedule length, number of messages needed to be transmitted and convergence time to obtain scheduling.

1.3 Scope of thesis

Efficient scheduling of time slots in a time division multiple access scheme (TDMA) is important for low power wireless sensor networks. Existing algorithms are either centralized with poor scalability, or distributed but with high complexity. This thesis work comprises of study of two decentralized TDMA scheduling algorithms i.e. DDTDMA and DRAND and proposes which algorithm is better in terms of schedule length, running time and message complexity. 
1.4 Application
The main application of this thesis work is to compare two distributed TDMA scheduling algorithms namely DDTDMA and DRAND in terms of schedule length, message complexity and convergence time and to suggest which algorithm is efficient in terms of schedule length, message complexity and convergence time.
1.5 Organization of Thesis 

The related background theory, brief introduction of two distributed TDMA scheduling algorithms namely DDTDMA and DRAND are included in chapter 2. It also contains introduction to wireless sensor network, Medium Access Control (MAC), TDMA scheduling. In chapter 3, the flowchart describing working of DDTDMA and DRAND is included. Simulation results are included in chapter 4. Finally discussion, conclusion and future enhancement of the thesis work are organized in chapter 5, 6 and 7 respectively.
Chapter 2: LITERATURE REVIEW

2.1 Wireless Sensor Network
Wireless sensor network is a collection of sensor nodes, ranging from tens to thousands, that are spatially distributed in a geographical area to cooperatively monitor and gather data about the environment. Each sensor node in a WSN is a battery powered device consisting of sensors such as temperature and light, a small microcontroller, and a transreceiver for wireless communication. Currently, wireless sensor networks are beginning to be deployed at an accelerated pace. It is not unreasonable to expect that in 10-15 years that the world will be covered with wireless sensor networks with access to them via the Internet. This can be considered as the Internet becoming a physical network. This new technology is exciting with unlimited potential for numerous application areas including environmental, medical, military, transportation, entertainment, crisis management, homeland defense, and smart spaces. 
2.1.1 Characteristics and Challenges of WSN

In spite of their general suitability for many applications, wireless sensor networks have their weaknesses. Due to their size and relatively low cost, wireless sensor nodes

are restricted to only provide low computational power and few resources concerning

memory, wireless transmission range, and bandwidth. Furthermore, nodes have a limited amount of energy, because they are generally battery-powered. This is a necessity in order to realize unattended deployments. However, those batteries are low-capacitive, as to meet the desire for small sized and low priced sensor nodes. Since battery replacement is usually not feasible in large networks or even impossible

in harsh environments, conservation of energy is a crucial point in order to maximize

network lifetime. As a result of the restrictions concerning memory and computational power, application and protocol layout must be done carefully. Firstly, saving memory is an important design feature. If, e.g., nodes must store information about remote nodes within their communication range, the data to store must be reduced as much as possible. Secondly, expensive and recurring computations must be avoided. Tradeoffs between conservation of memory, energy, and computing time are commonly required. To prolong the lifetime of a network, energy-efficiency is of vital importance. As the radio is the heaviest energy consumer, sensor nodes offer sleep modes, in which they switch off the radio and sensing devices. The fraction of time a node actually spends outside a sleep mode is called duty cycle. Conserving energy implies to reduce the latter. Hence, sleep modes should be entered whenever possible. If wireless communication is required, efficient usage of the radio is mandatory. This must be realized by the Medium Access Control (MAC), which is responsible for controlling the radio [8]. 
The most obvious source of energy dissipation is that of signal interference. Here, a

signal results from packet transmission. Interference occurs, if a node receives signals

from two or more different senders at the same time. If at least two of the packets are destined to that receiver, this is called a collision. An attempt to avoid interference is the application of contention-based, also called Carrier-Sense Multiple Access (CSMA), protocols that do a carrier sense before starting a transmission. If the sensed

signal is below the carrier-sense threshold, the sender assumes a clear channel and commences transmitting. If not, a new carrier sense will be started after a backoff. However, this method is inappropriate to solve what is called the hidden-terminal problem. Two nodes that are outside each other’s communication range can start timely overlapping transmissions. If at least one of the intended receivers is inside the communication range of both senders, there will be interference. Idle listening on the radio channel already consumes a multiple of energy as compared to the sleep modes. Additionally, listening on the channel leads to overhearing. Here, nodes receive (overhear) packets not destined to them, which causes wastage of energy due to useless reception and packet processing. Time-Division Multiple Access (TDMA) is a promising approach. Here, time is divided into transmission slots, and slots are assigned to nodes. In the context of reducing radio usage, packet size is yet another aspect. On the one hand, short packets lead to large overhead caused by packet headers. On the other hand, long packets are more likely to be corrupted by bit errors. To increase reliability in the face of packet loss, retransmissions and forward error correcting codes can be used. 
The main characteristics of a wireless sensor network include

