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Abstract

This research presents a study and development of network design and planning
techniques for Wireless Sensor Networks (WSNs) to improve energy consumption performance.
We model the proposed network design problems as Binary Integer Linear Programming using
Multiple Objectives. The proposed model aims to not only minimize the energy consumption of
sensor nodes in the network but also minimize the network cost of relay-station installation.

Our key contribution is that the proposed models not only guarantee the network lifetime
but also ensure the radio communication between the energy-limited sensor nodes so that the
network can guarantee packet delivery from sensor nodes to the base station. The proposed
model can determine efficient number and location of relay stations. Moreover, suitable routes
for delivering packets were also determined. The packets can be sent via sensor nodes or relay
stations or sent directly to the base station.

Solution techniques for the proposed Binary Integer Linear Programming using Multiple
Objectives problem apply two approaches including the weighted sum method and the
hierarchical method. Numerical experiments demonstrate that both methods could yield efficient
results. Specifically, the hierarchical method could produce more solutions than that of the
weighted sum method. The hierarchical method could determine solutions for all number of relay
stations to be installed in the network. As a result, the comparison and analysis could be

conducted for all cases that use different number of relay stations.
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A a ?q Y
AT NN 2.1 WWiquf)ﬁ“VlGlG]fﬁlUﬂ'ﬁﬂ@ﬂuUU

a 4 [
RERINGLY Ch
AAq Y
ANVDN ¥ UMD 2.4 GHz
masnunlFlumsasdyaa 32 mW (18 dBm)
Yy a
528201904 2 m.
~ a A A A
ATTBFUMIYUITIT0IDINTINAVIN 4
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node) Tumsasaedoyaninluaninng lagldmsFomsuuunaresru¥ouas (multihop path)

4 v

2.6 BUUDIRININFNAINUUB I HANITIDF (Energy consumption model)
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wasnuiludesinandiayveunionieasia 13a1e nseenuunIaseddiunioniy
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]
o v A

R., Chandrakasan, A., and Balakrishnan (2000) [14] Failunuusiaesdyanaingdiduivile
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v Y H
(first order radio model) #M5 1WAt vt Tuans 193 1Faeiu azilsznon Tudendsun

1Hlumsaedoya vaznasaunldlumssodoya Feamnsnesuielanigili 2.6
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B - bits - Transmitting > Amplifier
circuid circuit f
ECXB gameBan d
B - bits | Receiving circuit

E.xB
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2.6.2 wasnuilFlumaiy
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x Y H
SEIRTRR W‘]J’J”I’Jﬂﬂizl,!,ﬁllé’]}!‘iﬂ"lﬂﬂ 100 mA mumzﬁm’;mmwamui%i%’ﬁmmiﬁ (2.6) g
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E =vxix L titotime (2.6)

Taeh  E A0 NAINU (oules)

v Ao AANUANANSUDINAINY (volr)

i Ao nszua T 719112995 (mak)

= Y ' [

me 11O 91gN13 1Y IUHAINAINY (sec)
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WO fyime = Pacty ry (mAR) (2.7)

Current of circuit (A)
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A o [

9 9
AU MIMUIUAMNAIIUAIAUVDI TUAATIN] TTUADY AT
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D Mumelgn s IFaureia i end ey e N 1UAININIVELNAIIY

M0 2850 mAh taznszian 1% 112995 MINY 100 mA MATuMIN 2.7) 3zld
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ANUUNTUA EILH]%ﬂ1ﬁuﬂi‘ﬁWﬁN1u@Nﬁuﬂl@ﬂIuﬂﬁ‘i’J%ghliﬁWEliJﬂWVnﬂ‘U 61,560 90
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2.7 anuduiusszramdyananeFuauIuNIY tazdnsIANNRaNaIndn

vinit I8nauudaluiadei 2.4 veifudasgu EEE 802.15.4 fisufiuns lug
ANE 2.4 GHz 11nU1AsgILiina 1981y [EEE Std 802.15.4-2006 nanindez19ms
m@mﬂﬁtymumuuu Offset quadrature phase shift keying (0-QPSK) ﬁaagﬂiwﬁaﬁgmmﬁu
511997 (half-sine pulse) Faazimiue shift keying Arfesiiga 11H186A315 13N (chip rate)

