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EFFECIENT ROUTING TECHNIQUE THAT MAXIMIZE THE
LIFETIME AND COVERAGE OF WIRELESS SENSOR NETWORKS

By
Reema Hosny Mohammed Hasan

Supervisor
Dr. Saleh Al-Sharaeh

ABSTRACT

Wireless sensor networks (WSN) have become very popular in the last few years. One
key issue about WSN is that sensor nodes have a limited battery capacity, so it is important
to develop energy efficient solutions to keep these networks functioning for the longest
possible time.

Most of the nodes energy is spent on data transmission; for that many routing
techniques have been proposed to expand the network lifetime in the literature such as the
Online Maximum Lifetime heuristics (OML) and capacity maximization (CMAX). The
OML has obtained the best lifetime in the literature.

The main problem in most of the proposed heuristics is that they find the lowest energy
route and use it for every communication, and this leads to energy depletion of the nodes
along that path; especially the nodes closer to the sink that will carry more traffic, and as a
result lead to network partition and blind areas (areas that can not be sensed by any node)
becomes too large, as a result the data retrieved becomes unreliable.
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In this thesis, we introduce an efficient routing power management heuristic to gain
higher lifetime and increased coverage by managing the power at the node level by dividing
the node energy into two ratios; one for the sensor node originated data (o) and the other is
for data relays from other sensors (). This heuristic, which called ERPMT (Efficient
Routing Power Management Technique), has been applied to OML and CMAX to get the
modified versions of them, which are ERPMT_O and ERPMT C respectively in order to
study the effect of that on the network lifetime, energy expenditure, and coverage.

Furthermore, we took into consideration the terrain heterogeneity and study its effect on
the existing routing techniques (e.g. OML) as well as ERPMT O and ERPMT C. To
simulate the terrain heterogeneity, we use two statistical distributions (Uniform and Poisson)
to generate a Directed Acyclic Graph (DAG).

Results from running extensive simulation runs revealed the superiority of both
ERPMT over existing heuristics. ERPMT increases the lifetime up to 56.7% in the best
case which is achieved when o = 50% of total energy. Also, the formation of blind areas
has been prevented and the coverage of the network is increased as a result of the fair
power expenditure management; that we still have the same power expenditure as OML,
but in our case the expenditure is more organized and fairly distributed; energy levels of the
nodes deviate only by 8.43% from the energy levels mean of the whole network. Which is
not the case when we do not use ERPMT; the deviation in this case is 24.85%. For that, by
combining a successful existing routing technique with our new power management
technique we come up with an Efficient Routing Power Management Technique that
maximizes the lifetime and coverage of Wireless Sensor Networks (WSN).
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1. Introduction
1.1.  Overview, Challenges, and Power Aware Routing in WSN
Wireless sensor networks have received increasing attention over the few recent years
(Akyildiz, et al., 2002). A sensor network consists of small-size nodes with sensing,
computation, and wireless communication capability. These nodes collaborate together by
performing desired measurements, process measured data, and transmitting it to some
special nodes, commonly referred to as sink nodes, these nodes collect data from all other
nodes to analyze it and make conclusions about the activity in the sensed area. In addition

they can act as gateways to other networks.

There are many applications of these networks, some of them are:

(a) Military communication applications between soldiers in a battlefield.

(b) Data acquisition in an unfriendly terrain that can not be monitored by humans.

(c) Exploration of natural resources.

(d) Meetings, conventions, and electronic class rooms etc, where people can share

information quickly.

In many sensor networking environments, the sensor nodes have limited battery
capacity (Al-karaki and Kamal, 2004; Lewis, 2004). Moreover, they may be situated in
areas where it is not possible to re-charge and thus have limited lifetimes as in case of
sensors which are deployed in hostile (e.g., battlefield) or otherwise hard to reach (e.g., the
bottom of the ocean) environments. Hence, it is vital to develop solutions that are energy

efficient and maximizing the network lifetime (Akkaya and Younis, 2003; Akyildiz, et al.,
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2002). The network lifetime in this work is defined as the number of successful messages

routed until the first fail request.

Data can be propagated to the destination in different methods: single-hop
transmission, multi-hop transmission and cluster-based transmission. Single-hop
transmission is the simplest transmission method which tries to communicate directly with
the sink node but this consumes higher power rates, multi-hop transmission delivers data by
forwarding it to one of its adjacent nodes which are closer to the sink node, the data
propagate from the source node to the sink by hop from one node to another until it reaches
the sink node, but because nodes closer to the sink must forward data coming from other
nodes as well as sending their own data to the sink their batteries drain quickly more than
others and results on blind areas and network partitions. In cluster transmission, nodes are
grouped into clusters and one node which is the cluster head is responsible of sending other
nodes data to the sink. In our work, we are concerned with the first two methods and we try
to balance between them when necessary to gain higher lifetimes and coverage as we will

see later in the discussion.

Since most of the sensor energy spent on data transmission, which includes data
generated by the sensor itself and data relayed by other sensors, the main focus was to
develop energy-aware routing heuristics which try to optimize network lifetime by
managing routes in a way that will save power as much as possible so that the lifetime of

the network is maximized.

Another important challenge, it worth pay attention to other than lifetime in sensor

networks is coverage; each sensor node obtains a certain view of the environment, this view
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is limited and can only cover a limited physical area of the environment(Al-karaki and
Kamal, 2004; Lewis, 2004). One of our purposes was to keep all or most of the network

nodes alive most of the network lifetime.

The main problem in most of energy-aware routing heuristics is that they find the
lowest energy route and use it for every communication (Al-karaki and Kamal, 2004; Chen
and Varshney, 2004). But using a low energy path frequently leads to energy depletion of
the nodes along that path especially the nodes closer to the sink that will carry more traffic
and as a result lead to network partition, blind areas (areas that can not be sensed by any
node) becomes too large, the data retrieved is unreliable and the usefulness of the sensor
network will be greatly reduced. Some heuristics have been proposed to solve this problem
by taking into account the residual energy at nodes and delay the depletion of nodes that are
already low in energy. In our work we seek to prevent, but not to delay the depletion, at the

same time increases the network lifetime.