· Power consumption constrains for nodes using batteries or energy harvesting

· Ability to cope with node failures

· Mobility of nodes

· Dynamic network topology

· Heterogeneity of nodes

· Scalability to large scale of deployment

· Ability to withstand harsh environmental conditions

· Ease of use

· Unattended operation

2.2 Distributed Sensor Network
If a centralized architecture is used in a sensor network and the central node fails then the entire network will collapse. However the reliability of the sensor network can be increased by using distributed control architecture. Distributed control is used in wireless sensor networks for the following reasons:
· Sensor nodes are prone to failure.
· For better collection of data.
· To provide nodes with backup in case of failure of the central node.
There is also no centralized body to allocate the resources and they have to be self organized. In this thesis the wireless sensor network is a distributed network. 
2.3 Medium Access Control (MAC)
MAC protocol plays an important role in determining channel capacity utilization, network delays, and power consumption. An effective MAC protocol for wireless sensor networks must consume little power, avoid collisions, be implemented with a small code size and memory requirements, be efficient for a single application, and be tolerant to changing radio frequency and networking conditions.Time division multiple access (TDMA) MAC is a potential candidate for WSNs. TDMA conserves energy by eliminating collisions, avoiding idle listening, and entering into inactive states until their allocated time slots. TDMA can bound the delay of packets and guarantees reliable communication.
In wireless sensor networks, energy efficiency is the major issue and during communication different nodes send data at the same to the sink or base station so collision may occur and these packets can be corrupted and for retransmission energy is consumed. A properly designed MAC protocol allows the node to access the channel in a way to save energy and can support quality of service. A MAC protocol is normally based on one or several multiple access schemes like TDMA, CDMA, and FDMA [9].
2.3.1 Multiple Access Schemes 
Following are the paragraphs showing the Multiple Access Schemes used in WSNs    [ 9].
2.3.1.1 Time Division Multiple Access (TDMA)
The purpose of Time Division Multiple Access is to give time slot to the nodes so that

different nodes can access the channel without collision. In WSNs, different nodes

communicate with a base station or sink node. Using TDMA, a time slot is given to the node so that each node can send data to sink in that time slot and during the inactive slots nodes sleep to save energy. In this case, nodes can use full bandwidth during the time slot. In this scheme, clock synchronization is required to avoid collisions; therefore sinks have to broadcast the clock synchronization packet to all nodes while it has to receive the packet to avoid the collision. While receiving the packet it has to be reactive from sleep mode, as the active modes energy is consumed in this case.
2.3.1.2 Frequency Division Multiple Access (FDMA)
In TDMA, each node has to be in active mode to receive the synchronization packet and might have extra communication delay caused by the time based access. FDMA avoids this problem by dividing the bandwidth in multiple channels so that each node can have its own channel to send the data without delaying. In FDMA nodes exchange their schedules in order to get synchronized.

2.3.1.3 Code Division Multiple Access (CDMA)
Code Division Multiple Access is a technique in which different node use different codes in sending the packet and it provides the simultaneous transmission with slight interference. It overcomes the drawback of communication delay in TDMA and limited bandwidth in FDMA as it provides the full bandwidth to the nodes.
2.3.2 Carrier Sense Multiple Access (CSMA)

In carrier sense multiple access, the nodes sense the channel. If the channel is free then they send the packet using full bandwidth. In this technique nodes lose a lot of energy because they keep sensing medium all the time. In dense network, the transmission suffers from frequent collisions and the communication delay increases. 
2.4 TDMA Scheduling
TDMA scheduling can be defined as the process of allocating time slots to the nodes between each pair of neighboring nodes, to ensure collision free channel access. TDMA scheduling can be classified  into two types:
· Broadcast Scheduling: The stations themselves are scheduled. The transmission of a station must be received collision-free by all its one-hop neighbors.
· Link Scheduling: The links between stations are scheduled. The transmission of a station must be received collision-free by one particular neighbor.
DRAND and DDTDMA follows broadcast scheduling. The objective of TDMA Scheduling is to get rid of primary and secondary conflict.
· Primary conflict: Occurs when one node transmits and receives at the same time slot or receivs more than one transmission destined to it at same time slot.
· Secondary conflict: Occurs when an intended receiver of particular transmission is also within the transmission range of another transmission intended for other nodes.
2.5 Distributed Randomized TDMA
DRAND is a distributed implementation of RAND, which is a centralized slot allocation algorithm. DRAND is a broadcast scheduling technique where no two nodes within a two-hop neighborhood are assigned the same slot [1]. This guarantees that there is no interference with any transmissions of two-hop neighbors when a node transmits to its one-hop neighbors.

