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ABSTRACT

Wireless sensor networks (WSNS) are a collection of nodes organized into a cooperative
network with sensing, processing and transmitting capabilities. WSNs are becoming an
increasingly prominent technology that can be used in diverse application areas. In WSNs,
cooperative relay stations are projected as one of the most cost effective solutions to meet the

demanding requirement of capacity enhancement.

In this paper, major concerns of the wireless sensor networks addressed are optimizing
the number of relay stations required for covering the desired percentage of sensor nodes by
optimal placement of relay stations and optimal assignment of the sensors to the relay stations.
The joint problem of relay station placement and coverage is formulated into a mixed integer
program which is solvable by commercial GAMS software with Xpress-MP Solver. Sensitivity

analysis is carried out, along with a case study to demonstrate the performance gain of the model.
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1. INTRODUCTION

Wireless Sensor Networks (WSNs) are ad hoc multi-hop systems containing sensor nodes
connected by wireless links organized into a cooperative network. The flourishing research on
WSNs is driven by the advances in Micro-Electro Mechanical Systems (MEMS) technology,
Complementary Metal Oxide Semiconductor (CMOS) logic, and wireless networking [11, 12].
These advances have made it possible to deploy sensors in a particular geographical area and
sense the environment by calculating physical parameters such as heat, sound, temperature, light
etc. [1]. A sensor network consists of a group of sensor nodes, which are able to sense, process
and transmit data. Sensor networks have many potential applications which include monitoring
battlefields and detecting enemies, sense the environmental changes in oceans, forests, and
atmosphere, providing security to the buildings and also monitoring human body, which is

immensely useful in bio-medical applications [1].

WSNs are used to create macro-scale effects from micro-devices through synchronized
activities of various sensors; thus connectivity is a hugely critical issue in WSN architecture
design [10]. Wireless links are principally determined by transmit powers of sensors, and higher
transmit power produces affluent connectivity. Though, in the context of untethered nodes, a
primary design constraint is the limited energy resources [10]. Communications is a significant
energy consumer, due to ground reflections from short antenna heights, so for slightly longer
distances to be reached, the sensor needs to dispatch much greater transmit power [10]. The
second reason for the restraining higher transmission power is the higher interference to on-
going traffic. The higher the power a sensor transmits, the more the number of direct neighbors

the sensor has, and the higher the negative impact the sensor has on the network throughput. The



third reason is the lifespan of the network [14], which is determined by the lifespan of sensors as
a whole. Wireless sensors are battery powered; either battery replenishment is prohibited by
monetary considerations or it is impossible to recharge or replace a battery in a WSN. The fourth
reason, but not the last, is the heat emitted by higher power, transmission may hamper the

sensing function (i.e. Temperature sensors) [10].

On the other hand, these observations do not mean that the lesser the transmit power, the
better. Very low transmit power may result in disconnected topology, and thus network
breakdown. It may cause shooting up of the hop count for message broadcasting, thus ascending
error rate and deteriorating throughput. Economically deploying a sensor network with
remarkably low transmit power may be prohibitive, as the number of sensors needed may be
significantly increased twice or thrice. For every wireless network to remain active, it has to
maintain a threshold level of coverage for the area where sensor network is deployed ensuring
balance between high coverage and longer network lifetime [5]. Most of the applications do not
require 100% of the network coverage and only partial coverage is necessary to maintain the
network to be active. These partial coverage requirements of the wireless networks also improves

network lifetime further [1].

Consequently, a sensor network designer has to seek a compromise among performance,
network lifetime, and cost. A number of problems have been formulated to study this
compromise. Many of them focus on topology control by minimizing the maximum transmit
power [15, 16] or minimizing total transmit power [17, 18] to maintain global topology. Optimal
node placement is a hugely challenging problem that has been proven to be NP-Hard for most of

the formulations of sensor deployment [2, 3].



To meet the growing demand and stringent design requirements for coverage extension,
throughput and capacity enhancement, deploying relay stations has been considered as a

promising solution to Point-to-Multi-Point (PMP) networks [20].

A network operator always wishes the most economical solution with the minimum
deployment expenditure to provide a satisfactory service [19]. The Relay Station (RS) location
for sensor networks in the network planning phase is critical and will address fundamental

impacts on the subsequent service provisioning scenario [4].

This paper proposes and describes a mixed integer programming model; that can be used
to find the optimal number of relay stations and positions for placing them in a wireless sensor
network, also optimal assignment of sensors to the relay stations. The main aim of this mixed
integer programming model is to propose the positions and number for relay stations, so that
using a minimal number of relay stations, the desired amount of coverage for wireless sensors
can be achieved. The relay stations are responsible for relaying data between the sensors and the
base station. The relay stations considered in the study have sufficient power and are not directly
connected through cable. The links between the relay stations and sensors are assumed relatively
static, and a deterministic Time Division Multiple Access (TDMA)/ Code Division Multiple
Access (CDMA) scheme can be utilized as the communication technique. This paper considers
optimizing the number of relay stations and the relay station placement problem only. The model
built will take the characteristics like transmission range of relay station, the desired percentage
of coverage of sensors by the relay stations and the positions of the sensors as inputs and returns
the number of relay stations and their positions. The remainder of the paper is organized as
follows. Section 2 describes the related work done in this area. In Section 3, the problem

statement and the mixed integer programming model formulation is described. In Section 4, the
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results are shown in a graphical format along with the tables supporting the graphs. In Section 5,
a case study for Maine State was designed and conducted. Section 6 concludes the paper and also

talks about the future directions this research work can take.



2. BACKGROUND STUDY

In [6], the authors mentioned that the technology of wireless networks can be useful for
various applications like environmental monitoring, infrastructure management, public safety,
health care, home and office security, transportation, military surveillance etc. A sensor network
is a collection of sensors deployed in a location to perform specific tasks. The sensors were
primarily used to sense or detect or to track a target or monitor a particular location. As the
technology of the sensors evolved, there were several breakthroughs and achievements in this

area enabling sensors to be useful in many more situations.