T o . Y [ .
IN1NY 2.0 Megachip/sec 4L a1g Gl%ﬂﬁuﬂﬂﬂluﬁ1ﬁﬂluﬂlu1mi‘uﬂTLlLL“]J“]J Direct sequence spread
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networks : technology, protocols, and application (Sohraby, K., Minoli, D., and Znati, T. 2007)
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doanaaodyn s UNIUYeINIATTIUAN 9 141N 11AT51U IEEE 802.11b-1999, M1ATF1Y
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Minoli, D., and Znati, T. 2007) [27] na1991 szauauAanaIaiiadoyaneonsy ladmsunis

Ed
v v d’

4 1 " W a o o J 1
?Tﬂﬁﬁ"ﬁlﬂi%lﬂ (data communication) wAUNMINDY 10 76 AUUNDNIITUINNVAUWUTISHIN

1 [

gasIANUAANAIa At UMOATId UV Ty R MR YYIMTUNIUIINGUN 2.7 WuIuiled

g9

M35 lH9uNIATFIU IEEE 802.15.4 nelunSnaufodnunuuiasgiv IEEE 802 9 ) WU 1o

9 " v

ApamsldszauvessaTIANUAaNaIadatoyamny 10 - 1w ln ldndasidudynio

1 o (%

v Y 1] [
apdyanasunaulszana 2 dB auiulunuideiiiuaonlen gaEulasu (threshold) Y04

] [ o [ o LY = [ dy o 9 A v 9 A
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N(dBW)=10log,,(2.0917x10 ") = -136.794 dBW (2.12)
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N(dBm)=-136.794+30=-106.794 dBm (2.14)
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NHUY ﬁ’ ® Multi-objective optimization using evelutionary algorithm (K. Deb 2009) [10]
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IINHUIT 0 Multi-objective optimization using evolutionary algorithm (K. Deb 2009)
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3.8 Tilsunsumavimaeudivsumsldsunsumaaulumns

] 1 H F4
TumsuddymldsunsuFadwionwamasiangatuluauiseididenld

Q

TU5un5W IBM ILOG CPLEX Optimization Studio #udJusenduisnauisanasauns

a A I~ [ a A a
anaenaasn ldoonuuy 3 ldnaredlunyivesTsunsyldie Hdszansawm vaziionlslu
Aav a 9 [l ] dy Y o ak A <3 P
NuIvems Tlsunsumuduedraunivats TasTdsunsutlaz14danossudmwand ety
Aq Y v a g A v Y
nszuumsn I lumsuddymvesns Tsunsudadulumsminamasiaeans vihaig

v04115un51 ILOG OPL IDE 9z1l5zneusiodiuais 9 aagili 3.3

mnm 1LOG CPLEX Optimization Studio c="020
File Ean;nl Search Run  Window Help [T
22 BeQ-Bq- = i
& opL Projec L@%Dh g = B (G Single_obj_305N. 'ncd@, Smg\&r:a_LSJSN.Gp;@ Single_obj_ 20SN_randorm3. aa@ M=o
I @ Mo 09, _595N.ops = minimize
R3
um (m in 8 =i)s[m] [1]*Ec_SN(m] [L]*T + sum(k in SN:k!=i)
e u[ {)[31%8 + sum(b In BSHR(i]0 “Et_BS[] [B]*T);
REEENEN : kl=2)5[2] [k] + sum(] im RS)z[i][]] + sum ]
in SNERISi) s[i][x] + s(x][i] <= 1;
N) foral IgMEn R3) r(il(3] <= x(31; e
=0
Value rall (i in/8N) forall (B n sN:x!=i) e[d] (k] *(Px SN[i][k] - Pt_SN) >= &)
Bk s
11 ) £ :nll(;i SARE) = (i](51%(Pr RS[][5] - PERS) >= 0;  ~ | propey Value
[61560 61560 61560 61... 4 0]
([0.00001 0.00001 0.00... tions <7 Engine log| @ Statisties| 5 Profilar W =)
(117.649] (81431 (23... 2
(23167 1616 15475 ...
1000001 492,39 8921, A ) N .
1 0 000000000
o b 4
» 2 001 [
P ®_noise BS  [[-10679] [-106.79] [-..
P noise RS (11067910679 -106... ™ || ¢ \
00:00:01:79