The performance of DRAND is scalable to partial changes in network topology as DRAND can compute the scheduling without involving global changes. No synchronization is required for DRAND.

Algorithm Specification 
DRAND is run in rounds. The duration of each round, T, is altered dynamically depending on the network delay estimates. No synchronization is required for each node on the round boundaries. Each node maintains four states: IDLE, REQUEST, GRANT and RELEASE [1].
When a node, let say A, is in IDLE state, it checks the time when it had previously attempted to decide on its own slot. If the time is greater than T node A tosses a coin. If the node gets head, it runs a local lottery in which its winning chance is set to the inverse of the maximum neighborhood size of contending nodes. If it wins the lottery, it negotiates with its neighbors to select time slot by exchanging messages.

In order to have precise knowledge of contending nodes, each node, j, maintains the estimate Cj of its one-hop and two-hop neighbors who have not decided on their own slots. Upon winning the lottery, the node moves to REQUEST state and broadcasts a request message to all its one-hop neighbors. If it losses the lottery, A remains in IDLE state and waits for the time T, where T is some multiple of estimated message delays. The waiting time T and the probability of winning the lottery determine the performance of the algorithm.

When other nodes receives the request of node A, they send a grant message if they are in IDLE or RELEASE state. Otherwise they send a reject message. If all the nodes in the one-hop neighborhood of node A send the grant message, then the node A will decide on its time slot to be minimum of the time slots that have not been taken by its two-hop neighborhood. After this node A enters the RELEASE state. The node will then send a release message containing its time slot to its one-hop neighbors.

If one of the nodes in the neighborhood of A, sends a reject message, then the node will broadcast a fail message to its one-hop neighbors.

Figure 2.1: A failed round because a node B has sent a grant message to another one-hop neighbor before receiving the request from A
Figure 2.2: A successful round where A describes on a time slot after receiving grant messages from its one-hop neighbors
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Figure 2.3: The state diagram of DRAND.

2.6 Deterministic Distributed TDMA (DDTDMA)


DD-TDMA applies a deterministic collision approach to achieve distributed parallel TDMA scheduling with low complexity message exchange. Similar to DRAND, the operation of DD-TDMA is divided into two phases [1]. Initially long frames sufficient for scheduling strategy are utilized. Upon completion of the scheduling process, the frame length is re-adjusted to the maximum number of slots needed in the network. The second phase can be easily achieved by circulated the maximum number of slots throughout the network [6].
The basic idea of DD-TDMA is utilize the two-hop neighbor information of the node to obtain its own slot. Since each node has its own unique node ID and also has information about its two-hop neighbors, it checks whether its node ID is minimum of the unscheduled nodes in its two-hop neighbors. If this is true, it assigns the minimum available time slot to itself and broadcasts its node ID and slot number to its one-hop neighbors. The one-hop neighbors in turn broadcast it to their one-hop neighbors. However if its node ID is not the minimum, it waits until the other nodes in its two-hop neighbors schedule their slots. 

2.7  Performance Metrics
The focus of this thesis work is to compare two decentralized scheduling algorithms: “Distributed Randomized TDMA (DRAND)” and “Deterministic Distributed TDMA (DDTDMA)”.The comparison of these algorithms will be based on the following performance metrics:
2.7.1 Schedule length
The schedule length is defined as the maximum number of allocated time slots after scheduling. 
2.7.2 Message complexity 
The message complexity is the average number of transmitted messages by each node, to decide on their time slots for all executions of the algorithm.
2.7.3 Running time 
The running time denotes the number of rounds required for all the nodes in the network to decide on their time slots. Each round is a period of time during which,  nodes can:  select minimum time slot available, send one hop broadcast of the selected time slot and update contention table.
2.7.4 Scalability
Scalability is the performance of the scheduling algorithm with increasing number of nodes keeping the transmission range fixed.
Chapter 3: METHODOLOGY

The performance analysis comparison of the two distributed TDMA scheduling algorithms: DRAND and DDTDMA is performed in this thesis work. The simulation work is done using MATLAB software.   
3.1 Assumptions
While performing the analysis it is assumed that 

· The channel is in perfect condition where transmitted data packets do not suffer     from any channel conditions.