In our study, we will consider two of these routing heuristics which try to delay the
early depletion of sensors energy: The first heuristic we have used is OML (Online
Maximum Lifetime), which employs two shortest path computations to route each message.
To maximize lifetime, it is recommended to delay as much as possible the depletion of a
sensor’s energy to a level below that needed to transmit to its closest neighbor. The second
heuristic is CMAX (Capacity Maximization) heuristic which makes admission control.
That is, it rejects some routes that are possible. OML was chosen because it achieves the
best lifetime in the literature. And because it was built as a modification for CMAX, we

also consider CMAX to study the effects of applying the proposed technique on it.
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In this thesis, we introduced a new technique which maximize the lifetime of the
network as well as preserve coverage as much as possible. What distinguishes our work
from previous researches is that in order to maximize the lifetime, we perform a battery
power management at the node level, such that the total power of the sensor battery is
divided into two parts; the first is dedicated for sending data generated by the sensor itself,
while the other is for data relays from other sensors, the division is done in different ways to
test each combination effect. By doing this we gained an increased network lifetime and

coverage.

Our approach can be used along with the existing routing heuristics to gain the
advantages from these routing techniques while doing our power management to gain higher
lifetimes and preserve coverage. For that, we compared ERPMT (ERPMT O and
ERPMT C) against two well known routing heuristics: OML and CMAX. Also, we studied
the dimension effects (1D and 3D) on the lifetime performance metric. We also took into
consideration the heterogeneity of the deployment environment. For example, Uniform and
Poisson distributions imitate flat and uneven terrains respectively (Al-Sharaeh, et al., 2008).
This is done as follows; the sensor network is represented by an adjacency matrix that was
generated depending on the Euclidian dimensions of the network nodes, such that they were
compared to a threshold in order to determine if there is connectivity (edge) or not between
every two nodes. As a result we show the effects of applying ERPMT on the network
lifetime, energy expenditure, and coverage which is increasing the lifetime and coverage
while keeping the energy expenditure the same as OML which gains the highest lifetime in

the literature (Park and Sahni, 2006).

www.manaraa.com

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



1.2. Research Objectives

Our study has number of objectives which are done and discussed through the

thesis, they are:

(a) Implementing and evaluating the existing heuristics using random Distribution.

(b) Implementing and evaluating the existing heuristics using Poisson distribution and
study the effect of changing the distribution on routing protocols.

(¢) Implementing and evaluating our proposed power management technique using
Uniform and Poisson distribution.

(d) Implementing and evaluating our proposed power management technique using 3D
Uniform and Poisson distribution and study the effect of changing from 1D to 3D.

(e) Comparing the results of different combinations of implementations and study their
effect on average lifetime, network coverage, and energy expenditure.

This thesis is organized as follows:

In this chapter, we presented an overview on wireless sensor networks and its
applications, a problem overview, main challenges, power aware routing methods, and
finally the objectives of the proposed system were discussed. In the second chapter, other
existing studies in the literature for maximizing network lifetime were introduced. In the
third chapter, a description of details of sensor network deployment and system
implementation is provided. Also, our proposed routing heuristics are presented.
Experiments and the evaluation of the results for the proposed technique using different
types of distributions and different power division and management ways are given in the
fourth chapter. Finally, the thesis is concluded and the future work is mentioned in the fifth

chapter.
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2. LITRATURE REVIEW

Several energy-aware heuristics have been proposed in the literature. They all
have a common objective of extending the lifetime of the Wireless Sensor Network (WSN),

such as:

Singh (1998), proposed a way to select routing paths based on five metrics that may
be used in the selection of the routing path for energy efficient routing. The first is to use a
minimum-energy path that can be computed using Dijkstra’s shortest path heuristic. But
using a minimum-energy path for the current route request may prevent the successful
routing of future messages. The second is maximizing time to network partition. The third
is to minimize variance in node energy levels. The last two metrics are to minimize the
node cost of each transmission (the cost of a node is some function of the amount of energy
used so far by that node), and minimize maximum node cost. Of the proposed five metrics,
only the minimum-energy path and minimizing node cost have been implemented by Singh

because of difficulty of implementing the others in a routing protocol.

Rodoplu and Meng (1999), introduced the Minimum Energy Communication
Network (MECN), which is a protocol that computes an energy-efficient subnetwork. The
main idea of MECN is to find a subnetwork that will have fewer nodes and require less
power for transmission between any two particular nodes. In this way, global minimum
power paths are found without considering all the nodes in the network. This is performed

using a localized search for each node considering its relay region.

A hierarchical clustering heuristic for sensor networks, called Low Energy

Adaptive Clustering Hierarchy (LEACH) was proposed by Heinzelman (2000). LEACH is
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a cluster-based protocol, which includes distributed cluster formation. LEACH randomly
selects a few sensor nodes as Cluster Heads (CHs) and rotates this role to evenly distribute
the energy load among the sensors in the network. In LEACH, the CH nodes compress data
arriving from nodes that belong to the respective cluster, and send an aggregated packet to
the Base Station (BS) in order to reduce the amount of information that must be transmitted
to the BS. LEACH is able to distribute energy consumption evenly throughout the sensors,

doubling the useful system lifetime for the networks.