In [4], the authors addressed the task of relay station placement and relay time allocation
in IEEE 802.16] Mobile Multi-hop Relay (MMR) networks. By incorporating advanced
cooperative relaying technologies as Decode-Forward (D-F) and Compress-Forward (C-F), the
authors aimed at finding the optimal location of a single relay station and the resource allocation
for all the subscriber stations (sensors). The authors also conducted numerical analysis through
some case studies, and demonstrated the performance gain by using the approach proposed in the
paper for relay station placement and relay time allocation. The authors considered a practical
deployment scenario, where each subscriber station imposes some amount of traffic demand
during a specific time window. In a metropolitan area, the load on a particular subscriber station
may vary based on the time of the day. The authors formulated the single relay station placement
problem in multi subscriber station model in order to yield the optimal deployment, and resource

allocation for each individual relay station for a given set of subscriber stations.

The major challenge in designing WSNs is the support of the functional, such as data

latency, and the non-functional, such as data integrity and requirements while coping with the



computation, energy and communication constraints [7]. Careful node placement can be a highly
effective optimization means for achieving the desired design goals. In [7] the authors reported
the research on optimized node placement in wireless sensor networks. The authors classified the
placement strategies into static and dynamic depending on whether the optimization is executed
at the time of deployment or while the network is in operation, respectively. For many, wireless
sensor networks will consist of hundreds of nodes that operate on small batteries. Wireless
sensor networks should be carefully managed in order to meet applications requirements while
conserving energy. The aim of the authors is to assist the application designers in identifying

alternative resolutions and select suitable approaches.

In [8] the authors studied the capacity enhancement problem by means of relay stations
placement to achieve an efficient and scalable design in broadband wireless access networks.
The authors developed an optimization framework to maximize the capacity as well as to meet
the minimal traffic demand by each subscriber station. The problem of joint relay station
placement and bandwidth allocation is formulated into a mixed integer nonlinear program. To
avoid exponential computation time, the authors proposed a heuristic to solve the formulated
problem efficiently. The authors conducted numerical analysis through case studies and
demonstrated the performance gain of cooperative relaying and the comparison between the
proposed algorithms against the optimal solutions. With the relay stations, the quality of wireless
channels can be significantly improved not only by replacing one long distance low-rate link
with multiple short-distance high rate links, but also due to the ability of circumventing any
obstacles between subscriber stations and base station that may hinder the channel quality. In [9],
the impact of relay station placement in IEEE 802.16j network performance is analyzed. A

throughput maximization relay station placement problem is mathematically formulated as a



binary integer programming problem. The authors proposed an efficient near-optimal placement
solution to find the sub-optimal solution to the problem with large input size. The throughput
performance shows that, with the strategy the authors proposed, the network capacity can be

tremendously enhanced.



3. PROBLEM STATEMENT AND MODEL FORMULATION

This chapter discusses about the structure of the problem, formulating and building the

mixed integer programming model.

3.1. Problem Statement

In wireless sensor networks, a large number of sensors with limited energy supply are
responsible for relaying the sensed data hop by hop to the base station. The sensors neighboring
the base station deplete their energy much faster than distant nodes, because they carry heavy
traffic, which results in premature ending of the network lifetime. Commissioning relay stations

can alleviate this problem by relaying data between the sensors and the base station.

Figure 1 presents the generalized structure of the problem studied in this paper. Let us

consider an irregular shaped area, where i be the locations of the deployed sensors and j be the

potential locations of the relay stations. Let d;; be the distance between sensor at location {i }

and relay station at location { j }. Let D,,,, be the maximum transmission range of the relay

station. Given such a structure, a mixed integer programming (MIP) model is proposed to

determine the:

1. Optimal number of relay stations
2. Optimal locations of the relay stations

3. Optimal assignment of the sensors to the relay stations

Sensitivity analysis is carried out by varying the transmission ranges of relay stations,

number of sensor nodes and percentage coverage of sensors to provide deep insights to the



decision makers. In addition, a case study for Maine State is conducted to accommodate a

profound understanding of the proposed model.

3.2. Assumptions

Following are some of the assumptions that are made in the modeling:

1. Sensors are assumed to be static. This means that the sensors do not change their

positions in the WSN.

2. The potential locations for establishing the relay stations are pre-determined.

—
0
*
D
**.* .*\
00 0 0
. 0 lt".
o o s 0 ’
— % *
| v

. Sensor * Potential Relay Station locations

Figure 1. Structure of the problem



3.3. Model Formulation

This section describes the parameters, decision variables, objective function and the

constraints of the mixed integer programming model.

3.3.1. Parameters

i Index for sensor locations where i = {1, 2, 3...1}

I Total number of sensors

j Index for relay station locations where j = {1, 2, 3...J}
J Total number of relay stations
dij Distance between sensor at location {i} and relay station at location {j}

Dwvax  Maximum allowable transmission range of relay station

P Percentage of coverage and an element between 0 and 1

3.3.2. Free variables
VA Number of relay stations

3.3.3. Binary variables

Yj 1, if relay station at location {j} is open
0, else

Xij 1, if sensor at location {i} is assigned to relay station at location {j}
0, else

10



3.3.4. Objective function

The objective is to minimize the number of relay stations.

Min Z=Y)"Y,
i

Subject to,

Each sensor can only be assigned to a relay station if distance between the sensor at
location {i } and relay station at location { j } is less than the maximum allowable distance
(transmission range of the relay station).

d; X;;<Dy,,Y; Vi, Vi

Max " j

Each sensor can be assigned to no more than one relay station.
ij —

Y X;<1vi
i

Eq. (4) presents the percentage of coverage area.

ij =
i

> > X;=P*I, where Pe[0]]
i
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3.4. Model Building

The mixed integer programming model is coded in General Algebraic Modeling System
(GAMS) and solved using Xpress-MP Solver. The data for the distances between the sensors and

relay station locations was generated randomly using the RAND () function in Microsoft Excel.