· The network is in Mesh Topology.

· Each node has the information of its 1-hop and 2-hop neighbors.

3.2 Tasks
· Two above mentioned scheduling algorithms are simulated using matlab.

· Each node runs the algorithm. 
· The comparison between two scheduling algorithms is done in terms of schedule length, message complexity and  running time.

3.3 Flowchart for DDTDMA


The basic idea of DDTDMA is to let each node decide its own slot according to the information gathered from neighbor nodes and packet collisions are gracefully avoided during scheduling. Particularly, neighborhood information refers to whether a node’s two-hop neighbors are scheduled. As a deterministic collision-free algorithm is used in scheduling, there is no need to wait for an acknowledgement from neighbors to avoid possible collision. The scheduled node broadcasts its slot assignment to one-hop neighbors. Then those one-hop neighbors broadcast this information to update two-hop neighbors. These two processes are called one-hop broadcast and two-hop broadcast. These are repeated in every frame until finally all nodes are scheduled. 
3.4 Flowchart for DRAND


Each node first runs a neighbor discovery protocol to get its neighborhood information. Then the DRAND algorithm is executed and a TDMA time slot is assigned to each node. Finally nodes disseminate their slot information to their two-hop neighborhood so that data transmission may start using this slot information.
Chapter 4: SIMULATION AND RESULTS

This section presents the simulation results of performance analysis of DDTDMA and DRAND algorithm. The simulations are carried out in the MATLAB software.

4.1 Simulation setup
· The network topology is generated by randomly deploying N nodes into the area of [image: image4.png]VN
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 units, so that when N varies the node density within transmission range is kept as constant. 
· In order to represent different node density, transmission range from 1 to 2 units has been varied and 100 numbers of nodes is fixed in a 10X10 area.
· The initial frame length is set to 100 slots per frame.

· To avoid the impact caused by network topology, each configuration in the experiment is simulated by 20 different deployments of topology and the average results of schedule length, message complexity and running time are computed.

· For each configuration the plots of simulation results are shown in normalized units.

· Standard deviation of the 20 measured data is also computed in order to analyze the data pattern.

· Standard deviation of the 20 measured data for single network topology is also computed in order to analyze the data pattern and justify the approach of the algorithms.

· Performance of DRAND and DDTDMA is evaluated in three aspects: schedule length, message complexity and running time.
· Scalability of DRAND and DDTDMA is examined by varying the range of nodes from 100 to 500 in the difference of 50 nodes in each range keeping transmission range fixed to 1 unit.

4.1.1 Work Flow Diagram


                                      Figure 4.1: Work Flow Diagram

4.2 Simulation Results
4.2.1 Result of schedule length of DRAND
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Figure 4.2: Simulation result of schedule length of DRAND

4.2.1.1 Simulation result interpretation
Figure 4.2 shows the simulated output of schedule length of DRAND. From the output obtained, it is found that the schedule length is increasing as transmission range is increased.

4.2.2 Result of Message Complexity of DRAND

[image: image8.jpg]0

%

Message Complexity

10

Message Complexity of DRAND

© Measured data
Mean

112 13

14 15 16 17 18 19 2
Transrmission Range




Figure 4.3:  Simulation result of message complexity of DRAND

4.2.2.1 Simulation result interpretation
Figure 4.3 show the simulated output of message complexity of DRAND. From the output obtained, it is found that the message complexity is increasing as transmission range is increased.

4.2.3 Result of Running Time of DRAND
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Figure 4.4: Simulation result of Convergence Time of DRAND
4.2.3.1 Simulation result interpretation
4.4 show the simulated output of convergence time of DRAND. From the output obtained, it is found that the convergence time is increasing as transmission range is increased.
4.2.4 Result of schedule length of DDTDMA


4.2.4.1 Simulation result interpretation
Figure 4.5 shows the simulated output of schedule length of DDTDMA. From the output obtained, it is found that the schedule length is increasing as transmission range is increased.
4.2.5 Result of Message Complexity of DDTDMA
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Figure 4.6:  Simulation result of message complexity of DDTDMA
4.2.5.1 Simulation result interpretation
Figure 4.6 show the simulated output of message complexity of DDTDMA. From the output obtained, it is found that the message complexity is increasing as transmission range is increased.
4.2.6 Result of Convergence Time of DDTDMA
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4.2.6.1 Simulation result interpretation
Figure 4.7 show the simulated output of convergence time of DDTDMA. From the output obtained, it is found that the convergence time is increasing as transmission range is increased.
4.2.7. Comparison of schedule length between DRAND and DDTDMA
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Figure 4.8: Comparison of schedule length between DRAND and DDTDMA
4.2.7.1. Simulation result interpretation