Manjeshwar and Agarwal (2001), developed the Threshold-Sensitive Energy
Efficient Sensor Network Protocol (TEEN) for time-critical applications. In TEEN, sensor
nodes sense the medium continuously, but data transmission is done less frequently. A
cluster head sensor sends its members a hard threshold, which is the threshold value of the
sensed attribute, and a soft threshold, which is a small change in the value of the sensed
attribute that triggers the node to switch on its transmitter and transmit. Thus, the hard
threshold tries to reduce the number of transmissions by allowing the nodes to transmit
only when the sensed attribute is in the range of interest. The soft threshold further reduces
the number of transmissions that might otherwise occur when there is little or no change in
the sensed attribute. A smaller value of the soft threshold gives a more accurate picture of
the network, at the expense of increased energy consumption. Thus, the user can control the
tradeoff between energy efficiency and data accuracy. Simulation of TEEN has shown that

this protocol outperforms LEACH in terms of energy dissipation and network lifetime.

The Small MECN (SMECN) is an extension to MECN and it was proposed by
Li and Halpern (2001). In MECN, it is assumed that every node can transmit to every other

node, which is not possible every time. In SMECN possible obstacles between any pair of
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nodes are considered. However, the network is still assumed to be fully connected as in the
case of MECN. The subnetwork constructed by SMECN for minimum energy relaying is
provably smaller (in terms of number of edges) than the one constructed in MECN. The

subnetwork computed by SMECN helps in sending messages on minimum-energy paths.

Li, et al. (2001), proposed the Hierarchical Power-Aware Routing in Sensor Networks,
The protocol divides the network into groups of sensors. Each group of sensors in
geographic proximity is clustered together as a zone, and each zone is treated as an entity.
To perform routing, each zone is allowed to decide how it will route a message
hierarchically across the other zones such that the battery lives of the nodes in the system
are maximized. Messages are routed along the path that has the maximum over all the

minimum of the remaining power, called the max-min path.

Toh (2001), introduced the MMBCR (Min-Max Battery Cost Routing) and
CMMBCR (conditional MMBCR). The MMBCR heuristic aims to achieve a balance
between the energy consumption and the minimum residual energy at the node along the
selected route. In CMMBCR, the sensors along the chosen route must have residual energy
above a threshold y. If there is no source to destination route with this property, then the

MMBCR route is used.

An enhancement over the LEACH protocol was proposed by Lindsey and
Raghavendra (2002). The protocol, called Power-Efficient Gathering in Sensor Information
Systems (PEGASIS), is a near optimal chain-based protocol. The basic idea of the protocol
is that in order to extend network lifetime, nodes need only communicate with their closest

neighbors, and they take turns in communicating with the BS (Base Station). When the
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round of all nodes communicating with the BS ends, a new round starts, and so on. This
reduces the power required to transmit data per round as the power draining is spread
Uniformly over all nodes. Unlike LEACH, PEGASIS avoids cluster formation and uses
only one node in a chain to transmit to the BS instead of multiple nodes. Simulation results

showed that PEGASIS achieves better lifetime than the LEACH protocol.

Manjeshwar and Agarwal (2002), introduced Adaptive Periodic TEEN
(APTEEN) which is a hybrid protocol that changes the periodicity or threshold values used
in the TEEN protocol according to user needs and the application type. Simulation of
APTEEN demonstrated that APTEEN’s performance is somewhere between LEACH and

TEEN in terms of energy dissipation and network lifetime.

Misra and Banerjee (2002), proposed the MRPC (Maximum Residual Packet
Capacity) lifetime-maximization, which depends not only on the residual battery energy on
a node, but also on the expected energy spent in reliably forwarding a packet over a specific
link. MRPC selects the path that has the largest packet capacity at the ‘critical’ node (the
one with the smallest residual packet transmission capacity). They also present CMRPC, a
conditional variant of MRPC that switches from minimum energy routing to MRPC only

when the packet forwarding capacity of nodes falls below a predefined threshold.

Kar (2003), proposed the CMAX (Capacity Maximization), the capacity is the
number of messages routed over some time period, heuristic which provides a single path
for each message (no multiple paths) chosen with respect to the link weights. The heuristic
makes admission control. That is, it rejects some routes that are possible In order to

increase lifetime.
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Stojmenovic and Lin (2004), introduced localized heuristics to maximize lifetime
in which they define a new power cost metric based on both nodes life time and distance-
based power metrics. They also show that the required transmission power can be reduced

if additional nodes placed at desired locations between two nodes at distance d.

Park and Sahni (2006), proposed the OML (Online Maximum Lifetime) heuristic
where two shortest path computations are done to route each message. In order to maximize
lifetime, it is recommended to delay as much as possible the depletion of a sensor’s energy

to a level below that needed to transmit to its closest neighbor.

Al-Sharaeh, et al. (2008), introduced a Multi-Dimensional Poisson Distribution
Heuristic to better evaluate the routing heuristics; by taking into account earth's terrain and
the multi-dimensional concept and this is done by the way we generate the placement of the
sensor nodes as well as the interconnection between the sensors. A major effect on the
performance of different routing heuristics was gained.

Al-Sharaeh, et al. (2009), introduced a study of the deployment strategy effect on
maximizing the lifetime of the wireless sensor networks; it shows that changing the
statistical techniques of distribution -such as Poisson Distribution- that meet real
environment requirements affect the performance of maximizing lifetime routing heuristics
in many aspects, such as average lifetime and network capacity.

From the above we believe that increasing the lifetime in a different way is still an
important requirement, in our work we seek to get higher lifetimes as well as preserving
coverage of the network in a different way, which is controlling the energy expenditure at
the node level, that has not been applied before and test its effect on some existing

heuristics.
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3. Theory and Implementation

3.1. Sensor Network Model

A wireless sensor network is described by a directed graph G= (V, E), where V is the
set of nodes, and E is the set of edges between these nodes, there will be a directed edge
from node v to node u (i.e. (v, u)eE) if a single-hop transmission form node v to node u is
possible. Such modeling can be used to represent Wireless Sensor Networks (WSN). for
each (u, v) € E, in case of single hop transmission from sensor u to sensor v, the current

energy in sensor u, c.(u) is represented by Formula 3.1 (Park and Sahni, 20006).

c,(u)y=c, (u)—wu,v) (3.1)

Where c.(u) is the current energy in sensor u, such as c.,) = w(u,v) >0, and w(u,v)
is the energy required to make a single hop transmission from sensor u to sensor v, such
that w(u,v) >0. We also assume that the receiver of a message consumes no energy during
message reception. Thus, the current energy in sensor (v) is not affected by the
transmission from u to v. In our work the energy is divided into two ratios, one for data
originated from the node (), the other is for relays from other sensors (B); if the data is
originated from the node itself, it will use the energy from the first ratio otherwise it will

use energy from the other ratio.