3.4.1. Algebraic modeling language

Algebraic modeling language is a high level computer programming language for
describing and solving high complexity problems for large scale optimization problems. One
advantage of algebraic modeling language is the similarity of its syntax to the mathematical
notion of optimization problems, and this allows for a very concise and readable definition of

problems in the domain of optimization.

3.4.2. General algebraic modeling system

[23] GAMS was the first algebraic modeling language. It is a high-level modeling system
for mathematical programming and optimization. It consists of a language compiler and a stable
of integrated high-performance solvers. GAMS is tailored for complex, large scale modeling
applications, and allows you to build large maintainable models that can be adapted quickly to
new situations. GAMS is specifically designed for modeling linear, nonlinear and mixed integer
optimization problems. The system models problems in a highly compact and natural way.

GAMS language is formally similar to commonly used programming languages. Models
are described in concise algebraic statements which are easy for both humans and machines to
read. GAMS automatically generates each constraint equation, and lets the user make exceptions

in cases where generality is not desired. Statements in models can be reused without having to
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change the algebra when other instances of the same or related problems arise. GAMS handles
dynamic models involving time sequences, lags and leads and treatment of temporal endpoints.

Figure 2 shows the Dashboard of GAMS Integrated Development Environment.

185 GAMS Integrated i c ir\projdi japr = @] = |
File Edit Search Windows Utilities Model Libraries Help

S e IOV 5 i

GAMS

Modeling for the Real World

Figure 2. GAMS IDE dashboard

Figure 3 shows the Compiler of GAMS Integrated Development Environment.

x

- -
SRRV =0 g p— =
File Edit Search Windows Utilities Model Libraries Help

[ R E— VI Er

e jdin\25t-70c-1.Ist ‘88 No active process
25701 g [ 25670041 et 2567021 |
Compilation GAMS Rev 239 WEX-WEI 23.9.1 xﬂGﬁGﬂ/HS Windows 03/27/13 20:49:3
Equation Listing  SOLVE relay_station UsingMl | ¢ o n o » & 1 Algebraic Modeling Syscem --- Job 25v-70c-1.gms Start 03/27/13 20:48:31 WEX-WEI
Equation N N GAMS Rev 239 Copyright (C) 1987-2012 GAMS Developmer
& g":“"‘” Listing  SOLVE relay_stafion Usinghi | © ® ™ P % 1 2 & %o Licensee: GAMS Development Corporatien, Washington, I
Model Statistics SOLVE relay.station Using MF  Free Demo, 202-342-0180, sales@gams.com,
—-—— Startil compilation
1 Sets --- 25t-TOc-1.gms (178) 3 Mb
2 —-—--— Starti execution: elapsed 0:00:00.012
3 sensors J1vs0/ ——- Generaving MIP model relay_station
& —— 25t-70, .gms (161} 4 Mb
5 5 relay stations /1%20/ --- 1,053 T 1,022 columns 4,042 non-zeroes
s - 1,020 di —-columns
**= Status: Te: ed due to a licensing error
7 = Inspect listing file for more informatier
& —— Job 25t-70c-1.gms Stop 03/27/13 20:49:31 elapsed
B Exit code = 7
10
11
12
13
L) F—— ) KN~
e T — '

Close | Openlog | I~ Summanyanly B Updste

Figure 3. GAMS IDE compiler

13



3.4.3. Xpress-MP solver

[24] Xpress-MP Solver is a versatile, high performance optimization system. The system
integrates a powerful simplex-based LP solver, a MIP module with cut generation for integer
programming problems and a barrier module implementing an interior point algorithm for very

large LP problems. Xpress-MP Solver runs only in conjunction with the GAMS modeling

System.
Figure 4 shows the NEOS Xpress-MP Solver page.
[} NEOS Server. XpressMP X \\ o0 S
€ C' | [) www.neos-server.org/neos/solvers/milp:XpressMP/GAMS.htm - O

NEOS Interfaces to XpressMP

WWW Form & Sample Submissions
Email
XML-RPC

SOLVERS

XpressMP

The NEOS Server offers XPRESS-MP, from Dash Associates, for the solution of integer programming problems that can be modeled in GAIS format.

Using the NEOS Server with GAMS/XPRESS

The user must submit a model in GAMS format to solve an optimization problem. For security purposes, the model submitted must adhere to the following conventions:

¢ The model must be self contained, i.e. no Sinclude or $batinclude
o No execution of external programs is allowed, i.e. no Scall or execute
+ Nofile creation, i.e. no put files or Secho

Figure 4. NEOS Xpress-MP solver

3.4.4. Microsoft Excel
[25] Microsoft Excel is a spreadsheet application developed by Microsoft. It features
calculation, graphing tools, pivot tables, and a macro programming language called Visual Basic

for applications.
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Figure 5 shows the Microsoft Excel spreadsheet with random data generated using the

RAND () function.

<= :
HOME INSERT PAGE LAVOUT FORMULAS DATA REVIEW VIEW Kiran Vallabh =

X, Cut ’;\4 D %ﬂ EX iil > AutoSum ~ %Y H

0 Times NewRoma - |12 ~| A” A
B Copy ~ [ Fin-

Paste B e Mo A = B Merge&Center -+ § - % 3 %3 £ Conditional Formates Cell  Insert Delete Format Sort & Find &
¥ Format Painter < ¢ *" Formatting Table~ Stylesw - - - £ Clear~ Filter - Select~