9

gﬂﬁ 33 ‘Iri‘L!W]NI‘]JiLLﬂ‘JﬂJ IBM ILOG CPLEX Optimization Studio

. J . A = 1 o @ °

1. ¥u101av 1 (opl project) aad lwa In5an1s (project) Miaog dmsumsdIuInum
o ! ¥ o g % ? 7 s
Maovuaarassuiudeslilidasuns 3 e dsenevlddre Tuaalild (*.mod) A1d7

7 2 s

1@ (*.dat) vaz waaa 198 (*.ops)

2. 119188 2 (model file editing area) taasrinanad msylamaanlamuiariai
aa o & v Ay v a 4 a g
anga Tasdrduvaril lavinisudasunangumsadiasansvesnis 1dsunsmsadu

X o v a dou 7 4

luuis Felsznoulide dunlsaaduls Wenduinguszasd nazaumsouly

V9

.. ' [} [ { g @ ¥ A I
3. 1W91aY 3 (data file editing area) taraanTANd mSUlddoyaMiludanls nifieg

k)

@ 1A a J . 9 ' dy =) Y o
Tuglvesdunlsaudaeinaz lugiveunasnd (matrix) Yeyamarazgnizenlslumsiii
o o J @ {
TagmaaluTuaalia naaasgld 3.4
1 ) o 2 ! a 4
4. MUIYLAY 4 (setting file editing area) @A AN 1A T IMSTUAIAINIT 1T IR0 S

Lwammmﬂmauﬁﬁﬁmiﬁmqmi 1Y A1TIINALNATUVDIIATLAEHUIIAITUIN
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A Y o o %’ . . g’/ ax a I 4
(memory) N 14 lun15H 1198 $1UIUNITIUG (iteration) YVOITUADUITHUDFUIWANT AL
o : [ <} { ° @ {
1amsinenudoyanon (log data) N laarnmsmuin naasaagili 3.5

{ [ 1 4
5. WY 5 (outline view) taagIassaisvesdoyaiiodluniiaisvesTuaa lvld
v ¢ < Sy a9 v A
ad duaziwaaslild daGssdoyaldnandlugiuunsiemsivedisaenisasivdonuas
Y
AU

o [

6. MNUYLAY 6 (solutions log area) uaasmiaeun ldsunsushnmisaiviunuuag

i H Y
aAa A =} QI

A Vo 2 o P . . = g ' = 9 A
W%13m131u1ﬂ31ﬂuﬂWI@‘]J“VWWIQ’@Vlﬂ (fea51ble solutlon) m%yammngnuu‘nﬂ"lariaﬂ 9

N3z llsunsuiimsmuIunUAInoUNANGa (final solution)

() Single_obj_30SN.mod {& Single_obj_305N.ops [Z) Single_obj_30SN_random3.dat ¢ =08

L e e e e e e s e e ke e e sk ke e ek ke ke e e sk e e e e ke W e e e

RS

2 * OPL 12.2 Data
* Author: Admin
* Creation Date: 11 n.a.

Vo e e S el Sl

// random position of
// data for Multi_ OBJ_.