An adjacency matrix can be used to represent directed graphs of WSN (Park and
Sahni, 2006; Al-Sharaeh, et al., 2008; Al-Sharaeh, et al., 2009). The adjacency matrix of a
finite directed graph G on n vertices (where n = |V|), is the n x n matrix such that, the non-

diagonal entry a (i, j) = 1, represents the existence of an edge from sensor i to sensor j.
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While the diagonal entry a(i, i ) is assigned by zeros here because we assume that there is

no internal loops in the WSN.

There exists a unique adjacency matrix for each graph. For example, Fig. 3.1.(a) shows
a simple representation for sensor network S. A directed graph is used, where the
represented nodes are sensors, and the edges represent the existence of edges between the
sensor nodes. Fig. 3.1.(b) shows the adjacency matrix of the sensor network S modeled in
Fig. 3.1.(a). It is obvious that Fig. 3.1.(b) depicts a network that has been implemented
using one dimension to represent sensors. Such representation for sensors has been used by
Al-Sharaeh, et al., (2009) in previous studies. In order to get more realistic results, we also
represent sensors using 3D (3 dimensional) in one of our experiments; each sensor is

represented using three dimensions: x, y, and z (Al-Sharaeh, et al., 2009).

12345
o o 1/o|o]o]0]o0
‘ 2[1[0(1[0]0
e e 3/0l0|0|1]0
(o000 1
o 5[1(0(1]0]0

(a): Simple graph network representation  (b): Corresponding adjacency matrix representation

Figure 3.1: Representation of wireless sensor network
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In most of the studies to represent a sensor location as well as connectivity a random
number from Uniform distribution was used (Park and Sahni, 2006; Kar 2003). It is better
to use the Uniform distribution for flat terrain environment, because the sensors can be
distributed evenly as shown in Fig. 3.2, but the real environment usually characterized by
terrains, such as in case of sensors deployed in high mountains or deep oceans. In this case,
the Uniform distribution does not give a good realistic that match the terrain changes. For
that, it is better to use Poisson distribution as it is best fits the asymmetric environment (Al-
Sharaeh, et al., 2008; Al-Sharaeh, et al., 2009). Fig.3.3 shows sensor nodes distribution
based on Poisson distribution, it is clear that the sensors location concentrated around the
mean. This kind of deployment imitates a deployment of sensors via airplane in a terrain

that is close to valleys.

Figure 3.2.: 3D Sensor nodes distribution based Uniform distribution.
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Figure 3.3.: 3D Sensor nodes distribution based Poisson distribution

An example of sensor deployment application is avalanching predictions, mountainous
terrains portrait all the challenges that may face sensor deployment in order to make full
coverage. For that, deployment strategy has a major effect on evaluating a routing
heuristic. This is due to the fact of terrain changes of real life environment. Fig.3.4.
depicts the landscape of typical environment that ranges from flat land, hilltop, cliffs,
valleys, to mountains top. In order to make fair comparison between different routing
protocols, a major attention should be paid to the deployment strategy. This factor can be
taken into consideration by the way we generate the random graph that both simulate the
position as well as the connectivity that at the end will simulate the way the sensors are

connected.
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Figure 3.4.: Mountains Terrains for avalanche detection WSN application.

To determine connectivity between the nodes, we used a threshold which was equal to
the mean of the dimensions of network nodes. All nodes were recursively checked by
comparing their X-, Y- and Z-dimension in case of 3D deployment with the mean of the
Euclidian dimensions for these 3 dimensions (X, Y, and Z) for all network nodes. For the
case of 1D, we only work with just the X dimension. Each node with a dimension value
greater than or equal to the mean of the same dimension will be considered connected,
otherwise it will be disconnected (Park and Sahni, 2006). For example, if the X dimension
of node A was equal to 10, and there are other three nodes in the network with their X
dimensions equal to 11, 15, and 20. To determine if node A is connected we compare its X
dimension with the threshold which is the mean of all network node dimensions and this is

equal to 56(11 + 15 + 20+ 10). Node A is considered not connected because 10 is not larger

than 56.
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3.2. Details of energy-aware routing heuristics used

We have used two well known heuristics to apply ERPMT on, these two different
heuristics were proposed to extend the lifetime of the network and they obtained the best
lifetime in the literature. The first heuristic used CMAX (capacity maximization) heuristic
which makes admission control. That is, it rejects some routes that are possible (Kar,
2003). Using CMAX (capacity maximization) heuristic, each link in the network is
represented by a corresponding weight. A weight of a link is increased by the energy
consumed to pass through that link; it's also increased by the energy spent by the
transmitting node. CMAX heuristic provides a single path for each message (i.e. no
multiple paths are used), and all messages are assumed to be routed directly after they enter
the system. Occasionally, using admission control, the CMAX heuristic can reject
messages if they are considered to be too detrimental to the network’s residual capacity.
The specification of the shortest path in CMAX heuristic is done with respect to the links

weights.