Figure 4.8 shows the comparison of schedule length between DRAND and DDTDMA. The simulation result shows that DDTDMA and DRAND achieve nearly the same schedule length. However, DDTDMA have lower schedule length than DRAND.
4.2.8. Comparison of message complexity between DRAND and DDTDMA
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Figure 4.9: Comparison of message complexity between DRAND and DDTDMA
4.2.8.1. Simulation result interpretation
Figure 4.9 shows comparison of message complexity between DRAND and DDTDMA. Simulation result shows that DDTDMA outperforms DRAND in message complexity. The message complexity of DDTDMA is around 50% of DRAND.
4.2.9. Comparison of convergence time between DRAND and DDTDMA
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Figure 4.10: Comparison of convergence time between DRAND and DDTDMA

4.2.9.1. Simulation result interpretation
Figure 4.10 shows comparison of convergence time between DRAND and DDTDMA. Simulation result shows that DDTDMA outperforms DRAND in convergence time. The convergence time of DDTDMA is around 40% of DRAND.
4.2.10 Result of Standard Deviation of Schedule Length for DRAND

[image: image15.jpg]Schedule Length

0

x5

Eil

15

10

Schedule Length of DRAND

© Measured data
Standard Deviation

0000000
000000 ©
00000600
00000 00
6600600

o
o

o
00000 ©
0000000

0000000
o

I

11 12 13 14 15 16 17 18 19 2
Transrmission Range





Figure 4.11: Result of Standard Deviation of Schedule Length for DRAND
4.2.10.1 Simulation result interpretation
Standard deviation of twenty measured data in each transmission range is plotted for schedule length of DRAND. Figure 4.11 shows that deviation is seen in each twenty measured data and transmission range.
4.2.11 Result of Standard Deviation of Message Complexity for DRAND
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Figure 4.12: Result of Standard Deviation of Message Complexity for DRAND
4.2.11.1 Simulation result interpretation
Standard deviation of twenty measured data in each transmission range is plotted for Message Complexity of DRAND. Figure 4.12 shows that deviation is seen in each twenty measured data and transmission range.
4.2.12 Result of Standard Deviation of Convergence Time for DRAND
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Figure 4.13: Result of Standard Deviation of Convergence Time for DRAND
4.2.12.1 Simulation result interpretation
Standard deviation of twenty measured data in each transmission range is plotted for Convergence Time of DRAND. Figure 4.13 shows that deviation is seen in each twenty measured data and transmission range.
4.2.13 Result of Standard Deviation of Schedule Length for DDTDMA
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Figure 4.14: Result of Standard Deviation of Schedule Length for DDTDMA

4.2.13.1 Simulation result interpretation
Standard deviation of twenty measured data in each transmission range is plotted for Schedule Length of DDTDMA. Figure 4.14 shows that deviation is seen in each twenty measured data and transmission range.
4.2.14 Result of Standard Deviation of Message Complexity for DDTDMA
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Figure 4.15: Result of Standard Deviation of Message Complexity for DDTDMA

4.2.14.1 Simulation result interpretation
Standard deviation of twenty measured data in each transmission range is plotted for Message Complexity of DDTDMA. Figure 4.15 shows that deviation is seen in each twenty measured data and transmission range.
4.2.15 Result of Standard Deviation of Convergence Time for DDTDMA
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Figure 4.16: Result of Standard Deviation of Convergence Time of DDTDMA

4.2.15.1 Simulation result interpretation
Standard deviation of twenty measured data in each transmission range is plotted for Convergence Time of DDTDMA. Figure 4.16 shows that deviation is seen in each twenty measured data and transmission range.
4.2.16 Comparison Result of Standard Deviation of Schedule Length for
 DRAND and DDTDMA
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Figure 4.17: Comparison Result of Standard Deviation of Schedule Length for        DRAND and DDTDMA