I o e W

w o

10nbSN=30; // Number of SN
11nbRS=110; // Number o

12nbBS=1; // Number of BS
14//Initial energy of each sensor mode

15Ei_SN=[61560, 61560, 61560, 61560,61560, 61860,61560, 61560, 61560,61560,61560, 61560, 61560, 61560, 6156/

18//P(ik) receive power between SN and SN from calculate (dBm)

19pr SN=[[-200,-119.9596262, -102.520149,-108.1503078,-102.2315123,-112.9465779, -110.0861493, -112.-
20[-119.9596262,-200,-121.6512346; -117 17703414, -123 .8122091;~120.065747, -113. 0500955, -106.2075651,
21[-102.520145,-121.6512246, -200,558 . 62246102,-54.03025722,-102.7380805, -117.5157968, -112.7969465,
22[-108.1903073,-117.7703414,-98.62246102,-200,-107,.2510899,-50.71711815,-116.7960182,-105.239417! ~

« m »

3 11 3.4 Data file editing area

(B Single_obj_30SN.mod |45 Single_obj 30SN.ops £3 . [Z] Single_obj_30SN_random3.dat =08
Type parameter description filter ity ficalprog ing / General
4 (= Mathematical programming
{8} General Advanced start switch [Standard advanced start v]
{&} Conflicts o . =
(&} Emphasis Computation time reporting [Wall clock time 'V]
) Feasopt X _ || Algerithm for continuous problems [Automa!ic VJ
{2} Preprocessing =
& Read Algorithm for continuous quadratic optimization [Automalic v]
{© Tune
4 (= Simplex Global default thread count 0
(&) General || Global time limit 10675
&) Limits

&) Tolerances Directory for working files :

Mixed Integer Programming

1Y

{& General
{g} Strategy
& Limits Parallel mode switch Automatic ']
{S} Tolerances
&) Cuts
{c} Solution pool
&} Solution polishing

< i b

Memory available for working storage 1280

3 1N 3.5 Setting file editing area
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AUMINNNHITD 3.5

v
o

maalulisiunsy ILOG OPL IDE

aulsanaula //Decision Variable
ﬂj dvar int x[RS] in 0..1;
Sy dvar int s[SN][SN]in 0..1;
7 dvar int rf[SN][RS]in 0..1;
h, dvar int b[SN][BS] in 0..1;
ﬁﬂﬁ%ﬂf@lqﬂizﬁﬂﬁ //Objective function
Minimize sum(i in RS) (sum(m in SN:m!=i)s[m][i]*Er SN[m][i]*T)
+ (sum(k in SN:k!=i)s[i][k]*Et SN[i][k]*T) +
aun1s3.1)
(sum(j in RS)r[i][jI*Et RS[i][j1*T) +
(sum(b in BS)h[i][b]*Et BS[i][b]*T)
gou'lv subject to {
ctl : forall(i in SN) sum(k in SN:k!=i)s[i][k] + sum(j in RS)r[i][j] +
aqun1s(3.2)
sum(b in BS)h[i][b] == 1;
ct2 : forall(i in SN) sum(m in SN:m!=i)s[m][i] <= sum(j in RS)r[i][j] +
aun15(3.3)
sumi(b in BS)h[i][b];
aunN13(3.4) ct3 : wlillj] <= x[j]
ct4 : forall(i in SN)forall(k in SN:k!=i) s[i][k]*(Pr_SN[i][k] - Pt SN)
aunN13(3.5)
>=();
aunN1s(3.6) ct5 : forall(i in SN)forall(j in RS) r[i][jI*(Pr_RS[i][j] - Pt RS) >=0;
aun13(3.7) ct6 : forall(i in SN)forall(b in BS) h[i][b]*(Pr_BSI[i][b] - Pt BS) >=0;
ct7 : forall(i in SN)forall(k in SN:k!=i) s[i][k]*(Pr_SNI[i][k] -
aqun13(3.8)
P_noise SN[i][k] - SNR) >= 0;
ct8 : forall(i in SN)forall(j in RS) r[i][jI*(Pr_RS[il[j] -
aun13(3.9)