The other heuristic is OML (Online Maximum Lifetime), which employs two shortest
path computations to route each message. To maximize lifetime, it is recommended to
delay as much as possible the depletion of a sensor’s energy to a level below that needed to
transmit to its closest neighbor (Park and Sahni, 2006). OML heuristic is an enhancement
of the CMAX heuristic and uses a two-step approach where they remove those edges with
low energy from the graph, and then run Dijkstra’s on a graph where the edge weights have
been modified in such a way that the paths found usually use nodes with high energy levels

and edges with low energy costs.
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Fig.3.5 shows the details of our first proposed heuristic, which is ERPMT _C and it
is an enhancement over the CMAX, where we assume that the current energy in each
sensor is divided in two ratios, the first is for the sensor originated data (o), the other is for
relays from other sensors (). For each routing step there are two steps. In step one; every
edge with a sensor that has not adequate energy to make a single hop transmission is
eliminated from the graph. Then each remaining link is assigned a weight using Formula

3.2:

w(u,v) = w(u,v) * (1.4 - 1) (3.2)

Where A, is a heuristic parameter, a (u) is the percentage of the initial energy that has

already been spent at the sensor node and calculated as in Formula 3.3:

(1= cer (/i
o = {3 2 ¢0l i G3-3)

In the second step, the source-to-destination path in the modified Graph is computed. If a
path is not found, then the request failed. Otherwise it is used unless it is larger than a specified

threshold o.
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Heuristic 2 ERMPT _C

Assumption: Divide the current energy of each sensor into ce; and ce,:
ce,= Total energy * « and ce,= Total energy-ce;
For each routing request r; = (s;, t;) two steps are done:

Step 1: [Initialize]

(a) Eliminate from G every edge (u, v) for which:
C (W) <w(u,v)if u=s;
Co@W<wv)if u+s;
(b) Change the weight of every remaining edge (u, v) to:
w(u,v) = wlu,v) * (Aca(u) -1
Where A, is a heuristic parameter , a(u) is the percentage of the initial energy that has

already been spent at the sensor node and calculated as:

_ 1— coq(u)/ig(u)
aw ={; s (Wi ()

Step 2: [Shortest Path]
Let P be the shortest source-to-destination path in the modified Graph.
Step 3: [Wrap Up]
If no path is found in Step 2, the route is not possible. Use P for route if its length is

less than o.

Figure 3.5: ERPMT C Heuristic
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In Fig.3.6 details of the second heuristic (ERPMT_O) are shown. As in ERPMT C we
assume that the energy in each sensor is divided into two ratios a and . Then for each routing

request ri= (s, t;), two steps are done:

= Step 1: [Compute G''] :

1. All edges are removed from G such that ¢, 1 (u) or ce,(u)< w (u, v); as these edges
have less power than required for a single transmission. The resulting graph is G =
(V,E").

2. Determine the minimum energy path P°; from s; to ti in G',This is done using a
shortest path algorithm (dijikstra).

If there is no path from the source s to destination t, then the routing request fails, but if

routing request exists, then P* is used to compute the residual energy using Formula 3.4 :

minRE = min {r, (w)|inP} (3.4)

Then the graph G™* = (V, E") can be obtained by removing all edges (u, v) in E* with
Ce1(U) or co2 (W) —w (u, v) < minRE. As a result, all the edges with residual energy below
(minRE) will be pruned from the graph and the reduction of energy from sensors that are

low on energy could be prevented.

The second step in the procedure is to find the path to be used to route the request r,
we begin with G* and assign weights to each (u,v) in E*" ;this is done to balance the desire
to minimize total energy consumption as well as the desire to prevent the depletion of a

sensor’s energy.
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let eMin ( the energy needed by sensor u to transmit a message to its nearest neighbor in

G') as expressed in Formula 3.5:

eMin(u) = min { w(u, v) | (u,v) € E™"} (3.5
Now, let (u, v) be defined as in the following Formula:

0 ifc,(w)— w(u,v)>eMin(u) and u = s;
p(u,v) =7 0 if c,(u) — w(u,v) >eMin(u) and u # s; (3.6)
c otherwise

Where the ¢ symbol is a non-negative constant and it is an algorithm parameter. Then a (u)
is defined for each u in V as a (u) = minRE / ¢, ;(u) or c.,(u) and the weight w"* (u, v)

assigned to edge (u, v) in E*" is computed using Formula 3.7:

Wi v) = (W, v) +pv)(A W - 1) (3.7)

Where Ac is another non-negative constant -an algorithm parameter.

As can be seen, the weighting function, through p, assigns a high weight to edges whose

use on a routing path causes a sensor’s residual energy to become low.

Also, all edges emanating from a sensor whose current energy is small relative to minRE
are assigned a high weight because of the term. Thus the weighting function discourages
the use of edges whose use on a routing path is likely to result in the failure of a future

route. Finally, we Find the shortest path P*'1in G and Use it to route from s to t.
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Heuristic1 ERPMT_O

Assumption: Divide the current energy of each sensor into ce; and ce,,such that:
ce; = Total energy * a and ce,= Total energy-ce;
For each routing request r; = (s;, t;) two steps are done:
Step 1: [Compute G"']
{ E — {(uv)|ce;(W) < w(u,v)} ifu=s;

@ G'=(V,E), where " =1 b 00 V)lce,(0) < wluv)} ifuss;’
(b) Let P; be a shortest s; to t; path in G'.

If there is no such P;, the route request fails, then stop.
(c¢) Compute the minimum residual energy minRE for sensors other than t; on P; as :
minRE = min {r, (u)|in P}

ce,(w) —wlu,v) if u=s;
ce,(w) —w(,v) if u=#s;

@ =|

E' — {(uv) if ce;(u) — w(u,v) < minRE and u=s; }.
E'— {(u,v) if ce,() — w(u,v) < minRE and u # s;}.

(d) Let G"=(V,E") where E"={
Step 2: [Find route path]
(a) Compute the weight w"(u, v) for each edge of E" as :
w1, v) = (W, v) +pu,v) (AW - 1)
Where:
0 if co(w) — wu,v) >eMin(u) and u=s;

p(u,v) = { 0 if cc(w)— wu,v)>eMin(u) and u#*s;
c otherwise

¢ symbol is a non-negative constant and it is a heuristic parameter.
eMin is the energy needed by sensor u to transmit a message to its nearest neighbor in G™
eMin(u) = min { w(u, v) | (u, V) €E™"}

minRE /ce; (u) if u=s;
minRE /ce,(u) if u#s;

a(u) = {

(b) Let P; be a shortest from s; to t; path in G™.
(¢) Use P to route from s; to t;.