4.2.16.1 Simulation result interpretation
Standard deviation of twenty measured data in each transmission range is plotted for Schedule Length of DRAND and DDTDMA. Figure 4.17 shows that nature of deviation is almost same for both algorithms but it is seen that deviation is lower in DDTDMA than DRAND. 
4.2.17 Comparison Result of Standard Deviation of Message Complexity for  DRAND and DDTDMA
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Figure 4.18: Comparison Result of Standard Deviation of Message Complexity for  DRAND and DDTDMA

4.2.17.1 Simulation result interpretation
Standard deviation of twenty measured data in each transmission range is plotted for Message Complexity of DRAND and DDTDMA. Figure 4.18 shows that nature of deviation is almost same for both algorithms but it is seen that deviation is lower in DDTDMA than DRAND. 
4.2.18 Comparison Result of Standard Deviation of Convergence Time for DRAND and DDTDMA
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Figure 4.19: Comparison Result of Standard Deviation of Convergence Time for DRAND and DDTDMA

4.2.18.1 Simulation result interpretation
Standard deviation of twenty measured data in each transmission range is plotted for Convergence Time of DRAND and DDTDMA. Figure 4.19 shows that deviation is lower in DDTDMA than DRAND. 
4.2.19 Result of Standard Deviation of Schedule Length for DRAND on single Network Topology
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Figure 4.20: Result of Standard Deviation of Schedule Length for DRAND on single Network Topology
4.2.19.1 Simulation result interpretation
Standard deviation of twenty measured data in each transmission range is plotted for Schedule Length of DRAND on single network topology. Figure 4.20 shows that deviation is seen for DRAND. 
4.2.20 Result of Standard Deviation of Message Complexity for DRAND on single Network Topology
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Figure 4.21: Result of Standard Deviation of Message Complexity for DRAND on single Network Topology
4.2.20.1 Simulation result interpretation
Standard deviation of twenty measured data in each transmission range is plotted for Message Complexity of DRAND on single network topology. Figure 4.21 shows that deviation is seen for DRAND. 
4.2.21 Result of Standard Deviation of Convergence Time for DRAND on single Network Topology
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Figure 4.22: Result of Standard Deviation of Convergence Time for DRAND on single Network Topology
4.2.21.1 Simulation result interpretation
Standard deviation of twenty measured data in each transmission range is plotted for Convergence Time of DRAND on single network topology. Figure 4.22 shows that deviation is seen for DRAND. 
4.2.22 Result of Standard Deviation of Schedule Length for DDTDMA on single Network Topology
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Figure 4.23: Result of Standard Deviation of Schedule Length for DRAND on single Network Topology
4.2.22.1 Simulation result interpretation
Standard deviation of twenty measured data in each transmission range is plotted for Schedule Length of DDTDMA on single network topology. Figure 4.23 shows that standard deviation is zero for DDTDMA. 
4.2.23 Result of Standard Deviation of Message Complexity for DDTDMA on single Network Topology
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Figure 4.24: Result of Standard Deviation of Message Complexity for DDTDMA on single Network Topology
4.2.23.1 Simulation result interpretation
Standard deviation of twenty measured data in each transmission range is plotted for Message Complexity of DDTDMA on single network topology. Figure 4.24 shows that standard deviation is zero for DDTDMA. 
4.2.24 Result of Standard Deviation of Convergence Time for DDTDMA on single Network Topology
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Figure 4.25: Result of Standard Deviation of Convergence Time for DDTDMA on single Network Topology
4.2.24.1 Simulation result interpretation
Standard deviation of twenty measured data in each transmission range is plotted for Convergence Time of DDTDMA on single network topology. Figure 4.25 shows that standard deviation is zero for DDTDMA. 
4.2.25 Comparison Result of Standard Deviation of Schedule Length for DRAND and DDTDMA on single Network Topology
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Figure 4.26: Comparison Result of Standard Deviation of Schedule Length for DRAND and DDTDMA on single Network Topology

4.2.25.1 Simulation result interpretation
Standard deviation of twenty measured data in each transmission range is plotted for Schedule Length of DRAND and DDTDMA on single network topology. Figure 4.26 shows that deviation is seen for DRAND where as deviation is zero for DDTDMA.
4.2.26 Comparison Result of Standard Deviation of Message Complexity for DRAND and DDTDMA on single Network Topology
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Figure 4.27: Comparison Result of Standard Deviation of Message Complexity for DRAND and DDTDMA on single Network Topology

4.2.26.1 Simulation result interpretation
Standard deviation of twenty measured data in each transmission range is plotted for Message Complexity of DRAND and DDTDMA on single network topology. Figure 4.27 shows that deviation is seen and increased as the transmission range is increased for DRAND where as deviation is zero for DDTDMA.