P_noise RS[il[j] - SNR) >= 0;

auN13(3.10)

ct9 : forall(i in SN)forall(b in BS) h[i][b]*(Pr_BS[i][b] —

P _noise BS[i][b] - SNR) >= 0;
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~ a 4 a 9 =Y I I
ATNN 3.2 ﬂﬁl!ﬂﬂﬂﬁllﬂﬁﬂm@]ﬁ"lﬁﬁi"ljﬂﬂ'miIﬂﬁllﬂimﬂﬁLﬁu"lﬂu"liﬁﬁi)ﬂizﬁﬂﬂlﬂﬂﬁlﬂu

siupumaaluTisunsy IBM ILOG CPLEX Optimization Studio (#®)

'
o v

AUNMINNHITO 3.5 faaluTilsiunsy ILOG OPL IDE

alsanaula //Decision Variable

aun1sa.11) ct10 : sum(j in RS) x[j] <= N

RS>

ctl1 : forall(i in SN) (sum(m in SN:m!=i)s[m][i]*Er_SN[m][i]*T) +

(sum(k in SN:k!=i)s[i][k]*Et SN[i][k]*T) +
aun1s(3.12)
(sum(j in RS)r[i][jI*Et_RS[i][j1*T) + (sum(b in

BS)h[il[b]*Et BS[il[b]*T) <= Ei_SNIil;

A a 14 a 9y = @ I3
AT NN 3.3 ﬂT‘it!ﬂﬁQﬁNﬂ?iﬂﬂ!@ﬁWﬁﬂﬁﬂl@ﬁﬂﬁiﬂillﬂiﬂl%ﬂ!ﬁuulUuWiﬁﬂQ?@lQﬂi%ﬁ\iﬂtﬂu

sUuvvadeluTasunsy IBMILOG CPLEX Optimization Studio

v
o v

AUNMINNKIVO 3.6 faalulilsiunsy ILOG OPL IDE

alsaaaula //Decision Variable

,Bj dvar int x[RS] in 0..1;

Si dvarint s[SN][SN]in 0..1;

v dvar int rf[SN][RS] in 0..1;

hib dvar int b[SN][BS]in 0..1 ;

Jdo o J
Wansuingilseaan | //Objective/ Function

W1*(((sum(i in SN)sum(m in SN:m!=i)s[m][i]*Er_SN[m][i]*T) +
sum(k in SN:k!=i)s[i][k]*Et_SN[i][k]*T + sum(j in

AUMI(3.18) RS)[i1[j1*Et_RS[il[j]*T + sum(b in BS)h[i][b]*Et BS[il[b]*T) -
f1_min)/(f1_max — f1_min))*10000 + W2*(((sum(j in RS)x[j]) -
£2_min)/(£2_max — £2_min))*10000;

ou'ly IFaums@enuaumsn (3.2) 84 3.12) Tuasai 3.2
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o w1 = 9 a s=q Y )
Hag 80 Tua Mud1ay aIun1319N 4.1 uaadeyamindmesnlglunisesnuuIasiaiig
A 1
1AT0UY
ao dy Y 9 A Il Y o [ o v 9
el ldeenuuuIaseaiunsevislaslduuusassnasnulumssn uazdedoya
1N9UIVYYDY Heinzelman W. R., Chandrakasan A., and Balakrishnan (2000) [14] 1 lums
° o ) Y A = B Y v 9 A
AanasnulumssudedoyavesTuansind lunsevie aeiinar luudrluidon 2.6
H H Y
dsvaumsnldlunmsmuiandinui Tuaasied 19 lunmsduwazSudoyatiuduon1d
4 4 o o
NNANMIN (2.4) azdunsn (2.5) Muaay
AWNTIVRIT YN (received signal strength) 1 TuAATI95 doriinrenea uazaniil
1 913‘/ o Y o am = ' J v A Y a 4
gusvldiudnaldannuuuiiaeiimsgydeedisieasaumsi 2.1) waz ldwines
TumsmuIuaIuaIa N 4.1 A10aI T IUTYYIUADT Y IUTUNIU (signal to noise ratio) 0
a 9 ad a 4 3’, o Y A
nananuieululassiannsetindriuduna lannaumsi (2.10)