Figure 3.6: ERPMT O Heuristic
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4. Experiments and Results

ERPMT (Efficient Routing Management Technique) was implemented in Matlab, the
Operating System was Windows XP SP3 installed on a PC with 3.20 GHz processor and
894MB of RAM. The OML (Online Maximum Lifetime) and the CMAX (Capacity
Maximization) were implemented using the new power management technique in Uniform
and Poisson distributions for both 1D and 3D dimensions. In each of 10 networks 20
sensors were randomly populated. The energy required by a single-hop transmission
between two sensors was assumed to be 0.001 * d3, where d is the Euclidean distance
between two sensors. And the transmission radius and initial energy for each sensor were
set to 5, 100 respectively. Finally, the ¢ was set to 0.001 = 13, where 77 is the transmission
radius (Park and Sahni, 2006). The simulation results show the effects of applying the

power management technique in different distribution types on the network lifetime.

The main objective for this thesis is to test the effect of applying our new power
management technique (ERPMT) to the existing energy aware routing heuristics for
extending lifetime, such as OML which obtain the best lifetime in the literature and the

CMAX which achieves less lifetime when compared to OML.

In our experiments, the power at each sensor has been divided into two ratios of the
total node energy; the first is for the data sent by the sensor itself (a), the other is for data
relays from other sensors (). These two ratios were divided in two ways; the first by
dedicating less power than or equal to B for a. The second is done by assigning higher

power than (3 for a.
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4.1. Dedicating power less than or equal to B for a

Here a was 50%, 40%, 30%, 20%, and 10% of total node energy.

4.1.1. Average lifetime using Uniform distribution for o <8

A twenty sensor networks were deployed to be randomly distributed using Uniform
distribution. Because of random values, in some experiments there are odd values. But

since they are few, we can ignore them and take our decision from the majority.

Fig.4.1. shows the average lifetime for 10 networks with 20 sensors in each network
for the OML and ERPMT O (with different cases) heuristics. It is obvious that when
applying our ERPMT O technique the lifetime has increased in all cases, for the case of

a=10% has the lowest average lifetime and for o= 50% the highest average lifetime was

achieved.
8000
7000
© 6000
£ —OML
2 5000 -
Y
5 ~#—ERPMT_O a=50%
2 4000 -
S oo W MO asa0%
[}
Z 2000 ERPMT_O a=30%
1000 ~3#=ERPMT_O a=20%
0 ~@—ERPMT_O a=10%

Network Number

Figure 4.1: Average lifetime routing for OML and ERPMT O (o< B) using Uniform Distribution

The same results (increased lifetime) are obtained in the case of using CMAX, Fig.4.2.
shows the results of the same experiment on CMAX. As previous researches (Park and

Sahni, 2006), we concluded that the CMAX has fewer lifetimes than OML, but we can

BRE fyl_llsl
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control CMAX with ERPMT to gain higher lifetime than the original OML. However,
CMAX is less affected by ERPMT; the improvement gained is less than that of OML. And

this is because of that the CMAX is more stable than OML.
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—®—ERPMT_C a=10%

Network number

Figure 4.2.: Average lifetime routing for CMAX and ERPMT _C (a< B) using Uniform Distribution

Table 4.1. shows the percentage difference in lifetime between OML (without
ERPMT) and ERPMT in different cases, by using Formula 4.1. Note that, if the result is
negative then there is a reduction in lifetime, otherwise, it is an improvement. The average

lifetime for the ERPMT in case of a=50% is 56.74% better than the OML.

% Difference = ((Avg. ERPMT_O — Avg.OML)/ (Avg. ERPMT_0)) » 100% (4.1)
Table 4.1.: Percentage difference between OML and different cases of ERPMT (o < f§) using
Uniform Distribution.

ERPMT O
Technique used OML
a=50% | a=40% | a=30% a=20% a=10%
Avg. Lifetime 2811.2 6499.8 | 5707.4 5336 4917.4 4800.4
Percentage Diff. 56.74% | 50.74% | 47.31% 42.83% 41.43%

R fyl_llsl
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We have noticed that the lifetime of the node increased and as a result the network
lifetime increased by increasing the energy ratio dedicated for the sensor own data ( the
optimal value of a is 50% and this is shown later in results). This increase is due to the
power expenditure management that has prevented the early depletion of energy for certain
nodes which are used frequently as relays for other nodes; the nodes energies are used
fairly so that no expenditure is concentrated on just some nodes while others are not used
and all the nodes energies are investigated to prolong the lifetime of the overall network as

much as possible.

4.1.2. Average lifetime using Poisson distribution for a < f

The same effect( higher lifetime) was gained when changing to Poisson distribution
which gives a better description for the real environment. Fig.4.3 shows the average
lifetime for 10 networks with 20 sensors in each network, here also higher lifetimes were
obtained using power management technique (ERPMT). Poisson distribution gives lower
lifetimes than Uniform in all corresponding cases and this agrees with previous researches

(Al-Sharaeh, et al., 2008; Al-Sharaeh, et al., 2009).

But when using power management in Poisson distribution we can gain higher

lifetimes than OML in Uniform distribution without using ERPMT.
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Figure 4.3: Average lifetime routing for OML and ERPMT O (a< [3) using Poisson distribution

Also, in case of Poisson distribution the differences between different power Divisions

are less than in case of Uniform distribution.