4.2.27 Comparison Result of Standard Deviation of Convergence Time for DRAND and DDTDMA on single Network Topology
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Figure 4.28: Comparison Result of Standard Deviation of Convergence Time for DRAND and DDTDMA on single Network Topology

4.2.27.1 Simulation result interpretation
Standard deviation of twenty measured data in each transmission range is plotted for Convergence Time of DRAND and DDTDMA on single network topology. Figure 4.28 shows that deviation is seen and abruptly changing as the transmission range is increased for DRAND where as deviation is zero for DDTDMA.
4.2.28 Result of Schedule Length for DRAND on increased number of Nodes
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Figure 4.29: Result of Schedule Length for DRAND on increased number of Nodes
4.2.28.1 Simulation result interpretation
In order to analyze scalability of the scheduling algorithms schedule length is examined for twenty different deployments of the network topology on increased number of nodes. Figure 4.29 shows that the schedule length is increasing as the number of nodes increased.
4.2.29 Result of Message Complexity for DRAND on increased number of Nodes
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Figure 4.30: Result of Message Complexity for DRAND on increased number of Nodes
4.2.28.1 Simulation result interpretation
In order to analyze scalability of the scheduling algorithms message complexity is examined for twenty different deployments of the network topology on increased number of nodes. Figure 4.30 shows that the message complexity is increasing as the number of nodes increased.
4.2.30 Result of Convergence Time for DRAND on increased number of Nodes

[image: image35.jpg]Running Time

Canvergence Time of DRAND

100
O Measured data L
o Mean &
o

EY €
o o
0 o 8 o
A °

°

60 8 o ©

x
10 a0 200

250 300 30 40 450 500
Nade




Figure 4.31: Result of Convergence Time for DRAND on increased number of Nodes
4.2.30.1 Simulation result interpretation
In order to analyze scalability of the scheduling algorithms convergence time is examined for twenty different deployments of the network topology on increased number of nodes. Figure 4.31 shows that the convergence time is increasing as the number of nodes increased.
4.2.31 Result of Schedule Length for DDTDMA on increased number of Nodes
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Figure 4.32: Result of Scheduled Length for DDTDMA on increased number of Nodes
4.2.31.1 Simulation result interpretation
In order to analyze scalability of the scheduling algorithms scheduled length is examined for twenty different deployments of the network topology on increased number of nodes. Figure 4.31 shows that the scheduled length is increasing as the number of nodes increased.
4.2.32 Result of Message Complexity for DDTDMA on increased number of Nodes
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Figure 4.33: Result of Message Complexity for DDTDMA on increased number of Nodes
4.2.32.1 Simulation result interpretation
In order to analyze scalability of the scheduling algorithms message complexity is examined for twenty different deployments of the network topology on increased number of nodes. Figure 4.33 shows that the message complexity is increasing as the number of nodes increased.
4.2.33 Result of Convergence Time for DDTDMA on increased number of Nodes
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Figure 4.34: Result of Convergence Time for DDTDMA on increased number of Nodes
4.2.33.1 Simulation result interpretation
In order to analyze scalability of the scheduling algorithms convergence time is examined for twenty different deployments of the network topology on increased number of nodes. Figure 4.33 shows that the convergence time is increasing as the number of nodes increased.
4.2.34 Comparison Result of Schedule Length for DRAND and DDTDMA on increased number of Nodes
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Figure 4.35: Comparison Result of Scheduled Length for DRAND and DDTDMA on increased number of Nodes
4.2.34.1 Simulation result interpretation
Figure 4.35 shows that the scheduled length is nearly the same in DRAND and DDTDMA as the number of nodes increased. However, DDTDMA have lower schedule length than DRAND.
4.2.35 Comparison Result of Message Complexity for DRAND and DDTDMA on increased number of Nodes
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Figure 4.36: Comparison Result of Message Complexity for DRAND and DDTDMA on increased number of Nodes
4.2.35.1 Simulation result interpretation
Figure 4.36 shows that the message complexity is very low in DDTDMA than DRAND as the number of nodes increased. The message complexity of DDTDMA is around 47% of DRAND.
4.2.36 Comparison Result of Convergence Time for DRAND and DDTDMA on increased number of Nodes
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Figure 4.37: Comparison Result of Convergence Time for DRAND and DDTDMA on increased number of Nodes
4.2.36.1 Simulation result interpretation
 Figure 4.37 shows that the convergence time is very low in DDTDMA than DRAND as the number of nodes increased. The convergence time of DDTDMA is around 30% of DRAND.
Table 1: Scalability of DRAND