Clipboard 7] Font ] Alignment ] Number ] Styles Cells Editing ~

¢ Wrap Text General -

A B C D E F G H 1 J K L M N o P Q R S T
1 2 3 4] 5| 6| 7| 8| 9| 10 1 12 13 14| 15| 16 17 18] 12
86.0422| 57.8748| 65.7288) 96.5669| 40.0023 13.669| 12.5627) 2.03508| 45.3564| 45.8216 68.76] 36.7644| 39.6698| 96.5581| 65.6723| 91.5414| 50.38537| 20.5036| 52.0426
54.0020| 68.0351| 55.9066) 98.2282) 31.5619[ 6.82341| 12.6502| 73.3084| 2.86695| 26.5021| 12.1704| 75.4333| 00.3808| 18.7643| 50.0708| 84.5001| 30.7178| 62.3808| 40.4378 )
§3.8183] 94.9500| 3.84755) 15.4544) 21.508[ 61.6038| 50.8073| 27.0081| 55.9676| 11.7337| 3.15367| 75.7717| 12.0025| 37.1771| 1.22502| 57.3445| 7.06252| 48.72090| 90.6267 29.3504
00.6838| 68.0345| 10.8784) 53.7784) 22.6013[ 62.5882| 10.819| 88.6524| 36.9707| 68.3339| 70.5608| 9.60022| 22.0219| 66.0221| 35.4306| 5.88002| 46.0884| 31.0505| 72.3560| 83.532
96.196| 24.5324| 53.4022| 6.54317| 50.0820| 54.6206| 50.3774| 75.3485| 54.1004) 61.1358| 20.1555( 35.6021| 27.524) 74.6379 77.2512| 14.3623| 63.154] 52.2782| 60.5017
14.1037| 98.6732| 45.0054| 67.6672| 79.0006) 53.2873| 0.99708| 34.4418| 9.21606) 35.6795| 50.0669 31.947| 07.2749| 7.20323| 65.6886 57.1312| 83.6664| 33.0260) 47.9311
05.507| 82.0166| 27.9277| 25.8605| 20.1626| 85.4146| 40.4081| 30.3478| 14.3566) 16.9408| 39.6027( 70.9774| 63.9802) 17.4137) 51.4408 88.5162 4422 72.7263| 73.0263
80.5702| 73.4843| 60.0003) 77.5247| 38.016| 76.5174| 7.69701| 28.5848| 36.1408| 36.0655| 34.4868| 50.6214| 97.2309| 59.345| 23.2612 96.3785| 67.9708| 3.73697) 2.61848
65.8405| 44.6803| 38.7798) 50.4777| 57.2704| 33.6795| 34.2205 65.8418| 13.1538| 40.3332| 21.8000| 86.6275| 37.2495| 37.4701| 5.30612| 64.8584| 40.5105| 22.8653| 20.3959| 50.035
11 10] 99.775| 46.2763| 56.1478| 80.1884| 94.4314] 53.6001| 79.0875| 10.4546) 94.9641| 0.45107| 5.07246| 66.2133] 21.0564| 0.0400| 28.0181| 30.0058| 20.3568) 25.417| 61.2159| 5.02166
12 11) 4.82734| 64.1324| 21.4481| 61.7176| 44.3722| 41.1848| 45.6575| 36.8758) 51.3508| 06.0301| 5.38104| 79.7225) 58.1198| 35.8108| 80.3325| 38.4540| 6.76182) 45.7041[ 16.3500| 2.08084
18.4866| 74.8710| 70.463| 26.4921| 58.5532| 84.4007| 21.4612] 0.55139| 19.4230 33.04) 74.6736| 96.7222( 57.5503| 48.0008| 4.34882| 34.0080| 63.0171| 66.362) 70.5885| 36.6504
14 13| 62.7608| 34.2864 1.02744] 26.6444| 9.20001] 2.62612| 99.1548| 92.8420| 28.7187| 77.7699| 20.3188) 7.9002| 78.3051| 78.0348| 46.9460) 0.24081) 9.50271[ 93.5128| 56.9412
15 | 14] 67.3943| 35.2796 20.5228| 9.01877| 47.9104) 80.2855| 1.23415| 57.6321| 8.54976| 17.0012| 46.2044( 88.8508| 81.9722| 75.473| 34.4532| §0.0281| 04.8857| 17.6356
16 | 15 25.7179| 47.5444 51.0208| 82.5956| 9.49238) 2 98.7113 59| 47.1333| 60.6567| 77.003] 11.1566 67.8404| 49.6374| 75.0214) 22.0871| 10.4797
17 | 16| 93.2539| 87.9877 5.10208| 85.6785| 84.6866| 5. 233804 0.02751| 69.9846| 20.1555| 18.0064 85.6380| 57.9545| 87.7546| 80.3685| 82.0189
18 | 17) 32.8215| 96.7794 0.42766| 91.0602| 33.8106| 4 82.2364 12.3001) 34.8693( 36.1196( 14.7958 1.58188| 91.4517] 21.3202| §7.0086| 11.6049
19 18| 46.3086| 85.7685| 80.9508| 60.4801| 44.5997| $3.6189| O 79.1381( 90.8872| 0.47612) 69.1431| 6.95318( 61.8805| 1.74007| 31.6149| 4.75526| 90.0088| 30.8127| 46.8483
20 19] 77.7734| 31.4082| 2.24626| 63.5436| 38.1472| 78.7932| 28.4732| 10.3418| 12.3257| 01.2195| 92.8418| 50.6542| 97.5805| 31.1836| 05.6346| 76.7439| 25.6397| 70.7827( 59.3233| 83.0844
21 20| 41.4233| 43.4389 66.0642| 62.1578| 7.33535) 36.011) 69.3894[ 25.118| 49.1655| 65.4158| 20.7436( 52.8932| 35.6164] 41.9737| 22.7058| 0.68142| 86.0611| 45.7896| 10.8829
22 21] 7.7804| $8.4642| 46.509| 5.88813| 77.1691| 55.1774| 15.0292| 27.0678| 41.4671| 28.6122| 53.3365| 36.7905) 39.4037| 42.0508| 54.9548| 5.30499| 84.9678) 89.7713| 07.1689| 59.2539
23 22| 9.98485| $3.4021| 2.31673| 94.9973| 80.1708| 51.7951| 27.6952| 98.4575| 56.5382| 43.1786| 27.4889| 45.016| 11.1467) 67.6503| 48.6702( 63.8081| 79.7388| 17.3911| $4.4687| £0.021
24 23| 574621 96.3554| 52.2873| 39.0880| 34.5807| $7.4244| 86.085| 62.5078| 80.682| 32.7824| 52.9341| 46.459) 13.447| 67.7566| 17.6712| 45.3297| 16.5406) 41.8304| 30.3482| 79.864
25 | 24| 51.4989| 5.42835| 57.5097| 14.4464| 52.2630| 44.9203| 40.0515| 26.3745| 97.0508| 84.7372| 16.4815| 68.9996] 50.7243| 28.3538| 4.92712| 92.6722| 3.24476| 53.3479| 51.1809| 42.8628 -
Sheetl | sSheet? | Sheet3 | Sheet4 | 75 | 50 | Sheetd ® 1 v
B W -——+