Fig.4.4 shows the results of applying the same experiment on the CMAX, here the

same effect as in CMAX in Uniform distribution was gained.
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Figure 4.4: Average lifetime routing for CMAX and ERPMT _C (o< ) using Poisson distribution

Table 4.2 shows that in case of Poisson distribution, ERPMT O is 47.69% better than

OML and as we decrease o the percentage decreases, but still an improvement.
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Table 4.2: Percentage difference between OML and different cases of ERPMT (a < B) using

Poisson distribution.

ERPMT O
Technique used OML
a=50% a=40% a=30% a=20% a=10%
Avg. Lifetime 2242.4 | 4287.3 3837 3178.2 2812.6 2610.8
Percentage Diff. 47.69% | 41.55% 29.44% 20.27% 14.11%

4.2. Dedicating more power for a than 8

In these experiments o was larger than 3, a was set to 60%, 70%, 80%, 90%,

100% (single hop transmission).

4.2.1. Average lifetime using Uniform distribution for a > f

Fig.4.5 shows the results of applying the second way of ERPMT on the OML in
Uniform distribution. It is clear that as the power dedicated for the sensor generated data
increased the lifetime decreased. this decrease in lifetime is resulted because as we increase
the value of a above 50% of total power we tend to single hop transmission which
consumes more power and results on decreased lifetime. In addition, the oppurtinity for a

node to find a path to route through it decreases, and as a result the lifetime decreases.
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Figure 4.5: Average lifetime routing for OML and ERPMT_O (o) using Uniform distribution

Fig.4.6 shows results of the same experiments on CMAX, the same result also here but
as we discussed before that CMAX is less affected to the changes between different cases

than in case of OML, and that is because the stability of the CMAX heuristic.
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Figure 4.6: Average lifetime routing for CMAX and ERPMT_C (o>f) using Uniform distribution
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Table 4.3 shows the percentage difference in case EPRMT with o>, EPRMT is 18.3%

better than OML in case of a=60%, but as a increases a reduction in the performance

resulted. OML is 17.9 better than EPRMT with o= 70%. As o increases more reduction in

the performance occurred.

Table 4.3: Percentage difference between OML and different cases of ERPMT (a > f) using

Uniform distribution

ERPMT O
Technique used OML
a=60% | a=70% a=80% a=90% | a=100%
Avg. Lifetime 2811.2 | 3441.4 2307.4 2070.6 1986.1 959.3
Percentage Diff. 18.3% | -21.83% | -35.76% -41.5% -193%

4.2.2. Average lifetime using Poisson distribution for a >

Fig.4.7 and Fig.4.8 show the results of applying ERPMT in Poisson distribution for
OML and CMAX respectively. As in Uniform case, the lifetime decreases until it reaches
its lowest values in case of a= 100% which is equal to single hop transmission in that each

node is responsible of sending its own data.
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Figure 4.7: Average lifetime routing for OML and ERPMT _O (a > ) using Poisson distribution
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Figure 4.8: Average lifetime routing for CMAX and ERPMT _C (o > ) using Poisson distribution

Table 4.4 shows the percentage difference in ERPMT_ O with different a values, all
cases cause reduction in OML performance, but as we noticed that the reduction is less than

that of Uniform distribution cases. Also, there is no improvement in case of a=60%.
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Table 4.4: Percentage difference between OML and different cases of ERPMT (o > ) using

Poisson distribution.

ERPMT O
Technique used OML
a=60% | a=70% a=80% a=90% | a=100%
Avg. Lifetime 2242.4 | 2083.9 1988.9 1802.7 1099.1 863.2
Percentage Diff. -7.6% -12.7% -24.39% -104% -159.7%

4.3. Effect of Network size on network lifetime

As the number of sensors increases, the lifetime of the network increases. These results
were shown previously by Park and Sahni, (2006), and in our experiments. Fig.4.9 shows
the lifetime of the network for different number of nodes in case of OML in Uniform
distribution using the power management technique in case of a= 50% of total energy. It
can be noticed that as the number of nodes increases the lifetime also increases. Our
experiments in all cases give the same result. Our interpretation to this result is that by
increasing the number of nodes there is an increased opportunity for the nodes to find a

path and send their data through. As a result, the lifetime increased.
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Figure 4.9: Average lifetime for ERPMT O with different number of sensor nodes using Poisson
distribution (a= 50% of total energy)
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4.4. Effect of changing the representation from 1D to 3D

As we showed in our previous study by Al-Sharaeh, et al. (2008), that changing the
representation for sensors in the network from 1D to 3D gives us a better description of the
real environment for the kind of deployment where sensors are floating in space, such as
Tsunami prediction applications. The results were higher lifetimes but with the same
relation between OML and CMAX. We found that the lifetime in case of Poisson
distribution was higher than in case of Uniform distribution; that is because the majority of

nodes are close to each other and more paths could be found.

Similarly here when we change the representation from 1D to 3D and repeat our
experiments the results we got agree with what discussed previously by Al-Sharaeh, et al.

(2008), The following figures show the results obtained.

Figure 4.10 is for a comparison between ERPMT O with a=50% using Uniform

distribution in 1D and 3D. Figure 4.11 is the same but in Poisson distribution.
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Figure 4.10: Comparison between Average lifetime for ERPMT O with a=50% routing using 1D
and 3D Uniform Distribution.
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Figure 4.11: Comparison between Average lifetime for ERPMT O with a=50% routing using 1D

and 3D Poisson distribution.

Fig.4.12 shows a comparison between 3D OML in Poisson and Uniform distributions

using power management (ERPMT O with a=50%), in case of Poisson distribution the

lifetime is higher than in the Uniform distribution which agrees with Al-Sharaeh, et al.

(2008).
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Figure 4.12: Comparison between Average lifetime for ERPMT O with a=50% routing using 1D
and 3D Poisson distribution.
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4.5. Effect of power management on energy expenditure and network coverage

Fig.4.13 shows the energy expenditure in joules for OML in different cases: without
using power management (OML), ERPMT_O with equal ratios for a and f, ERPMT_O
with a < B, and ERPMT O with o > . We interpret this result by that when o > [ this
means that we tend more to single hop transmission which expends more power. But in
case of a < 3 the expenditure is approximately the same and are close to the case of OML

without using power management.