o o A Yy ¥ g v o S Yy a
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] i
a

vq 9 a s o = ° v =
W1A3914 IEEE 802.15.4 1Az 14 19m15101a05a19 ) 49915197 4.1 Tagimua ldgaisunldeu
ANUUSITYDY N (received signal strength threshold) 1117 TuauAazyiiaegusodoa1snu
9 ] H 1
1@ iufinumny -90 dBm a1gaismlasudyoasedyniasuniuii i Tuauaazwiia
A [ YA 1 1w A I Yo v a a v Ao Y X
awnsodemsnulaiaumnu 2 dB e 11 lAgamnnuianatadaluszaidvual3 ¥

9 Y
Tuauaouvesmsudtlymlumsesnuuulaseairunietisivez 1911sunsy IBM ILOG

A a P 9 A 1
M1319N 4.1 w1'5mmmm“l%"lumsaammﬂmqmNmsmnﬂ [16], [21]

W3aes oB

yaisulasuanuus IdyI9 (threshold) -90 dBm*

AAq Y
anuanlglumsesnuy 2.4 GHz*

9

WAIUAIRUYDI TUARTIDS 61,560 joules
masnunlFlumsasdyaa 32 mW (18 dBm)*
38&15‘”1@5}1350 (reference distance) 2m.

~ a A A a
ATIFUMIGYTNDINNAINAVIN 4
MY IuAod Y IUTUNIY (signal to noise ratio) 2 dB**

3

PALAAINATOYA 200 bit
91gM3 1FUVDUAT 010 13,631 round (47 days)
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0.46 | 0.54 2395.26 49785.43 12 0.364189 0.1333
0.48 | 0.52 2431.03 41636.64 13 0.289798 0.2
0.5 0.5 2448.99 41636.64 13 0.289798 0.2
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0.52 | 0.48 | 2466.95 41636.64 13 0.289798 0.2
0.54 | 0.46 | 24827 35371.01 14 0.232599 0.2667
0.56 | 0.44 | 2475.89 35371.01 14 0.232599 0.2667
0.58 | 0.42 | 2469.08 35371.01 14 0.232599 0.2667
0.6 | 04 | 2462.26 35371.01 14 0.232599 0.2667
0.62 | 0.38 2441.27 26168.71 16 0.148591 0.4
0.64 | 0.36 2390.98 26168.71 16 0.148591 0.4
0.66 | 0.34 2340.7 26168.71 16 0.148591 0.4
0.68 | 032 | 2290.42 26168.71 16 0.148591 0.4
0.7 | 03 | 2240.06 23037.81 17 0.120009 0.4667
0.72 | 028 | 2170.73 23037.81 17 0.120009 0.4667
0.74 | 0.26 2101.4 23037.81 17 0.120009 0.4667
0.76 | 0.24 2023.71 20611.27 18 0.097857 0.5333
0.78 | 0.22 1933.27 18504.56 19 0.078624 0.6
0.8 0.2 1802.47 14490.01 21 0.041975 0.7333
0.82 | 0.18 | 1664.2 14496.01 21 0.041975 0.7333
0.84 | 0.16 | 1525.93 14490.01 21 0.041975 0.7333
0.86 | 0.14 | 1372.15 13103.70 22 0.02932 0.8
0.88 | 0.12 1191.16 10777.79 24 0.008086 0.9333
0.9 0.1 1000.05 9892.63 25 0 1
092 | 0.08 800.05 9892.63 25 0 1
094 | 0.06 600.05 9892.63 25 0 1
0.96 | 0.04 |  400.05 9892.63 25 0 1
0.98 | 0.02 | 200.06 9892.63 25 0 1

1 0 0.0573 9892.63 25 0 1
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