3

e o Y P P e

H
5
e

H
s}
—
=]

]

]

Figure 5. Microsoft Excel spreadsheet

15



4. RESULTS

This section describes various test cases that are performed with the mixed integer
programming model developed. The different parameters for carrying out the test cases were the
number of sensors, number of potential relay stations, and transmission range of relay station and
desired percentage of coverage.

In the test cases, for each set of parameters, the number of relay stations opened and the
execution time of the mixed integer programming model for that situation are captured. After
running the model several times with different data sets and after gathering all the results; the
mean, standard deviation and variance are calculated. Then one of the parameters is varied, and
then the mean, standard deviation and variance are calculated, and this process is repeated by
varying another parameter and the results are calculated. We determine various results, and the

performance of the model is compared based on the number of relay stations and execution time.
4.1. Initial Study

The initial study is a preliminary analysis conducted to determine whether there is
substantial evidence that the mixed integer programming model developed yields the desired
output.

4.1.1. 100% coverage of sensor nodes

The data for distance between the sensor location and relay station location is randomly
sampled in Microsoft Excel by using the RAND () function with the distance range from 0 to
100 miles. 50 sensor nodes and 20 potential relay station locations are considered and modeled

for 100% coverage. The model is coded in GAMS and solved with Xpress-MP Solver.
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Table 1 shows the number of relay stations opened when the transmission range is varied

between 25, 50 and 75 miles.

Table 1. No. of relay stations opened for 50 sensors, 100% coverage

50 sensors, 100% coverage
25 mile 50 mile 75 mile
transmission transmission transmission
range range range
No. of relay
stations 6 3 2

Figure 6 suggests that as the transmission range increases, the number of relay stations

opened decrease.
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Figure 6. No. of relay stations opened for 50 sensors, 100% coverage

4.1.2. 90% coverage of sensor nodes

50 Sensor nodes and 20 potential relay station locations are considered and modeled for

90% coverage. The model is solved in commercial GAMS software with Xpress-MP Solver.
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Table 2 shows the number of relay stations opened when the transmission range is varied
between 25, 50 and 75 miles.

Table 2. No. of relay stations opened for 50 sensors, 90% coverage

50 sensors, 90% coverage
25 mile 50 mile 75 mile
transmission transmission transmission
range range range
No. of relay
stations 5 2 2

Figure 7 suggests that as the transmission range increases, the number of relay stations

opened decrease.

No. of relay stations
w

[EEN

25 mile transmission 50 mile transmission 75 mile transmission

Figure 7. No. of relay stations opened for 50 sensors, 90% coverage
4.1.3. 70% coverage of sensor nodes
50 sensor nodes and 20 potential relay station locations are considered and modeled for

70% coverage. The model is solved in commercial GAMS software with Xpress-MP Solver.
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Table 3 show the number of relay stations required when the transmission range is varied

between 25, 50 and 75 miles.

Table 3. No. of relay stations opened for 50 sensors, 70% coverage

50 sensors, 70% coverage

25 mile 50 mile 75 mile
transmission transmission transmission
range range range
No. of relay
stations 3 2 1

Figure 8 suggests that as the transmission range increases, the number of relay stations

opened decrease.
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Figure 8. No. of relay stations opened for 50 sensors, 70% coverage
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4.2. Sensitivity Analysis

Sensitivity Analysis deals with finding out the amount by which we can change the input
data for the output of our mixed integer programming model to remain comparatively
unchanged. This helps us in determining the sensitivity of the data we supply for the problem. If
a small change in the input doesn't affect its optimal solution as much, we can conclude that the

model is robust and is less sensitive to the changes in the input data.

Sensitivity analysis can be useful for a range of purposes, including:

o  Testing the robustness of the results of a model in the presence of uncertainty.

e Increased understanding of the relationships between input and output variables in a
model.

e Searching for errors in the model by encountering unexpected relationships between
inputs and outputs.

e Model simplification by fixing model inputs that have no effect on the output, or
identifying and removing redundant parts of the model structure.

e Enhancing communication from modelers to decision makers (e.g. by making

recommendations more credible, understandable, compelling or persuasive).

Sensitivity analysis is carried out for the mixed integer programming model with the help
of following test cases.
4.2.1. Test cases

A test case is a specific executable test that examines all the aspects including inputs and
outputs of a system and then provides a detailed description of the steps that should be taken, the
results that should be achieved, and other elements that should be identified.
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The various parameters that are chosen for the test cases are number of sensor nodes,
number of potential relay stations, transmission range of relay station, and percentage of
coverage for the sensors. Initially to test the model with a small number of sensors, 50 sensor
nodes and 20 potential relay stations are considered. Next, the number of sensors are increased
by four times to 200. Later, with the sensitivity analysis, the number of sensor nodes are
increased by a large numbers until 1500. The transmission ranges for the relay stations
considered are 25, 50 and 75 miles and the percentage of coverage of sensor nodes is varied
between 70, 90 and 100%.
4.2.1.1. Test case 1

The constant values of the parameters are number of sensor nodes = 50, number of
potential relay stations = 20, transmission range of the relay station = 25 miles. The percentage
of coverage of the sensors is varied between 70%, 90% and 100%.

The model is run 10 times with different data sets for 70% coverage, and similarly for the
other coverage percentages.

The results in table 4 shows the mean, standard deviation and variance of the number of
relay stations for the three different coverage percentages.