Previous researches attributed the higher lifetimes they gained to the fact that their
proposed heuristics or techniques use less power. in ERPMT this is not the case, we still
expend power equal to what expended in the others, so our expectations is that the lifetime
is higher because we do a power management that is; the power expenditure is distributed
fairly among all nodes in the network and not concentrated on just some of them as other

techniques do. Although the expenditure is the same, we gain higher lifetimes.
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Figure 4.13: Comparison between Power expenditure for OML routing using Poisson distribution
and ERPMT O in different cases.
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Along with higher lifetimes we gained, the coverage of the network is preserved as
much as possible for the same reason as increased lifetime. Using power management
technique has made the power expenditure in the network highly fair between the nodes.
Every node has a ratio for itself and another one for others, no nodes will die because of
frequently using it as a relay to the sink or other nodes. This will prevent formation of blind
areas which cause loss of coverage in these areas and as a result, the data measured

becomes unreliable.

To assure what discussed above, we have measured the energy levels in joules of the
network nodes with and without applying ERPMT at the end of lifetime for each. Fig.4.14
shows the energy levels of the network nodes without using ERPMT technique. We found
that they deviate from their average by 24.85% and they vary widely from each other, some
of them still have high energy while others do not have energy adequate for sending (areas
contain these nodes are blind). We note that the expenditure varies depending on the
position of the node; nodes that are closer to the sink (1 hop distance) consume more power
and as we go far from the sink (2 hops or more distance) the expenditure decreases. In our
example, nodes 1, 6, 8, 11, and 17 are 1-hop far from the sink, so they consume more

power than 2-hop distance nodes, such as node 9.

www.manaraa.com

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



36

100

R a
50 I\ po A

A A A /
50

Energy level

%‘E / \VI \ V/ \VI y

10

1 23 456 7 8 9 10111213 14151617 18 19

Node number

—&—-energy level
—li—average energy

Figure 4.14: Comparison between energy levels for OML routing using Poisson distribution.

On contrast, Fig.4.15 shows the energy levels in joules when using ERPMT. The

energy levels here are close to each others and close to the mean of their energy levels; they

only deviate by 8.43% from the mean, which means that the entire network is always

covered. The energy consumption is distributed evenly on the nodes regardless of its

position from the sink node.
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Figure 4.15: Comparison between energy levels for ERPMT O routing based on Poisson
distribution with a= 50%.
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5. Conclusion and Future Work
5.1. Conclusion

We present an efficient routing technique that maximize the lifetime and coverage of
wireless sensor networks, which employs an efficient power management technique that
works at the node level by dividing each sensor node energy into two ratios; the first is for

sensor generated data and the other is for data relayed from other nodes.

The evaluation that results from our extensive runs shows that applying our technique,
which called ERPMT (Efficient Routing Power Management Technique), results in up to
56.7% improvement on the existing heuristic lifetimes. This percentage improvement is
obtained in the best case of ERPMT which is the case when o= 50%, that is, when the node
energy is divided into two equal ratios. As we decrease o to a ratio less than 50%, the
improvement will be reduced. However, it remains above the lifetime of OML or CMAX.
Our results also show that increasing a to a ratio more than 50% will result in degradation

of the network lifetime as well as increasing the power expenditure.

Energy expenditure measures we have done revealed that the increased lifetime does
not come from reduced energy consumption, but it is the result of a well-organized one.
The energy expenditure is fairly distributed among the nodes and not concentrated on some
of them only. The power is used efficiently and in a correct way to increase every single

node lifetime, which in turn will increase the overall network lifetime.

Increased coverage is obtained when applying ERPMT for the same reason as
increased lifetime. The energy levels in the network nodes remain close to each other and
they deviate only by 8.43% from the mean of the network nodes energy levels; no nodes

will die because of unfair routes while others still have high levels of energy and continue
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the functioning of the network while some areas are not covered. So, partitions and blind
areas are prevented. As a result, the whole area is covered and data collected along the

lifetime of the network is reliable.

In ERPMT, changing the representation of the network sensors into 3D results in
increased lifetime. And changing the distribution of sensors from Uniform to Poisson
decreases the lifetime in case of 1D, but increases it in case of 3D; that is because the
majority of nodes are close to each other and more paths could be found. These results
concerns deployment is consistent with our previous studies by Al-Sharaeh, et al. (2008) in

the same concern.

5.2. Future Work

In our future work, we will study the effect of changing the transmission radius (r7)
and the effect of physical location of the sink node on the network lifetime, energy

expenditure, and on network coverage.
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To insure that the energy expenditure is distributed among network nodes evenly

regardless of their distance from the sink node, we have measured energy levels of 1-hop,

2-hop nodes and compared them, the following table shows the Remaining energy levels

for network nodes using OML and ERPMT O:

Node no. OML | ERPMT O ceq ce,
1 81 43 19 24
2 33 51 21 30
3 17 46 21 25
4 34 39 30 9
5 49 56 32 24
6 24 38 18 20
7 57 42 19 23
8 76 43 24 19
9 30 51 34 23
10 49 43 22 21
11 19 37 26 11
12 20 43 19 24
13 85 46 23 23
14 41 48 21 27
15 56 53 30 23
16 34 49 24 25
17 84 44 23 21
18 49 43 19 24
19 27 40 18 22

Avg.
remaining | 45.5263 45 23 22
energy
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OML (Without ERPMT):

The adjacency matrix was as follows:
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From the above adjacency matrix, we found 1-hop and 2-hop nodes, and compute

the average energy levels for both of them, shown in the following table :
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We note that 1-hop nodes deplete their energies faster than others.
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ERPMT:

The adjacency matrix was as follows:
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