	No. of Nodes
	Running Time
	Message Complexity
	Schedule Length

	100
	37.95
	7.9315
	8.40

	150
	39.85
	8.1910
	9.20

	200
	39.75
	8.1970
	9.75

	250
	45.85
	8.3426
	10.40

	300
	47.30
	8.3685
	10.90

	350
	50.80
	8.3179
	10.50

	400
	46.65
	8.4649
	10.80

	450
	54.95
	8.4339
	11.25

	500
	51.65
	8.4059
	11.25


Table 2: Scalability of DDTDMA

	No. of Nodes
	Running Time
	Message Complexity
	Schedule Length

	100
	10.80
	3.7930
	8.35

	150
	12.20
	3.9040
	9.25

	200
	12.80
	3.9240
	9.65

	250
	13.30
	4.0088
	10.40

	300
	14.15
	4.0173
	10.50

	350
	13.30
	3.9920
	10.30

	400
	14.65
	4.0375
	10.65

	450
	14.65
	4.0329
	10.95

	500
	14.9
	4.0302
	11.20


The scalability of DRAND and DDTDMA is examined by ranging nodes from 100 to 500. The transmission range is fixed to 1 unit. The simulation results in Table 1 and 2 shows that the performance of the DDTDMA algorithm remains stable as the number of nodes increases which means DDTDMA is suitable for high density sensor networks.
Chapter 5: DISCUSSION
The simulation results show schedule length, message complexity and running time of both DRAND and DDTDMA. From the result it is seen that the schedule length, message complexity and running time of both DRAND and DDTDMA is increasing with increase of transmission range from 1 unit to 2 units with 0.1 unit variation for both DRAND and DDTDMA algorithm. It shows that when transmission range is increased, obviously the one hop and two hop neighbors of a node is increased. Hence all the parameters, ie. schedule length, message complexity and running time is increased. Comparison result shows that message complexity and running time is significantly lower in DDTDMA than DRAND scheduling algorithm. The schedule length is also lower in DDTDMA than DRAND. These results justify that DDTDMA outperforms DRAND because of the approach of the algorithms. DRAND follows the probabilistic approach and due to its four states (idle, request, release and grant) there is heavy message flow where as DDTDMA follows the deterministic approach hence the flow of messages is reduced and converges in better running time. 
Standard deviation of twenty measured data in each transmission range is also evaluated. It is seen that deviation is also lower in case of DDTDMA than DRAND scheduling algorithm.

Keeping the network topology same for twenty measured data in each transmission range, it is examined that the measured value of schedule length, message complexity and running time of DDTDMA is same for every measurement while measured value for DRAND is changed. So the standard deviation for DDTDMA is always zero and deviation is seen in case of DRAND. It justifies that DDTDMA is a deterministic approach and deviation seen in DRAND is due to its probabilistic approach.
Scalability of both DRAND and DDTDMA is also examined. The simulated comparison result and tables for scalability shows that DDTDMA scheduling algorithm remains stable as the number of nodes are increased.
Chapter 7: CONCLUSION
In this thesis two decentralized TDMA scheduling algorithms for wireless sensor networks, DRAND and DDTDMA are studied and simulated using MATLAB. Comparing these two scheduling algorithms it is seen that DDTDMA efficiently allocates time slots to avoid collisions. Simulation results shows that DDTDMA achieves better performance than DRAND in terms of schedule length, message complexity and running time. As DDTDMA is a distributed parallel algorithm with low complexity, it can be applied in wireless sensor networks with large number of nodes.
Chapter 8: FUTURE ENHANCEMENT

In this thesis work two decentralized TDMA scheduling algorithms namely DRAND and DDTDMA is studied and simulated using MATLAB. The comparison and the analysis of the algorithms are performed on the basis of schedule length, message complexity and running time or convergence time. The scalability of the algorithms is also examined. But these whole results are completely simulated outputs. So this analysis can be done in real test beds using real small low power sensor networks to get real time results of the scheduling algorithms.
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Figure 3.1: Flow chart of DDTDMA











Notations:


T=time frame


t=idle  time


j=node
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Pj=Node probability
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Figure 3.2: Flowchart of DRAND
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                        Figure 4.5: Simulation result of schedule length of DDTDMA








Figure 4.7: Simulation result of Convergence Time of DDTDMA
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