Table 4. Statistics for no. of relay stations for test case 1

50 sensors, 25 mile transmission range, 10 runs
Number of relay stations
Standard
Case Mean Deviation Variance
70% coverage 3 0 0.00000084
90% coverage 4.9 0.316227766 0.1
100% coverage 6.7 0.674948558 0.455555556
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Figure 9 shows the graphical representation of mean and standard deviation of the no. of
relay stations for test case 1.
The results in Table 5 shows the mean, standard deviation and variance of the execution

time (sec) of the model for the three different coverage percentages.
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Figure 9. Mean and standard deviation of no. of relay stations for test case 1

Table 5. Statistics for execution time (sec) for test case 1

50 sensors, 25 mile transmission range, 10 runs
Execution time (sec)
Standard
Case Mean Deviation Variance
70% coverage 0.0044 0.000916515 0.00000084
90% coverage 0.0043 0.001187434 0.00000141
100% coverage 0.0062 0.002299758 5.28889E-06
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Figure 10 shows the graphical representation of mean and standard deviation of the
execution time (sec) for test case 1.
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Figure 10. Mean and standard deviation of execution time (sec) for test case 1

4.2.1.2. Test case 2

The constant values of the parameters are number of sensor nodes = 50, number of
potential relay stations = 20, transmission range of the relay station = 50 miles. The percentage
of coverage of the sensors is varied between 70%, 90% and 100%.
The model is run 10 times with different data sets for 70% coverage, and similarly for the other
coverage percentages.

The results in Table 6 shows the mean, standard deviation and variance of the number of

relay stations for the three different coverage percentages.
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Table 6. Statistics for no. of relay stations for test case 2

50 sensors, 50 mile transmission range, 10 runs
Number of relay stations
Standard
Case Mean Deviation Variance
70% coverage 1.9 0.316227766 0.1
90% coverage 2.4 0.489897949 0.266666667
100% coverage 3.4 0.516397779 0.266666667

Figure 11 shows the graphical representation of mean and standard deviation of the no. of

relay stations for test case 2.
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Figure 11. Mean and standard deviation of no. of relay stations for test case 2

The results in Table 7 shows the mean, standard deviation and variance of the execution

time (sec) of the model for the three different coverage percentages.

24



Table 7. Statistics for execution time (sec) for test case 2

50 sensors, 50 mile transmission range, 10 runs
Execution time (sec)
Standard
Case Mean Deviation Variance
70% coverage 0.0057 0.002359378 0.002359378
90% coverage 0.0058 0.002441311 6.62222E-06
100% coverage 0.0087 0.003377869 1.26778E-05

Figure 12 shows the graphical representation of mean and standard deviation of the

execution time (sec) for test case 2.
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Figure 12. Mean and standard deviation of execution time (sec) for test case 2
4.2.1.3. Test case 3

The constant values of the parameters are number of sensor nodes = 50, number of
potential relay stations = 20, transmission range of the relay station = 75 miles. The percentage

of coverage of the sensors is varied between 70%, 90% and 100%.
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The model is run 10 times with different data sets for 70% coverage, and similarly for the

other coverage percentages.

The results in Table 8 show the mean, standard deviation and variance of the number of

relay stations for the three different coverage percentages.

Table 8. Statistics for no. of relay stations for test case 3

50 sensors, 75 mile transmission range, 10 runs

Number of relay stations

Case Mean Standard Deviation | Variance
70% coverage 1 0 0
90% coverage 2 0 0
100% coverage 2 0 0

Figure 13 shows the graphical representation of mean and standard deviation of the no. of

relay stations for test case 3.
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Figure 13. Mean and standard deviation of no. of relay stations for test case 3
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The results in Table 9 shows the mean, standard deviation and variance of the execution

time (sec) of the model for the three different coverage percentages.

Table 9. Statistics for execution time (sec) for test case 3

50 sensor, 75 mile transmission range, 10 runs
Execution time (sec)
Standard
Case Mean Deviation Variance
70% coverage 0.00971 0.003654054 1.33521E-05
90% coverage 0.008 0.000942809 8.88889E-07
100% coverage 0.0051 0.002330951 5.43333E-06

Figure 14 shows the graphical representation of mean and standard deviation of the

execution time (sec) for test case 3.
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Figure 14. Mean and standard deviation of execution time (sec) for test case 3
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4.2.1.4. Discussion of sections 4.2.1.1, 4.2.1.2 and 4.2.1.3

It can be inferred from the figures that, as the coverage percentages increases, the mean
number of relay stations required increase; for all the transmission ranges. The number of relay
stations opened are reduced by a maximum of 85% for test case 1, 90.5% for test case 2 and 95%

for test case 3.

The mean of execution time (sec) increases with the coverage percentages, but for the 75

mile transmission range, the mean execution time decreases.

4.2.15. Test case 4

The constant values of the parameters are number of sensor nodes = 200, number of
potential relay stations = 20, transmission range of the relay station = 25 miles. The percentage
of coverage of the sensors is varied between 70%, 90% and 100%.

The model is run 10 times with different data sets for 70% coverage, and similarly for the
other coverage percentages.

The results in Table 10 shows the mean, standard deviation and variance of the number of
relay stations for the three different coverage percentages.

Table 10. Statistics for no. of relay stations for test case 4

200 sensors, 25 mile transmission range, 10 runs
Number of relay stations
Standard
Case Mean Deviation Variance
70% coverage 4 0 0
909% coverage 6.2 0.4 0.177777778
100% coverage 11 1.264911064 1777777778
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Figure 15 shows the graphical representation of mean and standard deviation of the no. of

relay stations for test case 4.
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Figure 15. Mean and standard deviation of no. of relay stations for test case 4

The results in Table 11 shows the mean, standard deviation and variance of the execution

time (sec) of the model for the three different coverage percentages.

Table 11. Statistics for execution time (sec) for test case 4

200 sensors, 25 mile transmission range, 10 runs
Execution time (sec)
Standard
Case Mean Deviation Variance
70% coverage 0.0279 0.015687256 0.000273433
90% coverage 0.0426 0.019314243 0.000414489
100% coverage 0.0318 0.015961203 0.000283067
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Figure 16 shows the graphical representation of mean and standard deviation of the

execution time (sec) for test case 4.
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Figure 16. Mean and standard deviation of execution time (sec) for test case 4

4.2.1.6. Test case 5

The constant values of the parameters are number of sensor nodes = 200, number of
potential relay stations = 20, transmission range of the relay station = 50 miles. The percentage
of coverage of the sensors is varied between 70%, 90% and 100%.
The model is run 10 times with different data sets for 70% coverage, and similarly for the other
coverage percentages.

The results in Table 12 shows the mean, standard deviation and variance of the number of

relay stations for the three different coverage percentages.
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Table 12. Statistics for no. of relay stations for test case 5

200 sensors, 50 mile transmission range, 10 runs
Number of relay stations

Case Mean | Standard Deviation Variance
70% coverage 2 0 0
90% coverage 3 0 0
100% coverage 5 0 0

Figure 17 shows the graphical representation of mean and standard deviation of the no. of

relay stations for test case 5.
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Figure 17. Mean and standard deviation of no. of relay stations for test case 5

The results in Table 13 shows the mean, standard deviation and variance of the execution

time (sec) of the model for the three different coverage percentages.
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Table 13. Statistics for execution time (sec) for test case 5

200 sensors, 50 mile transmission range, 10 runs
Execution time (sec)
Standard
Case Mean Deviation Variance
70% coverage 0.0278 0.014132704 0.000199733
90% coverage 0.0364 0.014361987 0.00026267
100% coverage 0.0294 0.013696715 0.0001876

Figure 18 shows the graphical representation of mean and standard deviation of the

execution time (sec) for test case 5.
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Figure 18. Mean and standard deviation of execution time (sec) for test case 5
4.2.1.7. Test case 6

The constant values of the parameters are number of sensor nodes = 200, number of
potential relay stations = 20, transmission range of the relay station = 75 miles. The percentage

of coverage of the sensors is varied between 70%, 90% and 100%.
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The model is run 10 times with different data sets for 70% coverage, and similarly for the

other coverage percentages.

The results in Table 14 shows the mean, standard deviation and variance of the number of

relay stations for the three different coverage percentages.

Table 14. Statistics for no. of relay stations for test case 6

200 sensors, 75 mile transmission range, 10 runs
Number of relay stations
Standard
Case Mean Deviation Variance
70% coverage 1 0 0
90% coverage 2 0 0
100% coverage 3 0 0

Figure 19 shows the graphical representation of mean and standard deviation of the no. of

relay stations for test case 6.
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Figure 19. Mean and standard deviation of no. of relay stations for test case 6
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The results in Table 15 shows the mean, standard deviation and variance of the execution

time (sec) of the model for the three different coverage percentages.

Table 15. Statistics for execution time (sec) for test case 6

200 sensors, 75 mile transmission range, 10 runs

Execution time (sec)

Standard
Case Mean Deviation Variance
70% coverage 0.0292 0.012612163 0.000159067
90% coverage 0.0269 0.010082438 0.000101656
100% coverage 0.0295 0.019822826 0.000392944

Figure 20 shows the graphical representation of mean and standard deviation of the

execution time (sec) for test case 6.

0.06

0.05

0.04

0.03

0.02

Execution time (sec)

0.01

70% Coverage

90% Coverage

100% Coverage

Figure 20. Mean and standard deviation of execution time (sec) for test case 6
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4.2.1.8. Discussion of sections 4.2.1.5, 4.2.1.6 and 4.2.1.7

The figures indicate that as the coverage percentages increase, the mean number of relay
stations required also increase; across all the transmission ranges. The number of relay stations
opened are reduced by a maximum of 80% for test case 4, 90% for test case 5 and 95% for test

case 6.

For 25 and 50 mile transmission ranges, the mean of the execution time (sec) starts at one
point for the 70% coverage, increases for the 90% coverage and falls slightly for the 100%
coverage. For the 75 mile transmission range, the mean starts at a point for 70% coverage, dips

slightly for 90% coverage and rises for the 100% coverage.

4.2.1.9. Test case 7
4.2.1.9.1. 50 mile transmission range

The constant values of the parameters are number of potential relay stations = 20,
transmission range of the relay station = 50 miles, percentage of coverage of the sensors = 100%.
The number of sensors considered is 500, 700, 1000, 1250 and 1500.

The results in Table 16 shows the number of relay stations opened for test case 7, 50 mile
transmission range.

Table 16. No. of relay stations for test case 7, 50 mile transmission range

50 mile transmission range, 100% coverage

No. of sensors 500 700 1000 1250 1500
No. of relay
stations 6 7 7 7 8
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The results in Table 17 shows the execution time (sec) for test case 7, 50 mile
transmission range.

Table 17. Execution time (sec) for test case 7, 50 mile transmission range

50 mile transmission range, 100% coverage

No. of sensors 500 700 1000 1250 1500

Execution time
(sec) 0.02 0.029 0.059 0.082 0.098

4.2.1.9.2. 75 mile transmission range

The constant values of the parameters are number of potential relay stations = 20,
transmission range of the relay station = 75 miles, percentage of coverage of the sensors = 100%.
The number of sensors considered are 500, 700 and 1000.

The results in Table 18 shows the number of relay stations opened for test case 7, 75 mile
transmission range.

Table 18. No. of relay stations for test case 7, 75 mile transmission range

75 mile transmission range, 100% coverage

No. of sensors 500 700 1000
No. of relay
stations 4 4 4

The results in Table 19 shows the execution time (sec) for test case 7, 75 mile

transmission range.
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Table 19. Execution time (sec) for test case 7, 75 mile transmission range

75 mile transmission range, 100% coverage

No. of sensors 500 700 1000

Execution time

(sec) 0.019 0.027 0.085

4.2.2. Comparison of test cases

Quantitative test case comparison metrics suggest the amount of similarity between any
test case pair, capturing what is being tested on the target binaries. We capture key aspects of
MIP model including the number of relay stations opened and execution time. These are the
aspects or features which drive our comparison.
4.2.2.1. Comparison 1

Comparison is made between 25, 50 and 75 mile transmission ranges for 50 sensors and
100% coverage.

Results in Table 20 shows the number of relay stations opened for comparison 1.

Table 20. No. of relay stations for comparison 1

50 sensors, 100% coverage

25 mile 50 mile 75 mile
transmission transmission transmission
range range range
No. of relay
stations 6.7 34 2

Figure 21 shows the graphical representation of number of relay stations opened for

comparison 1.
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Figure 21. No. of relay stations for comparison 1

Results in Table 21 shows the execution time (sec) for comparison 1.

Table 21. Execution time (sec) for comparison 1

50 sensors, 100% coverage

25 mile 50 mile 75 mile
transmission transmission transmission
range range range

Execution time
(sec) 0.0062 0.0087 0.0051
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Figure 22 shows the graphical representation of execution time (sec) for comparison 1.
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Figure 22. Execution time (sec) for comparison 1
4.2.2.2. Comparison 2
Comparison is made between 50, 200, 500, 700, 1000, 1250 and 1500 sensors for 50 mile
transmission range and 100% coverage.
Results in Table 22 shows the number of relay stations opened for comparison 2.

Table 22. No. of relay stations for comparison 2

50 mile transmission range, 100% coverage

No. of sensors 50 | 200 | 500 | 700 | 1000 | 1250 | 1500

No. of relay stations 3.4 5 6 7 7 7 8
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Figure 23 shows the graphical representation of number of relay stations opened for

comparison 2.
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Figure 23. No. of relay stations for comparison 2

Results in Table 23 shows the execution time (sec) for comparison 2.

Table 23. Execution time (sec) for comparison 2

50 mile transmission range, 100% coverage

No. of sensors 50 200 500 700 1000 | 1250 | 1500

Execution time (sec) 0.0087 | 0.0294 | 0.02 | 0.029 | 0.059 | 0.082 | 0.098

Figure 24 shows the graphical representation of execution time (sec) for comparison 2.
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Figure 24. Execution time (sec) for comparison 2
4.2.2.3. Discussion of sections 4.2.2.1 and 4.2.2.2
From 4.2.2.1, as the transmission range increases, the number of relay stations required

decrease but the execution time increase for the first two transmission ranges but decrease for the

last one.

From 4.2.2.2, we infer that as the number of sensors increase, both the number of relay

stations required and the execution time also increase.
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5. CASE STUDY: MAINE STATE

The case study on Maine State was designed and conducted to optimize the number of
relay stations required and place them optimally across the state for a given number of sensors,
transmission range of relay station and desired percentage of coverage. There are a total of
eleven major cities in Maine State, and we consider these cities as potential locations for the
relay stations. So, 100 sensors and 11 potential relay stations are considered for this study;
several runs are carried out by varying the transmission range of the relay station and the
coverage percentage.

Figure 25 shows the potential relay station locations for Maine State.
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Figure 25. Potential relay station locations for Maine State
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5.1. Runl

Run 1 is carried out with the following parameters; transmission range = 90 miles,

coverage percentage = 100%.

PISCATAQUIS L

SOMERSET

Figure 26. Optimal relay station locations for Maine State, run 1

Figure 26 shows that the model opened a total of 5 optimal relay station locations to meet

the required specifications.
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5.2. Run?2

Run 2 is carried out with the following parameters, transmission range = 100 miles,

coverage percentage = 100%.
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Figure 27. Optimal relay station locations for Maine State, run 2

Figure 27 shows that the model opened a total of 4 optimal relay station locations to meet
the required specifications.

44



5.3. Run3

Run 3 is carried out with the following parameters; transmission range = 90 miles,

coverage percentage = 90%.
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Figure 28. Optimal relay station locations for Maine State, run 3
Figure 28 shows that the model opened a total of 3 optimal relay station locations to meet
the required specifications.
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54. Run4

Run 4 is carried out with the following parameters; transmission range = 100 miles,

coverage percentage = 90%.
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Figure 29. Optimal relay station locations for Maine State, run 4
Figure 29 shows that the model opened a total of 2 optimal relay station locations to meet
the required specifications.
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From the Maine State case study, we can infer that, for varying transmission ranges and
coverage percentages, the model optimizes the number of relay stations required, suggests their
placement and at the same time satisfying all the requirements.

In run 1, the number of relay stations opened are reduced by around 55%.

In run 2, the number of relay stations opened are reduced by around 64%.

In run 3, the number of relay stations opened are reduced by around 73%.

In run 4, the number of relay stations opened are reduced by around 82%.
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6. CONCLUSIONS AND FUTURE WORK

The current research focuses on determining the optimal number of relay stations and
their optimal locations in wireless sensor networks. A mixed integer programming model is
developed to determine the optimal number of relay stations, their optimal locations, and optimal
assignment of the sensors to the relay stations. The model is coded in the GAMS and is solved
by using Xpress-MP Solver. A number of test cases have been developed along with a case study
of Maine State.

Some of the key insights are:

1. The number of relay stations opened are reduced between 80% and 95%.

2. As the transmission range of the relay station increase, the number of relay stations
opened decrease.

3. As the number of sensors to be covered decrease, the number of relay stations opened
decrease.

4. As the scalability of the sensors increase, the number of relay stations opened increase.

5. As the scalability of the sensors increase, the execution time of the MIP model also
increase.

6. For all the cases (excepting a few); as the percentage of sensors to be covered increase,
the execution time of the MIP model also increase.

The future research includes, but not limited to:

1. Developing optimal relay station locations under robust conditions. Since, sensors have
the potential to change their locations; a stochastic model can be developed to determine

the optimal relay station locations under uncertain sensor positions.
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. The relay station problem can be combined with the energy saving sensor scheduling
model. This has the potential to depict the true optimal locations of the relay stations.
Cost for the relay stations can be incorporated into the model based on the transmission

range.
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